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PREFACE 

I n the years since the first edition of Electric Machinery Fundamentals was 
( published, there has been rapid advance in the development of larger and more 

( 

sophisticated solid-state motor drive packages. The first edition of this book stated 
that de motors were the method of choice for demanding variable-speed applica
tions. That statement is no longer true today. Now, the system of choice for speed 
control applications is most often an ac induction motor with a solid-state motor 
drive. DC motors have been largely relegated to special-purpose applications 
where a de power source is readily available, such as in automotive electrical 
systems. 

The third edition of the book was extensively restructured to reflect these 
changes. The material on ac motors and generators is now covered in Chapters 3 
through 6, before the material on dc machines. In addition, the dc machinery cov
erage was reduced compared to earlier editions. This edition continues with this 
same basic structure. 

In addition, the former Chapter 3 on solid-state electronics has been deleted 
from the fifth edition. Feedback from users has indicated that that material was too 
detailed for a quick overview, and not detailed enough for a solid-state electronics 
course. Since very few instructors were using this material, it has been removed 
from this edition and added as a supplement on the book's website. Any instruc
tor or student wishing to continue using the material in this chapter can freely 
download it. 

Learning objectives have been added to the begi nning of each chapter to 
enhance student leaming. 

Chapter 1 provides an introduction to basic machinery concepts, and con
cludes by applying those concepts to a linear dc machine, which is the simplest 
possible example of a machine. Chapter 2 covers transformers. which are not ro
tating machines, but which share many similar analysis techniques. 

After Chapter 2, an instructor may choose to teach either dc or ac machin
ery first. Chapters 3 through 6 cover ac machinery, and Chapters 7 and 8 cover de 
machinery. These chapter sequences have been made completely independent of 
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each other, so that an instructor can cover the material in the order which best suits 
his or her needs. For example, a one-semester course with a primary concentration 
in ac machinery might consist of parts of Chapters 1,2,3,4,5, and 6, with any 
remaining time devoted to dc machinery. A one-semester course with a primary 
concentration in de machinery might consist of parts of Chapters 1, 2, 7, and 8, 
with any remaining time devoted to ac machinery. Chapter 9 is devoted to single
phase and special-purpose motors, such as universal motors, stepper motors, 
brushless de motors, and shaded-pole motors. 

The homework problems and the ends of chapters have been revised and 
corrected, and more than 70% of the problems are either new or modified since 
the last edition. 

In recent years, there have been major changes in the methods used to 
teach machinery to electrical engineering and electrical technology students. 
Excellent analytical tools such as MATLAB® have become widely available in 
university engineering curricula. These tools make very complex calculations 
simple to perform, and they allow students to explore the behavior of problems 
interactively. This edition of Electric Machinery Fundamentals makes selected 
use of MATLAB to enhance a student's learning experience where appropriate. 
For example, students use MATLAB in Chapter 6 to calculate the torque- speed 
characteristics of induction motors, and to explore the properties of double-cage 
induction motors. 

This text does not teach MATLAB; it assumes that the student is familiar 
with it through previous work. Also, the book does not depend on a student hav
ing MATLAB. MATLAB provides an enhancement to the learning experience if 
it is available, but if it is not, the examples involving MATLAB can simply be 
skipped, and the remainder of the text still makes sense. 

This book would never have been possible without the help of dozens of 
people over the past 25 years. It is gratifying for me to see the book still popular 
after all that time, and much of that is due to the excellent feedback provided by 
reviewers. For this edition, I would especially like to thank: 

Ashoka K.S. Bhat 
University o/Victoria 

William B utuk 
Lakehead University 

Shaahin Filizadeh 
University of Manitoba 

Jesus Fraile-Ardanuy 
Ulliversidad Politecnica de Madrid 

Riadh Habash 
University of Ottawa 

Floyd Henderson 
Michigan Technological University 

MATLAB is a registered trademark of The MathWorks, Inc. 
The MathWorks, Inc., 3 Apple Hill Drive, Nati ck, MA 01760-2098 USA 
E~mail: info@mathworks.com; www.mathworks.com 
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CHAPTER 

1 
INTRODUCTION 
TO MACHINERY 

PRINCIPLES 

OBJECTIVES 

• Learn the basics of rotational mechanics: angular velocity, angular accelera
tion, torque, and Newton's law for rotation. 

Learn how to produce a magnetic field. 

Understand magnetic circuits. 

Understand the behavior of ferromagnetic materials. 

Understand hysteresis in ferromagnetic materials. 

• Understand Faraday 's law. 

• Understand how to produce an induced force on a wire. 

Understand how to produce an induced voltage across a wire. 

Understand the operation of a simple linear machine. 

Be able to work with real, reactive, and apparent powers. 

1.1 ELECTRICALMACIDNES, 
TRANSFORMERS, AND DAILY LIFE 

An electrical machine is a device that can convert either mechanical energy to elec
trical energy or electrical energy to mechanical energy. When such a device is used 
to convelt mechanical energy to electrical energy, it is called a generator. When it 
converts e lectrical energy to mechanical energy, it is called a motor. Since any given 
electrical machine can convert power in either direction, any machine can be used as 
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either a generator or a motor. Almost all practical motors and generators convert en
ergy from one form to another through the action of a magnetic field, and only ma
chines using magnetic fields to pelform such conversions are considered in this book. 

The transformer is an electrical device that is closely related to electrical ma
chines. It converts ac electrical energy at one voltage level to ac electrical energy at 
another voltage level. Since transfonners operate on the same principles as genera
tors and motors, depending on the action of a magnetic field to accomplish the 
change in voltage level, they are usually studied together with generators and motors. 

These three types of electric devices are ubiquitous in modern daily life. 
Electric motors in the home run refrigerators, freezers, vacuum cleaners, blenders, 
air conditioners, fans, and many similar appliances. In the workplace, motors pro
vide the motive power for almost all tools. Of course, generators are necessaIY to 
supply the power used by all these motors . 

Why are electric motors and generators so common? The answer is very 
simple: Electric power is a clean and effic ient energy source that is easy to trans
mit over long distances, and easy to control. An electric motor does not require 
constant ventilation and fuel the way that an internal-combustion engine does, so 
the motor is very well suited for use in environments where the pollutants associ
ated with combustion are not desirable. Instead, heat or mechanical energy can be 
converted to electrical form at a distant location, the energy can be transmitted 
over long distances to the place where it is to be used, and it can be used cleanly 
in any home, office, or factory. Transformers aid this process by reducing the en
ergy loss between the point of electric power generation and the point of its use. 

1.2 A NOTE ON UNITS AND NOTATION 

The design and study of electric machines and power systems are among the old
est areas of electrical engineering. Study began in the latter part of the nineteenth 
century. At that time, electrical units were being standardized internationally, and 
these units came to be universally used by engineers. Volts, amperes, ohms, watts, 
and similar units, which are part of the metric system of units, have long been 
used to describe electrical quantities in machines. 

In English-speaking countries, though, mechanical quantities had long been 
measured with the English system of uni ts (inches, feet, pounds, etc.). This prac
tice was followed in the study of machines. Therefore, for many years the electri
cal and mechanical quantities of machines have been measured with different sys
tems of units . 

In 1954, a comprehensive system of units based on the metric system was 
adopted as an international standard. This system of units became known as the 
Systeme lnternational (SI) and has been adopted throughout most of the world. 
The United States is practically the sale holdout-even Britain and Canada have 
switched over to SJ. 

The SI units will inevitably become standard in the United States as time 
goes by, and professional societies such as the Institute of Electrical and Elec
tronics Engineers (IEEE) have standardized on metric units for all work. How
ever, many people have grown up using English units, and this system will remain 
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in daily use for a long time. Engineering students and worki ng engineers in the 
United States today must be familiar with both sets of units, since they will en
counter both througbout their professional lives. Therefore, th is book includes 
problems and examples using both SI and English units. The emphasis in the ex
amples is on Sl units, but the older system is not entirely neglected. 

Notation 

In this book, vectors, electrical phasors, and other complex values are shown in bold 
face (e.g., F), while scalars are shown in italic face (e.g., R). In addition, a special 
font is used to represent magnetic quantities such as magnetomotive force (e.g., g). 

1.3 ROTATIONAL MOTION, NEWTON'S 
LAW, AND POWER RELATIONSIDPS 

Almost all electric machines rotate about an axis, called the shaft of the machine. 
Because of the rotational nature of machinery, it is important to have a basic un
derstanding of rotational motion. This section contains a brief review of the con
cepts of distance, velocity, acceleration, Newton's law, and power as they apply to 
rotating machinery. For a more detailed discussion of the concepts of rotational 
dynamics, see References 2, 4, and S. 

In general , a three-dimensional vector is required to completely describe the 
rotation of an object in space. However, machines normally turn on a fIxed shaft, so 
their rotation is restricted to one angular dimension. Relative to a given end of the 
machine's shaft, the direction of rotation can be described as either clockwise (eW) 
or counterclockwise (CCW). For the purpose of this volume, a counterclockwise an
gle of rotation is assumed to be positive, and a clockwise one is assumed to be nega
tive. For rotation about a fixed shaft, all the concepts in this section reduce to scalars. 

Each major concept of rotational motion is defined below and is related to 
the corresponding idea from linear motion. 

Angular Position () 

The angular position 9 of an object is the angle at which it is oriented, measured 
from some arbitrary reference point. Angular position is usually measured in 
radians or degrees. It corresponds to the linear concept of distance along a line. 

Angular Velocity lJ) 

Angular velocity (or speed) is the rate of change in angular position with respect 
to time. It is assumed positive if the rotation is in a counterclockwise direction. 
Angular velocity is the rotational analog of the concept of velocity on a line. One
dimensional linear velocity along a line is defined as the rate of change of the dis
placement along the line (r) with respect to time. 

dr 
v = dt (1-1) 
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Similarly, angular velocity w is defined as the rate of change of the angular dis
placement e with respect to time, 

de 
w=-

dt 
(1-2) 

If the units of angular position are radians, then angular velocity is measured in ra
dians per second. 

In dealing with ordinary electric machines, engineers often use units other 
than radians per second to describe shaft speed. Frequently, the speed is given in 
revolutions per second or revolutions per mi nute. Because speed is such an im
portant quantity in the study of machines, it is customary to use different symbols 
for speed when it is expressed in different units, By using these ditIerent symbols, 
any possible confusion as to the units intended is minimized. The following sym
bols are used in this book to describe angular velocity: 

Wm angular velocity expressed in radians per second 
1,,, angular velocity expressed in revolutions per second 
nm angular velocity expressed in revolutions per minute 

The subscript m on these symbols indicates a mechanical quantity, as opposed to 
an electrical quantity. If there is no possibility of confusion between mechanical 
and electrical quantities, the subscript is often left out. 

These measures of shaft speed are related to each other by the following 
equations: 

(1-3a) 

(1-3b) 

Angnlar Acceleration a 

Angular acceleration is the rate of change in angular velocity with respect to 
time. It is assumed positive if the angular velocity is increasing in an algebraic 
sense. Angular acceleration is the rotational analog of the concept of accelera
tion on a line. Just as one-dimensional linear acceleration is defined by the 
equation 

dv 
a=-

dt 
(1-4) 

angular acceleration is defined by 

dw a: =~ 
dt 

(1- 5) 

If the units of angular velocity are radians per second, then angular acceleration is 
measured in radians per second squared. 
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Torque is zero 
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Torque is counterclockwise 

(a) (b) 

FIGURE 1- 1 
(a) A force applied to a cylinder so that it passes through the axis of rotation. 'j' = O. 
(b) A force applied to a cylinder so that its line of action misses the axis of rOlation. Here'T is 
counterclockwise. 

Torque T 

In linear motion, aforce applied to an object causes its velocity to change. In the 
absence of a net force on the object, its velocity is constant. The greater the force 
applied to the object, the more rapidly its velocity changes. 

There exists a similar concept for rotation. When an object is rotating , its 
angular ve!odty is constant unless a torque is present on it. The greater the torque 
on the object, the more rapidly the angular velocity of the object changes. 

What is torque? It can loosely be called the "twisting force" on an object. 
Intuitively, torque is fairly easy to understand. Imagine a cylinder that is free to 
rotate about its axis. If a force is applied to the cylinder in such a way that its line 
of action passes tbrough the axis (Figure I-la), then the cylinder will not rotate. 
However, if the same force is placed so that its line of action passes to the right of 
the axis (Figure I-I b), then the cylinder will tend to rotate in a counterclockwise 
direction. The torque or twisting action on the cylinder depends on (I) the magni
tude of the applied force and (2) the distance between the axis of rotation and the 
line of action of the force. 

The torque on an object is defined as the product of the force applied to the 
object and the smallest distance between the line of action of theforce and the object's 
axis of rotation. If r is a vector pointing from the axis of rotation to the point 
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r sin(l 80° - (J) = rsinO 
,..-'----" 

r 

T = (perpendicu lar distance) (force) 

T = (r si n (J)F, cou nterclockwise 

_J , , , , , , , 

, , , 
F '. 

FIGURE 1- 2 
Derivation of the equation for the torque 
on an object. 

of application of the force, and if F is the applied force, then the torque can be 
described as 

T = (force applied)(perpendicular distance) 

= (F) (r sin 0) 

= rF sin 0 (1 - 6) 

where 0 is the angle between the vector r and the vector F . The direction of the 
torque is clockwise if it would tend to cause a clockwise rotation and counter
clockwise if it would tend to cause a counterclockwise rotation (Figure 1-2). 

The uni ts of torque are newton-meters in SI units and pound-feet in the Eng
lish system. 

Newton's Law of Rotation 

Newton's law for objects moving along a straight line describes the relationship 
between the force applied to an object and its resulting acceleration. This rela
tionship is given by the equation 

where 

F =ma 

F = net force applied to an object 

In = mass of the object 

a = resulting acceleration 

(1-7) 

In SI units, force is measured in newtons, mass in kilograms, and acceleration in 
meters per second squared. In the English system, force is measured in pounds, 
mass in slugs, and acceleration in feet per second squared. 
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A similar equation describes the relationship between the torque applied to 
an object and its resulting angular acceleration. This re lationship, called Newton s 
law of rotation, is given by the equation 

(1-8) 

where 'T is the net applied torque in newton-meters or pound-feet and a is the re
sulting angular acceleration in radians per second squared. The term J serves the 
same purpose as an object's mass in linear motion . It is called the moment of 
inertia of the object and is measured in kilogram-meters squared or slug-feet 
squared. Calculation of the moment of inertia of an object is beyond the scope of 
this book. For information about it see Ref. 2. 

WorkW 

For linear motion, work is defined as the application of aforce through a distance. 
In equation form, 

W = J F dr (1-9) 

where it is assumed that the force is collinear with the direction of motion. For the 
special case of a constant force applied collinearly with the direction of motion, 
this equation becomes just 

W=Fr (1-10) 

The units of work are joules in SI and foot-pounds in the English system. 
For rotational motion, work is the application of a torque through an angle. 

Here the equation for work is 

W = J Tde (1-11) 

and if the torque is constant, 

(1-12) 

PowerP 

Power is the rate of doing work, or the increase in work per unit time. The equa
tion for power is 

p =dW 
dt 

(1-13) 

It is usually measured in joules per second (watts), but also can be measured in 
foot-pounds per second or in horsepower. 

By this definition, and assuming that force is constant and collinear with the 
direction of motion, power is given by 

p = dd; = ~ (Fr) = F (~~) = Fv (1-14) 
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Similarly, assuming constant torque, power in rotational motion is given by 

p ~ dW ~ !i(T8) ~ T (d8) ~ TW 
dt dt dt 

p = TUJ (1-15) 

Equation (1- 15) is very important in the study of electric machinery, because it 
can describe the mechanical power on the shaft of a motor or generator. 

Equation (1- 15) is the correct relationship among power, torque, and speed if 
power is measured in watts, torque in newton-meters, and speed in radians per 
second. If other units are used to measure any of the above quantities, then a 
constant must be introduced into the equation for unit conversion factors. It is still 
common in U.S. engil.1eering practice to measure torque in pound-feet, speed in rev
olutions per minute, and power in either watts or horsepower. If the appropriate 
conversion factors are included in each term, then Equation (1- 15) becomes 

) 
_ T (lb-ft) n (r/min) 

P (watts - 7 .04 (1-16) 

(h ) 
_ T (Ib-ft) n (r/min) 

P orsepower - 5252 (1-17) 

where torque is measured in pound-feet and speed is measured in revolutions per 
minute. 

1,4 THE MAGNETIC FIELD 

As previously stated, magnetic fields are the fundamental mechanism by which en
ergy is convel1ed from one form to another in motors, generators, and transform
ers. Four basic principles describe how magnetic fields are used in these devices: 

1. A current-carrying wire produces a magnetic field in the area around it. 

2. A time-changing magnetic field induces a voltage in a coil of wire if it passes 
through that coil. (This is the basis of transformer action.) 

3. A current-carrying wire in the presence of a magnetic field has a force in
duced on it. (This is the basis of motor action.) 

4. A moving wire in the presence of a magnetic field has a voltage induced in it. 
(This is the basis of generator action.) 

This section describes and elaborates on the production of a magnetic field by a 
current-carrying wire, while later sections of this chapter explain the remaining 
three principles. 

Production of a Magnetic Field 

The basic law governing the production of a magnetic field by a current is 
Ampere's law: 

(1- 18) 

{ 
I 
1 

( 
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--
Cross-sectional 

area A 

( FIGVREI-3 

( 

A simple magnetic core. 

where H is the magnetic field intensity produced by the current InCl' and dl is a dif
ferential element of length along the path of integration. In SI units, J is measured 
in amperes and H is measured in ampere-turns per meter. To better understand the 
meaning of this equation, it is helpful to apply it to the simple example in Figure 1-3. 
Figure 1-3 shows a rectangular core with a winding of N turns of wire wrapped 
about one leg of the core. If the core i,s composed of iron or certain other similar 
metals (collectively called jerromagHetic materials) , essentially all the magnetic 
field produced by the current will remain inside the core, so the path of integration 
in Ampere's law is the mean path length of the core lc. The cunent pass ing within 
the path of integration I ller is then Ni, since the co i1 of wire cuts the path of inte
gration N ti mes while carrying current i. Ampere's law thus becomes 

(1- 19) 

Here H is the magnitude of the magnetic field intensity vector H. Therefore, the 
magnitude of the magnetic field intensity in the core due to the applied current is 

(1- 20) 

The magnetic fie ld intensity H is in a sense a measure of the "effort" that a 
current is putting into the establishment of a magnetic field. The strength of the 
magnetic field fl ux produced in the core also depends on the material of the core. 
The relationship between the magnetic field intensity H and the resulting mag
netic flux density B produced within a material is given by 

(1- 21) 
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where 

H ~ magnetic field intensity 

fL = magnetic permeability of material 

B ~ resulting magnetic flux density produced 

The actual magnetic flux density produced in a piece of material is thus 
given by a product of two terms: 

H, representing the effOIt exerted by the current to establish a magnetic field 

p.,. representing the relative ease of establishing a magnetic field in a given 
material 

The units of magnetic field intensity are ampere-turns per meter, the units of per
meability are henrys per meter, and the units of the resulting flux density are 
webers per square meter, known as teslas (T). 

The permeability of free space is called fLo, and its value is 

1'-0 ~ 47T X 10- 7 HIm (1-22) 

The permeability of any other material compared to the pemleability of free space 
is called its relative permeability: 

- ~ IL ,. - 1-10 (1-23) 

Relative permeability is a convenient way to compare the magnetizability of 
materials. For example, the steels used in modem machines have relative perme
abilities of 2000 to 6000 or even more. This means that, for a given amount of 
current, 2000 to 6000 times more flux is established in a piece of steel than in a 
corresponding area of air. (The permeabil ity of air is essentially the same as the 
permeability of free space.) Obviously, the metals in a transformer or motor core 
play an extremely important part in increasing and concentrating the magnetic 
flux in the device. 

Also, because the permeability of iron is so much higher than that of air, the 
great majority of the flux in an iron core like that in Figure 1-3 remains inside the 
core instead of traveling through the surrounding air, which has much lower per
meability. The smaUleakage flux that does leave the iron core is very important 
in determining the flux linkages between coils and the self-inductances of coils in 
transformers and motors. 

In a core such as the one shown in Figure 1-3, the magnitude of the flux 
density is given by 

(1-24) 

Now the total flu x in a given area is given by 

'" ~ L B • ciA (1-25a) 

( 
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FIGURE 1-4 

(0) 

R 

1= !!.
R 

- .p-

+ 
ttJ= Ni 

(b) 

(a) A simple electric circuit. (b) The magnetic circuit analog to a transformer core. 

where dA is the differential unit of area. If the flux density vector is perpendicu
lar to a plane of area A, and if the flu x density is constant throughout the area, then 
this equation reduces to 

'" = BA (1- 2Sb) 

Thus, the total flux in the core in Figure 1-3 due to the current i in the 
winding is 

'" = BA = f.LNiA 
( 

where A is the cross-sectional area of the core. 

Magnetic Circuits 

(1- 26) 

In Equation (1- 26) we see that the current in a coil of wire wrapped around a core pro
duces a magnetic flu x in the core. This is in some sense analogous to a voltage in an 
electric circuit producing a current flow. It is possible to define a "magnetic circuit" 
whose behavior is governed by equations analogous to those for an electric circuit. The 
magnetic circuit mooel of magnetic behavior is often used in the design of electric ma
chines and transformers to simplify the othelwise quite complex design process. 

In a simple electric circuit such as the one shown in Figure 1-4a, the voltage 
source V dl1ves a current I around the circuit through a resistance R. The relation
ship between these quantities is given by Ohm 's law: 

V = IR 

In the electric circuit, it is the voltage or electromotive force that drives the cur
rent flow. By analogy, the corresponding quantity in the magnetic circui t is called 
the magnetonwtive force (mmf) . The magnetomotive force of the magnetic circuit 
is equal to the effective current flow applied to the core, or 
~ --

'ti'=Ni (1-27) 

where g is the symbol for magnetomotive force, measured in ampere-turns. 
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FIGURE 1-5 
Determining the polarity of a magnetomotive force source in a magnetic circuit. 

Like the voltage source in the electric circuit, the magnetomotive force 
in the magnetic circuit has a polarity associated with it. The positive end of the rnmf 
source is the end from which the flux exits, and the negative end of the mmf source 
is the end at which the flux reenters. The polarity of the mmf from a coil of 
wire can be determined from a modification of the right-hand rule: If the fingers 
of the right hand curl in the direction of the current flow in a coil of wire , then 
the thumb will point in the direction of the positive mmf (see Figure 1- 5) . 

In an electric circuit, the applied voltage causes a current I to flow. Simi
lar1y, in a magnetic circuit, the applied magnetomotive force causes flux 4> to be 
produced. The relationship between voltage and current in an electric circuit is 
Ohm's law (V = IR); similarly, the relationship between magnetomotive force and 
flux is 

where 

g = magnetomotive force of circui t 

4> = flux of circuit 

CQ = reluctance of circuit 

(1- 28) 

The reluctance of a magnetic circuit is the counterpart of electrical resistance, and 
its units are ampere-turns per weber. 
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There is also a magnetic analog of conductance. Just as the conductance of 
an electric circuit is the reciprocal of its resistance, the penneance cP of a magnetic 
circuit is the reciprocal of its reluctance: 

(1-29) 

The relationship between magnetomotive force and flux can thus be expressed as 

(1 - 30) 

Under some circumstances, it is easier to work with the permeance of a magnetic 
circuit than with its reluctance. 

What is the reluctance of the core in Figure 1-3? The resulting flux in this 
core is given by Eguation (1 - 26): 

( 1-26) 

(1-3 1) 

By comparing Equation (1-3 1) with Equation (1-28), we see that the reluctance 
of the core is 

(1-32) 

Reluctances in a magnetic circuit obey the same rules as resistances in an electric 
circuit. The equivalent reluctance of a number of reluctances in series is just the 
sum of the individual reluctances: 

<Roq ~ 'R, + 'R, + 'R, + ... (1-33) 

Similarly, reluctances in parallel combine according to the equation 

_l_ ~_t_ + _t_ +_t_ + . 
'R,q 'R, 'R, 'R, 

(1- 34) 

Permeances in series and parallel obey the same rules as electrical conductances. 
Calculations of the flux in a core performed by using the magnetic circuit con

cepts are always approximations- at best, they are accurate to within about 5 per
cent of the real answer. There are a number of reasons for this inherent inaccuracy: 

1. The magnetic circuit concept assumes that all flux is confined within a mag
netic core. Unfo rtunately, this is not quite true. The permeabili ty of a ferro
magnetic core is 2000 to 6000 times that of air, but a small fraction of the flux 
escapes from the core into the surrounding low-permeabili ty air. This flux 
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FIGURE 1- 6 
The fringing effect of a magnetic field at an air gap. Note 
the increased cross-sectional area of the air gap compared 
with the cross-sectional area of the metal. 

outside the core is called leakage flux, and it plays a very important role in 
electric machine design. 

2. The calculation of reluctance assumes a certain mean path length and 
cross-sectional area for the core. These assumptions are not really very good, 
especially at corners. 

3. In ferromagnetic materials, the permeabili ty varies with the amount of flux 
already in the material. This nonlinear effect is described in detail. It adds yet 
another source of error to magnetic circuit analysis, since the reluctances used 
in magnetic c ircui t calculations depend on the permeability of the material. 

4. If there are air gaps in the flux path in a core, the effec tive cross-sectional 
area of the air gap will be larger than the cross-sectional area of the iron core 
on either side. The extra effective area is caused by the "fri nging effect" of 
the magnetic field at the ai r gap (Figure 1- 6). 

It is possible to partiall y offset these inherent sources of error by using a "cor
rected" or "effective" mean path length and cross-sectional area instead of the ac
tual physical length and area in the calculations. 

There are many inherent limitations to the concept of a magnetic circuit, but 
it is still the easiest design tool available for calculating fluxes in practical ma
chinery design. Exact calculations using Maxwell's equations are just too diffi
cult, and they are not needed anyway, si nce satisfactory results may be achieved 
with this approximate method. 

The following examples illustrate bas ic magnetic circuit calculations. Note 
that in these examples the answers are given to three significant digi ts. 

Example 1- 1. A ferromagnetic core is shown in Figure 1-7a. Three sides of this 
eore are of uniform width, whi le the fourth side is somewhat th inner. The depth of the core 
(into the page) is 10 em, and the other dimensions are shown in the figure. There is a 200-
turn coil wrapped around the left side of the core. Assuming relative permeability J.l.. r of 
2500, how much flux will be produced by a I-A inpu t current? 

j 
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FIGURE 1-7 
(a) The ferromagnetic core of Example 1- 1. (b) The magnetic circuit correspond ing to (a) , 
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Solution 
We will solve this problem twice, once by hand and once by a MATLAB program, and 
show that both approaches yield the same answer. 

Three sides of the core have the same cross-sectional areas, while the fourth side has 
a different area. Thus, the core can be divided into two regions: (1) the single thinner side 
and (2) the other three sides taken together. The magnetic circuit corresponding to this core 
is shown in Figure 1- 7b. 

The mean path length of region 1 is 45 em, and the cross-sectional area is 10 X 10 
em = 100 cm2 . Therefore, the reluctance in the first region is 

II 11 
'R, ~ f<A, ~ /" f.4JA I 

0.45 m 
(2500)(41T X 10 7)(0.01 m2) 

~ 14,300 A · turns/Wb 

(1- 32) 

The mean path length ofregion 2 is 130 em, and the cross-sectional area is 15 X 10 ( 
em = 150 cm2. Therefore, the reluctance in the second region is 

1.3 m 

(2500)(41T X 10- 7)(0.0 15 m2) 

~ 27,600 A · turns/Wb 

Therefore, the total reluctance in the core is 

CReq = CR1 + CR.} 

~ 14,300 A · turns/Wb + 27,600 A · turns/Wb 

~ 41,900 A · turns/Wb 

The totalmagnetornotive force is 

'if ~ Ni ~ (200 turns)(1.0 A) ~ 200 A · turns 

The total fl ux in the core is given by 

200 A · turns 
4 1,900 A · turns/Wb 

~ 0.0048 Wb 

(1-32) 

This calculation can be petformed by using a MATLAB script file, if desired. A sim
ple script to calculate the flux in the core is shown below. 

% M- f ile : exl 1 . m 
% M- file t o ca l c u late t he f lux in Example 1 - 1. 
11 0 . 4 5; 
12 1 . 3; 
a1 0 . 01 ; 
a2 0 . 01 5 ; 
ur 2500; 

% Length of region 1 
% Le ngth o f region 2 
% Area of region 1 
% Area of regi on 2 
% Relative permeabi lity 
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uO = 4 *pi *lE-7 ; 
n = 200 ; 

% Permeability of free space 
% Numbe r of turns on core 

i = 1; 

% Calculate the fi rst reluctance 
rl = 11 I (ur * uO * al) ; 
d i sp ([ ' rl = I n um2str(rl)]) ; 

% Cal culate the second re luctance 
r2 = 1 2 I (ur * u D '" a 2 ); 
disp ([ ' r2 = I num2str(r2) 1) i 

% Calculate the total reluctance 
rtot = rl + r 2 ; 

% Cal culate t he mmf 
mmE = n * i ; 

% Cur rent in amps 

% Finally , ge t the flux i n the core 
flu x = mmf / rea t ; 

% Display r e sult 
disp ([ 'F lux = I num2 str (flux ) 1 ); 

When this program is execmed. the results are: 

» ex! 1 

r l = 14 32 3 . 94 49 
r 2 = 27586 . 856 8 
F l ux = 0 . 0047 72 

This program produces the same answer as our hand calculations to the number of signifi
cant digits in the problem. 

Example 1-2. Figure 1- 8a shows a ferromagnetic core whose mean path length is 
40 cm. There is a small gap of 0.05 cm in the stmcture of the otherwise whole core. The 
cross-sectional area of the core is 12 cm2, the relative permeability of the core is 4000, and 
the coil of wire on the core has 400 turns. Assume that fringing in the air gap increases the 
effective cross-sectional area of the air gap by 5 percent. Given this information, find 
(a) the total reluctance of the flux path (iron plus air gap) and (b) the cunent required to 
produce a flux density of 0.5 T in the air gap. 

Solution 
The magnetic circuit corresponding to thi s core is shown in Figure 1-8b. 

(a) The reluctance of the core is 

ie ie 
'l<,, = - = - -

.uAe ILr J.LoAe 
0.4m 

(4000)(417 X 10 7)(0.002 m') 

= 66,300 A • turnslWb 

( 1- 32) 
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(a) The ferromagnetic core of Example 1-2. (b) The magnelic circuit corresponding to (a). 

The effective area of the air gap is 1.05 x 12 cm2 = 12.6 cm2, so the reluctance of the air gap is 

0.0005 m 

(4 7T X 10 ')(0.00126 m') 

= 316,000 A • turnslWb 

Therefore, the total reluctance of the fl ux path is 

~q = CRc + CQ{I 

= 66,300 A • turnslWb + 3 16,000 A • turnslWb 

= 382,300 A • tumslWb 

(1-32) 

Note that the air gap contributes most of the reluctance even though it is 800 times shorter 
than the core. 

( 
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(b) Equation (1-28) states that 

Since the flux ¢ = BA and tf = Ni, this equation becomes 

Ni = BA'R 
so 

. BA'R 
l=-;{ 

(0.5 T)(0.00126 m')(383,200 A· turns/Wb) 

400 turns 

= 0.602 A 

(1-28) 

Notice that, since the a.ir~gap flux was required, the effective air-gap area was used in the 
above equation. 

Exam ple 1- 3. Figure 1-9a shows a simplified rotor and stator for a de motor. The 
mean path length of the stator is 50 em, and its cross-sectional area is 12 cmz, The mean 
path length of the rotor is 5 em, and its c ross-sectional area also may be assumed to be 
12 cmz, Each air gap between the rotor and the stator is 0.05 em wide, and the crass
sectional area of each ai r gap (including fringing) is 14 cm2, The iron of the core has a rel
ative permeability of 2000, and there are 200 turns of wire on the core. Jfthe current in the 
wire is adjusted to be 1 A, what will the resulting flux density in the air gaps be? 

Solution 
To detemune the flux density in the ai r gap, it is necessary to first calculate the magneto
motive force applied to the core and the total reluctance of the fl ux path. Wi th this infor
mation, the tota] flux in the core can be found. Finally, knowing the cross-sectional area of 
the air gaps enables the flux density to be calculated. 

The reluctance of the stator is 

I, 
'R =--

.1 /-L ,. fLrjA, 

0.5 m 
(2000)(41T X 10 7)(0.0012 m') 

= 166,000 A • turn51Wb 

The reluctance of the rowr is 

I, 
CR,.=---

J-Lr fLrjA, 

0.05 m 
(2000)(41T X 10 7)(0.0012 m') 

= 16,600A'IurnsIWb 

The reluctance of the air gaps is 

I" 'R,,=--
J-Lr ,llQAa 

0.0005 m 
(1) (41T X IO 7)(0.0014 m') 

= 284,000 A • turn5IWb 
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i =--
N= 200 

turns 

FIGURE 1-9 

'c=50cm 

(a) 

(b) 

A= 12cm2 

{g = 0.05 em 

(a) A simplified diagram of a rotor and stator for a de motor. (b) The magnetic circuit corresponding to (a). 

The magnetic circuit corresponding to this machine is shown in Figure 1-9b. The total re
luctance of the fl ux path is thus 

'R... ~ 'R, + CR., + 'R, + CR.2 
~ 166,000 + 284,000 + 16,600 + 284,000 A' tumslWb 

~ 751,000 A ' turnslWb 

The net magneto motive force applied to the core is 

'if ~ Ni ~ (200 turns)( 1.0 A) ~ 200 A • turns 

Therefore, the total flux in the core is 

( 
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g 200 A • lurns 
<f> ~ "R ~ 751,000 A. turnsl Wb 

~ 0.00266 Wb 

Finally, the magnetic flux densi ty in the motor's air gap is 

B ~ 1'. ~ 0.000266 Wb 
A 0.0014 m' 

0.19T 

Magnetic Behavior of Ferromagnetic Materials 

Earlier in this section, magnetic penneability was defmed by the equation 

B ~ ,uH (1- 21) 

It was explained that the permeability of ferromagnetic materials is very high, up 
to 6000 times the permeability of free space. In that discussion and in the examples 
that followed, the permeability was assumed to be constant regardless of the mag
netomotive force applied to the material. AlUlOUgh permeability is constant in free 
space, this most certainly is not true for iron and other ferromagnetic materials. 

To illustrate the behavior of magnetic permeability in a ferromagnetic ma
terial, apply a direct current to the core shown in Figure 1-3, starting with 0 A and 
slowly working up to the maximum permissible curren t. When the flux produced 
in the core is plotted versus the magnetol1lotive force producing it, the resulting 
plot looks like Figure I- l Oa. This type of plot is called a saturation curve or a 
magn.etization curve. At first, a small increase in the magnetomotive force pro
duces a huge increase in the resulting flu x. After a certain point, though, further 
increases in the magnetomotive force produce relatively smaller increases in the 
flux. Finally, an increase in the magnetomoti ve force produces almost no change 
at all. The region of this figure in whi ch the curve flattens out is called the satu
ration region, and the core is said to be saturated. In contrast, the region where the 
flux changes very rapidly is called the unsaturated region of the curve, and the 
core is said to be unsaturated. The trans ition region between the unsaturated re
gion and the saturated region is sometimes caIIed the knee of the curve. Note that 
the flux produced in the core is li nearly related to the applied magnetomotive 
force in the unsaturated region. and approaches a constant value regardless of 
magnetomotive force in the saturated region. 

Another closely related plot is shown in Figure I-lOb. Figure I - lOb is a 
plot of magnetic flux density B versus magnetizing intensity H. From Equations 
(1- 20) and (1- 2Sb), 

Ni g 
H=- = -

Ie Ie 
q, = BA 

(1-20) 

(1- 2Sb) 

it is easy to see that magnetizing intensity is directly proportional to magneromotive 
f orce and magnetic flux density is directly proportional toflux for any given core. 
Therefore, the relationship between B and H has the same shape as the relationship 
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FIGURE 1- 10 
(a) Sketch of a dc mag netization CUfve fOf a felTomagnetic core. (b) The magnetization curve 
expressed in terms of flux density and magneti zing intensity. (c) A detailed magnetization curve for a 
typical piece of steel. (d) A plot of relative permeability fLr as a function of magnetizing intensity H 
for a typical piece of steel. 
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between flux and magnetomotive force. The slope of the curve of flux density ver
sus magnetizing intensity at any value of H in Figure 1- 1 Db is by definition the per
meability of the core at that magnetizing intensity. The curve shows that the penne
abi lity is large and relatively constant in the unsaturated region and then gradually 
drops to a velY low value as the core becomes heavily saturated. 

1000 

Figure I- IOc is a magnetization curve for a typical piece of steel shown in 
more detail and with the magnetizing intensity on a logarithmic scale. Only with 
the magnetizing intensity shown logar ithmically can the huge saturation region of 
the curve fit onto the graph. 

The advantage of using a ferromagnetic material for cores in electric ma
chines and transformers is that one gets many times more flux for a given magne
tamotive force with iron than with air. However, if the resulting flux has to be pro
portional, or nearly so, to the applied magnetamotive force, then the core must be 
operated in the unsaturated region of the magnetization curve. 

I Since real generators and motors depend on magnetic flu x to produce volt-
age and torque, they are designed to produce as much flux as possible. As a result, 
most real machines operate near the knee of the magnetization curve, and the flux 
in their cores is not linearly related to the magnetomotive force producing it. This 
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nonlinearity accounts for many of the peculiar behaviors of machines that will be 
explained in future chapters. We will use MATLAB to calculate solutions to prob
lems involving the nonlinear behavior of real machines. 

Example 1-4. Find the relative permeability of the typical ferromagnetic material 
whose magnetization curve is shown in Figure I - lOe at (a) H = 50, (b) H = 100, (c) H = 

500, aud (d) H ~ 1000 A • turns/m. 

Solution 
The permeability of a material is given by 

and the relative permeability is given by 

(1-23) 

Thus, it is easy to determine the permeability at any given magnetizing intensity. 

(a) At H ~ 50 A ' turns/m, B ~ 0.25 T, so 

0.25 T 
50 A / 

~ 0.0050 H/m 
• turns m 

and 

JL ~ 1'0 ~ 0.0050 Him ~ 3980 
I f.Lo 41T X 10 7 Him 

(h) AtH ~ 100A ' tums/m,B ~ o.n T, so 

JL ~ -HB ~ 100 ~.n T / ~ 0.0072 H/m 
• turns m 

and 

~ 1'0 ~ o.oon H/m ~ 5730 
f.Lr f.Lo 41TXI07H/m 

(c) AtH ~ 500A'turns/m,B ~ 1.40T, so 

~ Ii ~ l AO T ~ 0.0028 H/m 
J.l. H 500 A • turns/m 

and 

JL ~ 1'0 ~ 0.0028 Him ~ 2230 
r flo 41T X 10 7 Him 

(d) At H ~ 1000 A • turns/m, B ~ 1.51 T, so 

B 1.51 T 
JL ~ H- ~ 1000 A / ~ 0.00151 H/m • turns m 

and 

~ 1'0 ~ 0.00151 Him ~ 1200 
Mr f.Lo 41T X 10 7 Hfm 

( 
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Notice that as the magnetizing intensity is increased, the relative perme

ability first increases and then starts to drop off. The relative permeability of a typ
ical fe rromagnetic material as a function o f the m agnetizing intensity is shown in 
Figure 1-IOd. This shape is fairly typical of all ferromagnetic materials. It can 
easily be seen from the curve for ILr versus H that the assumption of constant rel

ative permeability made in Examples 1- 1 to 1-3 is valid only over a relatively 
narrow range of magnetizing intensities (o r magnetomotive forces). 

In the following example. the relative permeability is not assumed to be 

constant. Instead, the relatio nship between B and H is given by a graph. 

Example 1-5. A square magnetic core has a mean path length of 55 cm and a cross
sectional area of 150 cm2. A 200-turn coil of wire is wrapped around one leg of the core. The 
core is made of a material having the magnetization curve shown in Figure l- lOc. 

(a) How much curren t is required to produce 0.012 Wb of flux in the core? 
(b) What is the core's relative permeabil ity at that current level? 
(e) What is its reluctance? 

Solution 
(a) The required flu x density in the core is 

B = 1'. = 1.012 Wb = 0.8 T 
A 0.015 01' 

From Figure l- lOc, the required magnetizing intensity is 

H = 11 5 A· tu rnslm 

From Equation (1- 20), the magnetomotivc force needed to produce this magnetizing 
intensity is 

'if= Ni = H( 

= (115 A -tums/m)(0.55 m) = 63.25 A -turns 

so the required current is 

. g 63.25 A • turns 
t= N= 200 tums 

(b) The core's permeabili ty at this current is 

B 0.8T 
}L = Ii = 115 A . turns/m 

Therefore, the relative permeability is 

0.3 16A 

0.00696 Him 

= .l': = 0.00696 Him = 5540 
jJ., "" 4" X 10 7 Him 

(c) The reluctance of the core is 

'if 63.25 A • turns 
'R = ¢ = 0.012 Wb = 5270 A ' turnslWb 
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FIGURE 1- 11 
The hysteresis loop traced out by the fl ux in a core when the current i(t) is applied to it. 

Energy Losses in a Ferromagnetic Core 

Instead of applying a direct current to the windings on the core, let us now apply 
an alternating current and observe what happens. The current to be applied is 
shown in Figure l-11a. Assume that the flux in the core is initially zero. As the 
current increases for the firs t time, the flux in the core traces out path ab in Figure 
I-llb. This is basicalIy the saturation curve shown in Figure 1-10. However, 
when the current falls again, the flux traces out a different pathfrom the one itfol
lowed when the current increased. As the current decreases, the flux in the core 
traces out path bcd, and later when the current increases again, the flux traces out 
path deb. Notice that the amount of flux present in the core depends not only on 
the amount of current applied to the windings of the core, but also on the previous 
history of the flux in the core. This dependence on the preceding flux history and 
the resulting fai lure to retrace flux paths is called hysteresis. Path bcdeb traced out 
in Figure I-lIb as the applied cun-ent changes is called a hysteresis loop. 
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Notice that if a large magnetomotive force is first applied to the core and 
then removed, the flux path in the core will be abc. When the magnetomotjve 
force is removed, the flux in the core does not go to zero. Instead, a magnetic field 
is left in the core. This magnetic field is called the residual flux in the core. It is in 
precisely this manner that permanent magnets are produced. To force the flux to 
zero, an amount of magnetomotive force known as the coercive magnetomotive 
force (~( must be appJied to the core in the opposite direction. 

Why does hysteresis occur? To understand the behavior of ferromagnetic 
materials , it is necessary to know something about their structure. The atoms of 
iron and similar metals (cobalt, nickel, and some of their alloys) tend to have their 
magnetic fields closely aligned with each other. Within the metal, there are many 
small regions called domains. In each domain, all the atoms are aligned with their 
magnetic fields pointing in the same direction, so each domain within the material 
acts as a smal1 permanent magnet. The reason that a whole block of iron can ap
pear to have no flux is that these numerous tiny domains are oriented randomly 
within the material. An example of the domain structure within a piece of iron is 
shown in Figure 1- 12. 

When an external magnetic field is applied to this block of iron, it causes do
mains that happen to point in the direction of the field to grow at the expense of 
domains pointed in other directions. Domains pointing in the direction of the mag
netic field grow because the atoms at their boundaries physically switch orientation 
to align themselves with the applied magnetic field. The extra atoms aligned with 
the field increase the magnetic flux in the iron, which in turn causes more atoms to 
switch orientation, further increasing the strength of the magnetic field. It is this pos
itive feedback effect that causes iron to have a permeability much higher than air. 

As the strength of the external magnetic field continues to increase, whole 
domains that are aligned in the wrong direction eventually reorient themselves as 
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a unit to line up with the field . Finally, when nearly all the atoms and domains in 
the iron are lined up with the external field, any further increase in the magneto
motive force can cause only the same fl ux increase that it would in free space. 
(Once everything is aligned, there can be no more feedback effect to strengthen 
the field.) At this point, the iron is saturated with flux. This is the situation in the 
saturated region of the magnetization curve in Figure 1- 10. 

The key to hysteresis is that when the external magnetic field is removed, 
the domains do not completely randomize again. Why do the domains remain 
lined up? Because turning the atoms in them requires energy. Originally, energy 
was provided by the external magnetic field to accomplish the alignment; when 
the field is removed, there is no source of energy to cause all the domains to rotate 
back. The piece of iron is now a permanent magnet. 

Once the domains are aligned, some of them will remain aligned until a 
source of external energy is supplied to change them. Examples of sources of ex
ternal energy that can change the boundaries between domains and/or the align
ment of domains are magnetomotive force applied in another direction, a large ( 
mechanical shock, and heating . Any of these events can impart energy to the do
mains and enable them to change alignment. (It is for tltis reason that a permanent 
magnet can lose its magnetism if it is dropped, hit with a hammer, or heated.) 

The fact that turning domains in the iron requires energy leads to a common 
type of energy loss in all machines and transformers. The hysteresis loss in an iron 
core is the energy required to accomplish the reorientation of domains during each 
cycle of the alternating current applied to the core. It can be shown that the area 
enclosed in the hysteresis loop formed by applying an alternating current to the 
core is directly proportional to the energy lost in a given ac cycle. The smaller the 
applied magnetomotive force excursions on the core, the smaller the area of 
the resulting hysteresis loop and so the smaller the reSUlting losses. Figure 1~13 
illustrates this point. 

Another type of loss should be mentioned at this point, since it is also 
caused by varying magnetic fields in an iron core . This loss is the eddy current 
loss. The mechanism of eddy current losses is explained later after Faraday's law 
has been introduced. Both hysteresis and eddy current losses cause heating in the 
core material, and both losses must be considered in the design of any machine or 
transformer. Since both losses occur within the metal of the core, they are usually 
lumped together and called core losses. 

1.5 FARADAY'S LAW- INDUCED VOLTAGE 
FROM A TIME-CHANGING MAGNETIC FIELD 

So far, attention has been focused on the production of a magnetic field and on its 
prope11ies. It is now time to examine the various ways in which an existing mag
netic field can affect its surroundings. 

The firs t major effect to be considered is called Faraday's law. It is the ba
sis of transformer operation. Faraday's law states that if a flux passes through a 
turn of a coil of wire, a voltage will be induced in the turn of wire that is directly 
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FIGURE 1-13 
The effect of the size of magnetomotive force excursions on the magnitude of the hysteresis loss. 

proportional to the rate of change in the flux with respect to time. In equation 
form, 

_ drp 
dt 

(1-35) 

where eind is the vol~age induced in the turn of the coil and cp is the flux passing 
through the turn. If a coil has N turns and if the same flux passes through all of 
them, then the voltage induced across the whole coil is given by 

where 

eind = voltage induced in the coil 

_N drp 
dt 

N = number of turns of wire in coil 

rp ~ flux passing through coil 

(1-36) 

The minus sign in the equations is an expression of Lenz's law. Lenz's law states that 
the direction of the voltage buildup in the coil is such that if the coil ends were short 
circuited, it would produce cun'ent that would cause a flux opposing the original 
flux change. Since the induced voltage opposes the change that causes it, a minus 
sign is included in Equation (1-36). To understand this concept clearly, examine 
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The meaning of Lenz's law: (a) A coil enclosing an increasing magnetic flux; (b) determining the 
resulting voltage polarity. 

Figure 1- 14. If the flux shown in the figure is increasing in strength, then the volt
age built up in the coil will tend to establish a flux that will oppose the increase. A 
current flowing as shown in Figure 1-14b would produce a flux opposing the in
crease, so the voltage on the coil must be built up with the polarity required to drive 
that current through the extemal circuit. Therefore, the voltage must be built up with 
the polarity shown in the figure. Since the polarity of the resulting voltage can be de
termined from physical considerations, the minus sign in Equations (1-35) and 
CI-36) is often left out. It is left out of Faraday's law in the remainder of this book. 

There is one major difficulty involved in using Equation (1-36) in practical 
problems. That equation assumes that exactly the same nux is present in each turn 
of the coil. Unfortunately, the flux leaking out of the core into the surrounding air 
prevents this from being true. If the windings are tightly coupled, so that the vast 
majority of the flux passing through one turn of the coil does indeed pass through 
all of them, then Equation (1-36) will give valid answers. But if leakage is quite 
high or if extreme accuracy is required, a different expression that does not make 
that assumption will be needed. The magnitude of the voltage in the ith turn of the 
coil is always given by 

dC",;) 
e· = --, dt 

If there are N tU111S in the coil of wire, the total voltage on the coil is 

N 

eind = :L e j 

i =1 

= ± d(",;) 
1=] dt 

(1-37) 

(1-38) 

(1-39) 
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d ( N ) = dt "2>/>; ,-1 
(1-40) 

The term in parentheses in Equation (1-40) is called thejlux lillkage A of the coil , 
and Faraday's law can be rewritten in terms afflux linkage as 

(1-41) 

where (1-42) 

The units of flux linkage are weber- turns. 
Faraday's law is the fundamental property of magnetic fields involved in 

transfonner operation. The effect of Lenz's law in transformers is to predict the 
polarity of the voltages induced in transformer windings. 

Faraday's law also explains the eddy current losses mentioned previously. 
A ti me-changing flux induces voltage within a ferromagnetic core injust the same 
manner as it would in a wire wrapped around that core. These voltages cause 
swirls of current to flow within the core, much like the eddies seen at the edges of 
a river. It is the shape of these currents that gives rise to the name eddy currents. 
These eddy currents are flowing in a resistive material (the iron of the core), so 
energy is dissipated by them. The lost energy goes into heating the iron core. 

The amount of energy lost due to eddy currents depends on the size of the 
current swirls and the resistivity of the materia l in which the cun'ent flows. The 
larger the size of the swirl, the greater the resul ting induced voltage will be (due 
to the larger flux inside the swirl). The larger the induced voltage, the larger the 
current flow that resuits, and therefore the greater the / 2 R losses wi ll be. On the 
other hand, the greater the resistivity of the material containing the currents, the 
lower the current flow wi ll be for a given induced voltage in the sw irl. 

These facts give us two possible approaches to reduce the eddy current 
losses in a uansformer or an electric machine. If a ferromagnetic core that may be 
subject to alternating fluxes is broken up into many small strips. or laminations, 
then the maximum size of a current swirl wi ll be reduced, resulting in a lower in
duced voltage, a lower current, and lower losses. This reduction is roughly pro
portional to the width of these laminations, so smaller laminations are belter. The 
core is built up alit of many of these laminations in parallel. An insulating resin is 
used between the strips, so that the current paths for eddy currents are limited to 
very small areas. Because the insulating layers are extremely thin, this action re
duces eddy cutTent losses with very little effect on the core's magnetic properties. 

The second approach to reducing eddy current losses is to increase the re
sistivity of the core material. This is often done by adding some silicon to the steel 
of the core. If the resistance of the core is higher, the eddy currents will be smaller 
for a given flux, and the resulting / 2 R losses will be smaUer. 
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FIGURE 1- 15 
The core of Example 1-6. Determination of the voltage polarity at the terminals is shown. 

Either laminations or high-resistivity materials can be used to control eddy 
currents, In many cases, both approaches are combined, Together, they can reduce 
the eddy cun'ent losses to the point where they are much smaller than the hystere
sis losses in the core. 

Example 1-6. Figure 1-15 shows a coil of wire wrapped around an iron core, The 
flux in the core is given by the equation 

'" ~ 0.05 sin 3771 Wb 

If there are [00 turns on the core, what voltage is produced at the terminals of the coil? 
Of what polarity is the voltage during the time when flux is increasing in the reference 
direction shown in the figure? Assume that all the magnetic flux stays within the core (i.e ., 
assume that the flux leakage is zero). 

Solution 
By the same reasoning as in the discussion on pages 29-30, the direction of the voltage 
while the flux is increasing in the reference direction must be positive to negative, as shown 
in Figure 1-15. The magnilllde of the voltage is given by 

or alternati vely, 

~ (100 turns) 1r (0.05 sin 3771) 

~ 1885 cos 3771 

e;nd = 1885 sin(377t + 90°) V 



( 

lNTRODUCTlON TO MACHINERY PRlNCIPLES 

X x 

I 
x X B 

X X X X 

X X X X 

X X X X 

X X X
F 

X 

X X X X FIGURE 1- 16 

A current-carrying wire in the presence of a 
X X X X magnetic f ield. 

1.6 PRODUCTION OF INDUCED FORCE 
ON AWIRE 

33 

A second major effect of a magnetic field on its surroundings is that it induces a force 
on a cun'ent-calTying wire within the field . The basic concept involved is illustrated 
in Figure 1-16. The figure shows a conductor present in a unifonn magnetic field of 
flux density B, pointing into the page. The conductor itself is I meters long and con
tains a CUlTent of i amperes. The force induced on the conductor is given by 

F = ;(1 X B) (1-43) 

where 

i = magnitude of current in wire 

I = length of wire, with direction of I defined to be in the direction of 
current flow 

B = magnetic flux density vector 

The direction of the force is given by the right-hand rule: If the index finger of the 
right hand points in the direction of the vector I and the middle finger points in the 
direction of the flux density vector B, then the thumb points in the direction of 
the resultant force on the wire. The magnitude of the force is given by the equation 

F = itB sin e (1-44) 

where e is the angle between the wire and the flux density vector. 

Example 1-7. Figure 1-16 shows a wire carrying a current in the presence of a 
magnetic field. The magnetic flux density is 0.25 T, directed into the page. If the wire is 
1.0 m long and carries 0.5 A of cutTent in the direction from the top of the page to the bot
tom of the page, what are the magnitude and direction of the force induced on the wire? 

Solution 
The direction of the force is given by the right-hand rule as being to the right. The magni
tude is given by 

F = itB sin e (1-44) 

~ (0.5 A)(l.O m)(0.25 T) sin 900 = 0.125 N 
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Therefore, 

F = 0.125 N, directed to the right 

The induction of a force in a wire by a cun-ent in the presence of a magnetic 
field is the basis of motor action. Almost every type of motor depends on this 
basic principle for the forces and torques which make it move. 

1.7 INDUCED VOLTAGE ON A CONDUCTOR 
MOVING IN A MAGNETIC FIELD 

There is a third major way in which a magnetic field interacts with its surround
ings. If a wire with the proper orientation moves through a magnetic field, a volt
age is induced in it. This idea is shown in Figure 1-17. The voltage induced in the 
wire is given by 

eiod = (v X B) • 1 (1-45) 

where 

v = velocity of the wire 

B = magnetic flux density vector 

I = length of conductor in the magnetic field 

Vector I points along the direction of the wire toward the end making the smallest 
angle with respect to the vector v X B. The voltage in the wire will be built up so 
that the positive end is in the direction of the vector v X B. The following exam
ples illustrate this concept. 

Example 1- 8. Figure 1- 17 shows a conductor moving with a velocity of 5.0 m/s 
to the right in the presence of a magnetic field. The flux density is 0.5 T into the page, and 
the wire is 1.0 m in length, oriented as shown. What are the magnitude and polari ty of the 
resulting induced voltage? 

Solution 
The direction of the quantity v X B in this example is up. Therefore, the voltage on the con
ductor will be built up positive at the top with respect to the bottom of the wire. The direc
tion of vector I is up, so that it makes the smallest angle with respect to the vector v X B. 

Since v is perpendicu lar to B and since v X B is parallel to I, the magnitude of the 
induced voltage reduces to 

eind = (v X B) -I 

= (vB sin 900) I cos 0° 

= vBI 

~ (S.O mls)(O.S T)(1.0 m) 

~ 2.SV 

Thus the induced voltage is 2.5 V, positive at the top of the wire. 

(1-4S) 

Example 1- 9. Figure 1-18 shows a conductor moving with a velocity of 10 m/s 
to the right in a magnetic field. The flux density is 0.5 T, out of the page, and the wire is 
1.0 m in length, oriented as shown. What are the magnitude and polffi"ity of the resulting 
induced voltage? 

( 
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FIGURE 1-17 
A conductor moving in the presence of a 
magnetic field . 

FIGURE 1-18 
The conductor of Example 1-9. 

The direction of the quantity v x B is down. The wire is not oriented on an up-down line, 
so choose the direction of I as shown to make the smallest possible angle with the direction 
of v X B. The voltage is positive at the bottom of the wire with respect to the top of the 
wire. The magnitude of the voltage is 

eind = (v X B) . I 

= (vB sin 90°) I cos 30° 

= (10.0 mls)(O.5 T)( I.O m) cos 300 

= 4.33 V 

(1-45) 

The induction of voltages in a wire moving in a magnetic field is funda
mental to the operation of all types of generators. For this reason, it is called 
generator action. 
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Switch Magnetic field into page 
R 

1 X X X 

+ -=- VB e ind 

X X X 

FIGURE 1-19 
A linear dc machine. The magnetic fie ld points into the page. 

1.8 THE LINEAR DC MACHINE-A SIMPLE 
EXAMPLE 

B 

A linear dc machine is about the simplest and easiest-to-understand version of a 
dc machine, yet it operates according to the same principles and exhibits the same 
behavior as real generators and motors. It thus serves as a good starting point in 
the study of machines. 

A linear dc machine is shown in Figure 1-19. It consists of a battery and a 
resistance connected through a switch to a pair of smooth, frictionless rails. Along 
the bed of this "railroad track" is a constant, uniform-density magnetic field di
rected into the page. A bar of conducting metal is lying across the tracks. 

How does such a strange device behave? Its behavior can be determined 
from an application of four basic equations to the machine. These equations are 

1. The equation for the force on a wire in the presence of a magnetic field: 

I F = ;(1 X B) I (1-43) 

where F = force on wire 

i = magnitude of current in wire 

I = length of wire, with direction of I defined to be in the direction 
of current flow 

B = magnetic flux density vector 

2. The equation for the voltage induced on a wire moving in a magnetic field: 

I e,oct = (v X B) • I I 

where e inci = voltage induced in wire 

v = velocity of the wire 

B = magnetic flux density vector 

I = length of conductor in the magnetic field 

(1-45) 

( 
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FIGURE 1-20 
Starting a linear de machine. 

3. Kirchhoff's voltage law for this machine. From Figure 1- 19 this law gives 

VB - iR - eind = 0 

I VB ~ e", + iR ~ 0 I (1-46) 

4. Newton's law for the bar across the tracks: 

I Fnct - Ina I (1-7) 

We will now explore the fundamental behavior of this simple de machine 
using these four equations as tools. 

Starting the Linear DC Machine 

Figure 1-20 shows the linear de machine under starting condition s. To start this 
machine, simply close the switch. Now a current flows in the bar, which is given 
by Kirchhoff's voltage law: 

VB - e ind 
i ~ --"-"R-= (1-47) 

Since the bar is initially at rest, e ind = 0, so i = V B/ R. The current flows down 
through the bar across the tracks. But from Equation (1-43), a current flowing 
through a wire in the presence of a magnetic field induces a force on the wire. Be
cause of the geometry of the machine, this force is 

Find = itB to the right (1- 48) 

Therefore, the bar will accelerate to the right (by Newton's law). However, 
when the veloci ty of the bar begins to increase, a voltage appears across the bar. 
The voltage is given by Equation (1- 45), which reduces for this geometry to 

eind = vBl positive upward (1-49) 

The voltage now reduces the current flowing in the bar, since by Kirchhoff's 
voltage law 
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"~~----=== O~, 

FIGURE 1-21 
The linear de machine on i'itmt ing. 
(a) Velocity v(r) as a funct ion of time; 

(d) 
(b) induced voltage eind(t); (e) current i(t); 
(d) induced force F;nit}. 

(1 - 47) 

As eind increases, the current i decreases. 
The result of this action is that eventually the bar will reach a constant 

steady-state speed where the net force on the bar is zero. This will occur when eind 

has risen all the way up to equal the voltage VB' At that time, the bar will be mov
ing at a speed given by 

VB = e inci = vssBI 

VB 
Vss = BI (1- 50) 

The bar will continue to coast along at this no-load speed forever unless some ex
ternal force disturbs it. When the motor is started, the velocity v, induced voltage 
eind, current i, and induced force Find are as sketched in Figure 1-21. 

To summarize, at starting, the linear dc machine behaves as follows: 

1, Closing the switch produces a current flow i = VB / R. 

2. The current flow produces a force on the bar given by F = ilB. 
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FIGURE 1- 22 
The linear de machine as a motor. 

3. The bar accelerates to the right, producing an induced voltage einci as it 
speeds up. 

4. This induced voltage reduces the current flow i = (VB - e',d t)/ R. 

S. The induced force is thus decreased (F = i l IB) until eventually F = O. 
At that point, e ind = VB. i = D, and the bar moves at a constant no-load speed 
v.~s = VBI Bf. 

This is precisely the behavior observed in real motors on statting. 

The Linear DC Machine as a Motor 

Assume that the linear machine is initially nmning at the no-load steady-state con
ditions described above. What will happen to th is machine if an external load is 
applied to it? To find out, let' s examine Figure 1-22. Here, a force F'OOd is applied 
to the bar opposite the direction of motion. Since the bar was initially at steady 
state, application of the force F10ad will result in a net force on the bar in the direc
tion opposite the direction of motion (Fnct = F10l\d - Find) ' The effect of this force 
will be to slow the bar. But just as soon as the bar begins to slow down, the in
duced vohage on the bar drops (eind = v!BI). As the induced voltage decreases, 
the current flow in the bar rises: 

ii = VB - eind! 
R 

(1-47) 

Therefore, the induced force rises too (F,,,, = itIB). The overall result of this 
chain of events is that the induced force ri ses until it is equal and opposite to the 
load force , and the bar again travels in steady state, but at a lower speed. When a 
load is attached to the bar. the velocity v, induced voltage e illd, current i . and in
duced force F',d are as sketched in Figure 1-23. 

There is now an induced force in the direction of motion of the bar, and 
power is being converted from electrical form to mechanicalform to keep the bar 
moving. The power being converted is 
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FIGURE 1- 23 
The linear de machine operating at no- load 
conditions and then loaded as a motor. 

F",,(to)k 
(a) Velocity V(I) as a fu nction of time; 

F10ad -"11"---'-----'-----'-------1 (b) induced voltage emit); (c) current i(t); 

(d) (d) induced force Find(r). 

(I-51) 

An amount of electric power equal to eindi is consumed in the bar and is replaced 
by mechanical power equal to FindV. Since power is converted from electrical to 
mechanical form, this bar is operating as a motor. 

To summarize th is behavior: 

1. A force Fjo(,d is applied opposite to the direction of motion, which causes a net 
force Fnel opposite to the direction of motion. 

2. The resulting acceleration a = Fnellm is negative, so the bar slows down (v!). 

3. The voltage ei"' = d BI falls, and so i = (VB - ei"'j, )/R increases. 

4. The induced force F ind = iilB increases until I F ind I = I F [oad I at a lower 
speed v. 

5. An amount of eleeu·ic power equal to e indi is now being converted to me
chanical power equal to Findv, and the machine is acting as a motor. 

A real dc motor behaves in a precisely analogous fashion when it is loaded: 
As a load is added to its shaft, the motor begins to slow down, which reduces its in
ternal voltage, increasing its current flow. The increased current flow increases its 
induced torque, and the induced torque will equal the load torque of the motor at a 
new, slower speed. 

( 
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FIGURE 1-24 
The linear de machine as a generator. 

Note that the power converted from electrical form to mechanical form by 
this linear motor was given by the equation Peony = Fjndv. The power cOllverted 
from electrical form to mechanical form in a real rotating motor is given by the 
equation 

(1-52) 

where the induced torque Tind is the rotational analog of the induced force F ind. and 
the angular velocity w is the rotational analog of the linear velocity v. 

The Linear DC Machine as a Generator 

Suppose that the linear machine is again operating under no- load steady-state con
ditions. This time, apply a force in the direction a/motion and see what happens. 

F igure 1- 24 shows the linear machine with an applied force F"p in the di
rection of motion. Now the applied force will cause the bar to accelerate in the 
direction of motion, and the velocity v of the bar will increase. As the velocity 
increases, eind = vlSt will increase and will be larger than the battery voltage VB' 
With eind > VI]' the current reverses direction and is now given by the equation 

(1-53) 

Since this current now flows up through the bar, it induces a force in the bar 
given by 

Find = ilB to the left (1- 54) 

The direction of the induced force is given by the right-hand rule. This induced 
( force opposes the applied force on the bar. 

Finally, the induced force will be equal and opposite to the applied force, 
and the bar will be moving at a higher speed than before. Notice that now the bat
tery is charging. The linear machine is now serving as a generator, converting me
chanical power FindV into electric power eindi . 
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To summarize this behavior: 

1. A force F opp is applied in the direction of motion; Fnc, is in the direction of 
morioo. 

2. Acceleration a = Fne, / In is positive, so the bar speeds up (vi). 

3. The voltage ei,d = v i BI increases, and so i = (ei,d i - VB)IR increases. 

4. The induced force F ind = illB increases until I F ind I = I Flood I at a higher 
speed v. 

5. An amount of mechanical power equal to FindV is now being converted to 
electric power eindi, and the machine is acting as a generator. 

Again, a rea] de generator behaves in precisely this manner: A torque is ap
plied to the shaft in the direction a/motion, the speed of the shaft increases, the in
ternal voltage increases, and current flows out of the generator to the loads. The 
amollnt of mechanical power converted to electrical form in the real rotating gen
erator is again given by Equation (1-52) : 

(I-52) 

It is interesting that the same machine acts as both motor and generator. The 
only difference between the two is whether the externally applied forces are in the 
direction of motion (generator) or opposite to the direction of motion (motor). 
Electrically, when eil1d > VB' the machine acts as a generalOr, and when eind < VB' the 
machine acts as a motor. Whether the machine is a motor or a generator, both in
duced force (motor action) and induced voltage (generator action) are present at all 
times. This is general ly true of all machines- both actions are present, and it is only 
the relative directions of the external forces with respect to the direction of motion 
that determine whether the overall machine behaves as a motor or as a generator. 

Another very interesting fact should be noted : This machine was a genera
tor when it moved rapidly and a motor when it moved more slowly, but whether it 
was a motor or a generator, it always moved in the same direction. Many begin
ning machinery students expect a machine to turn one way as a generator and the 
other way as a motor. This does not occur. Instead, there is merely a small change 
in operating speed and a reversal of current flow. 

Starting Problems with the Linear Machine 

A linear machine is shown in Figure 1-25. This machine is supplied by a 250-V 
dc source, and its internal resistance R is given as about 0.10 .n. (The resistor R 
models the internal resistance of a real dc machine, and this is a fairly reasonable 
internal resistance for a medium-size de motor. ) 

Providing actual numbers in this figure highlights a major problem with ma
chines (and their simple linear model). At starting conditions, the speed of the bar 
is zero, so e ind = O. The current flow at starting is 

= VB = 250 V = 2500 A 
istar, R 0.111 
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B = 0.5 T, 
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O.lOn directed into the page 
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-=- VB =250V 0.5 m 
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FIGURE 1- 25 
The linear de machine with component values illustrating the problem of excessive starting current. 

fo 0.10 n Rstart 

X X X 
; (t) 

-=- VB =250V 0.5 m 

X X X 

FIGURE 1-26 
A linear de machi ne with an extra series resistor inserted to control the starting current. 

This current is very high, often in excess of 10 times the rated current of the ma
chine. Such currents can cause severe damage to a motor. Both real ac and real de 
machines suffer from similar high-current problems on starting. 

How can such damage be prevented? The easiest method for this simple lin
ear machine is to inselt an extra resistance into the circuit during starting to limit 
the current flow until eind builds up enough to limit it. Figure 1- 26 shows a start
ing resistance inserted into the machine circuitry. 

The same problem exists in real dc machines, and it is handled in precisely 
the same fashion-a resistor is inserted into the motor armature circuit during 
starting. The control of high starting curren t in real ac machines is handled in a 
different fashion, which will be described in Chapter 6. 

Example 1- 10. The linear dc machine shown in Figure 1-27a has a battery volt
age of 120 V, an internal resistance of 0.3 fl, and a magnetic flux density of 0.1 T. 

(a) What is this machine's maximum starting current? What is its steady-state velocity 
at no load? 

(b) Suppose that a 30-N force pointing to the right were applied to the bar. What 
would the steady-state speed be? How much power would the bar be producing 
or consuming? How much power would the battery be producing or consuming? 
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X X X 

F ind -30N + 
_ e ind F(IPP= 30 N _ v 

X X X 

8=0.1 T, 

directed into the page 

X X X 

F 1ood = 30N 
~-----=-1 

X X X 

(e) 

The linear de mach ine of Example 1-10, (a) Starting conditions; (b) operati ng as a generator; 
(c) operating as a motor. 

Explain the difference between these two figures . Is this machine acting as a 
motor or as a generator? 

(c) Now suppose a 30¥N force pointing to the Jeft were applied LO the bar. What would 
the new steady-state speed be? Is this machine a motor or a generator now? 

(d) Assume that a force pointing to the left is applied to the bar. Calculate speed of 
the bar as a funct ion of the force for values from 0 N La 50 N in I O-N steps. Plot 
the velocity of the bar versus the applied force. 

(e) Assume that the bar is unloaded and that it suddenly runs into a region where the 
magnetic field is weakened to 0.08 T. How fast will the bar go now? 

Solution 
(a) At starting conditions, the velocity of the bar is 0, so ej lld = O. Therefore, 

V,,-B -C-o-e-"i'",d i= - R 
120 V - 0 V 

0.3 [l 
400 A 
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When the machine reaches steady state, Find = 0 and i = O. Therefore, 

VB = eind = vssBl 

VB 
Vss = Bt 

120V 
(0.1 T)( 10 m) ~ 120 mls 

(b) Refer to Figure 1-27b. If a 30-N force to the right is applied to the bar, the final 
steady state will occur when the induced force F ind is equal and opposite to the 
applied force F app' so that the net force on the bar is zero: 

Fapp = Find = itB 

Therefore, 

. Find 30 N 
l~ - ~ 

IE (10 m)(O. l T) 

= 30 A flowing up through the bar 

The induced voltage eind on the bar must be 

~ 120 V + (30A)(0.3 11) ~ 129 V 

and the final steady-state speed must be 

129 V 
(0. 1 T)(1O m) ~ 129 mls 

The bar is producing P = (129 V)(30 A) = 3870 W of power, and the battery is 
consLlming P = (120 V)(30 A) = 3600 W. The difference between these two num
bers is the 270 W of losses in the resistor. This machine is acting as a generator. 

(c) Refer to Figure 1-2Sc. This time, the force is applied to the left, and the induced 
force is to the right. At steady state, 

Fapp = Find = fIB 

• Find 30N 
I ~ ill ~ (10 m)(O.l T) 

= 30 A flowing down through the bar 

The induced voltage e ind on the bar must be 

~ 120 V - (30 A)(0.3 11) ~ 111 V 

and the final speed must be 

11IV 
(0.1 T)(10 m) ~ 111 mls 

This machine is now acting as a motor, converting electric energy from the bat
tery into mechanical energy of motion on the bar. 
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(d) This task is ideally suited for MATLAB . We can take advantage of MAT LAB's 
vectorized calculations to determine the velocity of the bar for each value of 
force. The MATLAB code to pelform this calculation is just a version of the 
steps that were performed by hand in part c. The program shown below calcu
lates the current, induced voltage, and velocity in that order, and then plots the 
velocity versus the force on the bar. 

% M- flle ' ex! 10 m 
% M-f i le to calculate and plot the velocity of 
% a linear mot or as a func tion of load . 
VB = 120 i % Batter y v oltage (V) 
r 0 . 3 ; % Resis t a nce (ohms ) 
1 1 ; % Bar l ength (m) 
B 0 . 6 ; % Flux d en s i t y (T) 

% Sel ect the forces to app ly t o the bar 
F = 0 : 10 : 50 ; % Fo r ce (Nl 

% Calculate the c u rrents fl owing i n t h e motor . 
i = F . f 11 • B ) ; % Current (A) 

% Calcul ate the induced voltages on t h e bar . 
eind = VB - i • r; % Induced voltage 

% Calculate the velocit ies of the bar . 
v_bar = eind . f 11 • B) ; % Velocity (rn/ s) 

% Plot the veloc ity of t he ba r versus force . 
plot (F , v_bar) ; 
t i t l e ( ' pl ot of Veloci t y versus App lied For ce i ) ; 

xla be l (I Force (N) I) ; 

ylabe l ('Ve loc ity (rols) I ) i 

a xis «(0500 2 00J); 

(V) 

The resulting plot is shown in Figure 1- 28. Note that the bar slows down more 
and more as load increases. 

(e) If the bar is initially unloaded, then eind = VB' If the bar suddenly hits a region 
of weaker magnetic field, a transient wi ll occur. Once the transient is over, 
though, eind will again equal Vn-

This fact can be used to determine the final speed of the bar. The initial speed was 
120 m/s. Thejinal speed is 

VB = eind = v sfll 
VB 

VSS = Bl 

l20V 
(0.08 T)( IO m) = ISO mI, 

Thus, when the flux in the linear motor weakens, the bar speeds up. The same behavior oc
curs in real dc motors: When the field flux of a dc motor weakens, it turns faster. Here, 
again , the li near machine behaves in much the same way as a real de motor. 

( 
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Plot of velocity versus force for a linear de machine. 
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1.9 REAL, REACTIVE, AND APPARENT 
POWER IN SINGLE-PHASE AC CIRCUITS 

-

40 45 50 

This section describes the relationships among real, reactive, and apparent power 
in single-phase ac circuits. A similar discussion for three-phase ac circuits can be 
found in Appendix A. 

In a de circuit such as the one shown in Figure 1-29a, the power supplied to 
the dc load is simply the product of the voltage across the load and the current 
flowing through it. 

p ~ VI (I-55) 

Unfortunately, the situation in sinusoidal ac circuits is more complex, be
cause there can be a phase difference between the ac voltage and the ac current 
supplied to the load. The instantaneous power supplied to an ac load will still be 
the product of the instantaneous voltage and the instantaneous current, but the av
erage power supplied to the load will be affected by the phase angle between the 
voltage and the current. We will now explore the effects of this phase difference 
on the average power supplied to an ac load. 

Figure 1- 29b shows a single~phase voltage source supplying power to a 
single-phase load with impedance Z ~ ZLe n. If we assume that the load is in
ductive, then the impedance angle e of the load will be positive, and the current 
will lag the voltage by e degrees. 
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z z ~ Z L e FIGURE 1-29 
(a) A de voltage source supplying a 
load with resistance R. (b) An ac 
voltage source supplying a load with 
impedance Z = Z L 8 n. 

The voltage applied to this load is 

vCr) = V2V cos wt (1-56) 

where V is the nns value of the voltage applied to the load, and the resulting cur
rent flow is 

;(1) = V21 cos(wt - 8) (1 -57) 

where I is the rms value of the current flowing through the load. 
The instantaneous power supplied to this load at any time t is 

pet) = v(t);(t) = 2VI cos wt cos(wt - 8) ( I- 58) 

The angle 8 in this equation is the impedance angle of the load. For inductive 
loads, the impedance angle is positive, and the current waveform lags the voltage 
waveform by 8 degrees. 

If we apply trigonometric identities to Equation (I-58), it can be manipu
lated into an expression of the form 

pet) = VI cos 8 (I + cos 2wt) + VI sin 8 sin 2wt (I-59) 

The first term of this equation represents the power supplied to the load by the 
component of current that is in phase with the voltage, while the second term rep
resents the power supplied to the load by the component of current that is 90' out of 
phase with the voltage. The components of this equation are plotted in Figure 1- 30. 

Note that the fi rst term of the instantaneous power expression is al ways pos
itive, but it produces pulses of power instead of a constant value. The average 
value of this term is 

P = VI cos 8 (1- 60) 

which is the average or real power (P) supplied to the load by term I of the Equa
tion (1-59). The uni ts of real power are watts (W), where 1 W = I V X 1 A. 
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The components of power supplied to a single-phase load versus time. The first component represents 
the power supplied by the component of current ill phase with the voltage , while the second term 
represents the power suppl ied by the component of current 90° oul of phase with the voltage. 

Note that the second term of the jnstantaneOlls power expression is positive 
half of the time and negative half of the time, so that the average power supplied 
by this term is zero. This term represents power that is first transferred from the 
source to the load, and then returned from the load to the source. The power that 
continually bounces back and forth between the source and the load is known as re
active power (Q). Reactive power represents the energy that is first stored and then 
released in the magnetic field of an inductor, or in the electric field of a capacitor. 

The reactive power of a load is given by 

Q=VJsinB (1- 61) 

where e is the impedance angle of the load. By convention, Q is positive for in
ductive loads and negative for capacitive loads, because the impedance angle e is 
positive for inductive loads and negative for capacitive loads. The units of reac
tive power are volt-amperes reactive (var), where I var = I V X 1 A. Even though 
the dimensional units are the same as for watts, reactive power is traditionally 
given a unique name to distinguish it from power actually supplied to a load. 

The apparent power (S) supplied to a load is defined as the product of the 
voltage across the load and the current through the load. This is the power that 
"appears" to be supplied to the load if the pbase augle differences between volt
age and CUlTent are ignored. Therefore, the apparent power of a 19ad is given by 
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S = VI (1- 62) 

The units of apparent power are volt-amperes (VA), where I VA = 1 V X I A. As 
with reactive power, apparent power is given a distinctive set of units to avoid 
confusing it with real and reactive power. 

Alternative Forms of the Power Equations 

If a load has a constant impedance, then Ohm's law caD be used to derive alterna
tive expressions for the real, reactive, and apparent powers supplied to the load. 
Since the magnitude of the voltage across the load is given by 

V= [Z (1-63) 

substituting Equation (1-63) into Equations (1- 60) to (1 - 62) produces equations 
for real, reactive, and apparent power expressed in terms of current and impedance: 

p = / 2ZCOS e 
Q = / 2Z sin e 
S = / 'Z 

where Izi is the magnitude of the load impedance Z. 
Since the impedance of the load Z can be expressed as 

Z = R + j X = IZI cos e + j lZI sin e 

(1-64) 

(1-65) 

(1- 66) 

we see from this equation that R = IZI cos e and X = Izi sin e, so the real and 
reactive powers of a load can also be expressed as 

P = [' R 

Q = [ 2X 

where R is the resistance and X is the reactance of load Z. 

Complex Power 

(1- 67) 

(1-68) 

For simplici ty in computer calculations, real and reactive power are sometimes 
represented together as a complex power S, where 

s = P + j Q (1-69) 

The complex power S supplied to a load can be calculated from the equation 

S = VI' (1-70) 

where the asterisk represents the complex conjugate operator. 
To understand this equation, let's suppose that the voltage applied to a load 

is V = V L IX and the current through the load is I = / L [3. Then the complex 
power supplied to the load is 
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Q+ 

v z z~ Izl Lon 

FIGURE 1-31 
An inductive load has a positive impedance angle O. This load produces a lagging current, and it 
consumes both real power P and reactive power Q from the source. 

S = VI* = (V L ex)(l L -f3) = VI L(<> - f3) 

= VI cos(<> - f3) + jVI sin(ex - f3) 

The impedance angle 8 is the difference between the angle of the voltage and the 
angle ofthe current (8 = <> - f3), so this equation reduces to 

S = VI cos 8 + jVI sin 8 

=p + jQ 

The Relationships between Impedance Angle, 
Cnrrent Angle, and Power 

As we know from basic circuit theory, an inductive load (Figure 1- 31) has a pos
itive impedance angle e, since the reactance of an inductor is positive. If the im
pedance angle f) of a load is positive, the phase angle of the current flowing 
through the load will lag the phase angle of the voltage across the load by 8. 

I=~= VLoo= .1'.- L_8 

Z IZILe Izl 
Also, if the impedance angle f) of a load is positive, the reactive power consumed 
by the load will be positive (Equation 1-65), and the load is said to be consuming 
both real and reactive power from the source. 

In contrast, a capacitive load (Figure 1-32) has a negative impedance 
angle e, since the reactance of a capacitor is negative, If the impedance angle e of 
a load is negative, the phase angle of the current flowing through the load will 
lead the phase angle of the voltage across the load by 8. Also, if the impedance an
gle 8 of a load is negative, the reactive power Q consumed by the load will be 
negative (Equation 1-65). In this case, we say that the load is consuming real 
power from the source and supplying reactive power to the source. 

The Power Triangle 

The real, reactive, and apparent powers supplied to a load are related by the power 
triangle. A power triangle is shown in Figure 1- 33. The angle in the lower left 
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p 

Q + 

v z z~ 121 Lon 

FIGURE 1-32 
A capacitive load has a negative impedance angle B. This load produces a le(l(/illg current, and it 

consumes real power P from the source while supplying reactive power Q to the source. 

( C".( -I ,(,. ~ 
Q = S sin e 

P = SeasB 
(<> c.\ 

p 
COSB= S 

sin 8= ~ 

tan 8 = ~ FIGURE 1- 33 
The power triangle. 

corner is the impedance angle 8. The adjacent side of th is triangle is the real 
power P supplied to the load, the opposite side of the triangle is the reactive power 
Q supplied to the load, and the hypotenuse of the tri angle is the apparent power S 
of the load . 

The quantity cos e is usually known as the power Jactor of a load. The 
power factor is defined as the fraction of the apparent power S that is actually sup
plying real power to a load. Thus, 

PF = cos 8 (l-7l) 

where 8 is the impedance angle of the load. 
Note that cos 0 = cos (- 0), so the power factor produced by an imped

ance angle of + 30° is exactly the same as the power factor produced by an im
pedance angle of - 30°. Because we can' t ten whether a load is inductive or ca
pacitive from the power factor alone, it is customary (Q state whether the current 
is leading or Jaggi ng the voltage whenever a power factor is quoted. 

The power triangle makes the relationships among real power, reactive 
power, apparent power. and the power factor clear, and provides a convenient way 
to calculate various power-related quantities if some of them are known. 

Example 1- 11. Figure 1-34 shows an ac voltage source supplying power to a load 
with impedance Z = 20L - 30 0 D. Calculate the current I supplied to the load, the power 
factor of the load, and the real, reactive, apparent, and complex power supplied to the load. 

( 
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+ 
'\... V=1 20 L Ooy z z ~ 20 L -30'[1 

l'1GURE \ -34 
The circuit of Example I-I I. 

SolutiOIl 
The current supplied to this load is 

I = Y = l20L O' V 6L30' A 
Z 20L - 30' n 

The power factor of the load is 

PF ~ cos 8 = cos (- 30' ) = 0.866 leading (1 - 7 1) 

(Note that this is a capacitive load, so the impedance angle () is negative, and the current 
leads the voltage.) 

The real power supplied to the load is 

P = VI cos () 

P = (1 20 V)(6 A) cos (-30' ) = 623.5 W 

The reactive power supplied to the load is 

Q = VI sin 8 

Q = (120 V)(6A) sin ( -30') = - 360 VAR 

The apparent power supplied to the load is 

S = VI 

Q = (1 20 V)(6 A) = 720 VA 

The complex power supplied to the load is 

S = VI* 

1.10 SUMMARY 

= (120LO' V)(6L-30' A)* 

= (120LO' V)(6 L30' A) = n0L30' VA 

= 623 .5 - j360 VA 

(1-60) 

(1- 61 ) 

(1-62) 

(1-70) 

This chapter has reviewed briefl y the mechanics of systems rotating about a sin
gle axis and introduced the sources and effects of magnetic fields important in the 
understanding of transformers, motors, and generators. 

Historically, the English system of units has been used to measure the 
mechanical quantities associated with machines in English-speaking countries. 
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Recently, the SI units have superseded the English system almost everywhere in 
the world except in the United States, but rapid progress is being made even there. 
Since SI is becoming almost universal, most (but not all) of the examples in this 
book use this system of units for mechanical measurements. Electrical quantities 
are always measured in SI units. 

In the section on mechanics, the concepts of angular position, angular veloc
ity, angular acceleration, torque, Newton's law, work, and power were explained 
for the special case of rotation about a single axis. Some fundamental relationships 
(such as the power and speed equations) were given in both SI and English units. 

The production of a magnetic field by a current was explained, and the spe
cial properties of ferromagnetic materials were explored in detail. The shape of the 
magnetization curve and the concept of hysteresis were explained in terms of the 
domain theory of ferromagnetic materials, and eddy current losses were discussed. 

Fal'aday's law states that a voltage will be generated in a coil of wire that is 
proportional to the time rate of change in the flux passing through it. Faraday's 
law is the basis of transformer action, which is explored in detail in Chapter 3. 

A cun'ent-carrying wire present in a magnetic field, if it is oriented properly, 
will have a force induced on it. This behavior is the basis of motor action in all 
real machines. 

A wire moving through a magnetic field with the proper orientation will 
have a voltage induced in it. This behavior is the basis of generator action in all 
real machines. 

A simple linear de machine consisting of a bar moving in a magnetic field 
illustrates many of the features of real motors and generators. When a load is at
tached to it, it slows down and operates as a motor, converting electric energy into 
mechanical energy. When a force pulls the bar faster than its no-load steady-state 
speed, it acts as a generator, converting mechanical energy into electric energy. 

In ac circuits, the real power P is the average power supplied by a source to 
a load. The reactive power Q is the component of power that is exchanged back 
and forth between a source and a load. By convention, positive reactive power is 
consumed by inductive loads (+61) and negative reactive power is consumed (or 
positive reactive power is supplied) by capacitive loads ( - 8). The apparent power 
S is the power that "appears" to be supplied to the load if only the magnitudes of 
the voltages and currents are considered. 

QUESTIONS 

1-1. What is torque? What role does torque play in the rotational motion of machines? 
1-2. What is Ampere's law? 

1-3. What is magnetizing intensity? What is magnetic flux density? How are they related? 
1-4. How does the magnetic circuit concept aid in the design of transfonner and machine 

cores? 
1-5. What is re luctance? 

1-6. What is a ferromagnetic material? Why is the permeability of ferromagnetic mate
rials so high? 

( 
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1-7. How does the relative permeability of a ferromagnetic material vary with magneto
motive force? 

1-8. What is hysteresis? Explain hysteresis in tenns of magnetic domain theory. 
1-9. What are eddy current losses? What can be done to minimize eddy current losses in 

a core? 
1- 10. Why are all cores exposed to ac flux variations laminated? 
1-11. What is Faraday's Jaw? 
1- 12. What conditions are necessary for a magnetic field to produce a force on a wire? 

1-13. What conditions are necessary for a magnetic field to produce a voltage in a wire? 
1- 14. Why is the linear machine a good example of the behavior observed in real dc 

machines? 
1- 15. The linear machine in Figure 1-19 is running at steady state. What would happen to 

the bar if the voltage in the battery were increased? Explain in detail. 
1- 16. Just how does a decrease in flux produce an increase in speed in a linear machine? 

1-17. Will current be leading or lagging voltage in an inductive load? Will the reactive 
power of the load be positive or negative? 

1-18. What are real, reactive, and apparent power? What units are they measured in? How 
are they related? 

1-19. What is power fac tor? 

PROBLEMS 

1- 1. A motor's shaft is spinning at a speed of 1800 r/min. What is the shaft speed in ra
dians per second? 

1-2. A flywheel with a moment of inertia of 4 kg • m2 is initially at rest. If a torque of 
6 N • m (counterclockwise) is suddenly applied to the flywheel, what will be the 
speed of the flywheel after 5 s? Express that speed in both radians per second and 
revolutions per minute. 

1-3. A force of 10 N is applied to a cylinder of radius r = 0.15 m, as shown in Figure Pl-I. 
The moment of inertia of this cylinder is J = 4 kg • m2• What are the magnitude and 
direction of the torque produced on the cylinder? What is the angular acceleration a. 
of the cylinder? 

'" 

r=O.lSm 
J=4kg·m2 

r=lON 
FIGURE Pl-l 
The cylinder of Problem 1-3. 
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1-4. A motor is supplying 50 N • m of torque to its load. If the motor s shaft is turning 
at 1500 rlmin, what is the mechanical power supplied to the load in watts? In 
horsepower? 

1- 5. A ferromagnetic core is shown in Figure Pl-2. The depth of the core is 5 cm. The 
other dimensions of the core are as shown in the figure . Find the value of the current 
that will produce a flux of 0.005 Wb. With this current, what is the flux densi ty at 
the top of the core? What is the flux density at the right side of the core? Assume 
that the relative permeability of the core is 800. 

f--lO em 20em-j
5em l 

T 
15 em 

i I¢ t + 

( 
--- ----
----- --
------- 500 turns 15 em 

------- 1 
I¢ 1 

15 em 

1 
Core depth = 5 em 

FIGUREPl -2 
The core of Problems 1- 5 and 1-16. 

1-6. A ferromagnetic core with a relative permeability of 1500 is shown in Figure Pl -3. 
The dimensions are as shown in the diagram, and the depth of the core is 5 cm. The 
air gaps on the left and right sides of the core are 0.050 and 0.070 cm, respectively. 
Because of fringing effects, the effective area of the air gaps is 5 percent larger than 
their physical size. If there are 300 turns in the coi l wrapped around the center leg 
of the core and if the current in the coil is 1.0 A, what are the flux values for the left, 
center, and right legs of the core? What is the flux density in each air gap? 

1-7. A two-legged core is shown in Figure Pl-4. The winding on the left leg of the core 
(N] ) has 600 turns, and the winding on the right (N2) has 200 tums. The coils are 
wound in the directions shown in the figure. If the dimensions are as shown, then 
what flux would be produced by currents i 1 = 0.5 A and i2 ::: 1.00 A? Assume f-Lr = 

1200 and constant. 
1-8. A core with three legs is shown in Figure PJ- 5. Its depth is 5 cm, and there are 100 

turns on the leftmost leg. The relative permeability of the core can be assumed to be 
2000 and constant. What flux exists in each of the three legs of the core? \Vhat is the 
flux density in each of the legs? Assume a 5 percent increase in the effective area of 
the air gap due to hinging effects. 

( 
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( FIGURE Pl - 3 
The core of Problem 1- 6. 
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Core depth = 15 em 

FIGURE Pl-4 
The core of Problems 1-7 and 1- 12. 
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Core depth = 5 cm 

FIGUREPI-5 
The core of Problem 1-8. 

1- 9. A wire is shown in Figure Pl-6 that is carrying 2.0 A in the presence of a magnetic 
field. Calculate the magnitude and direction of the force induced on the wire. 

1= l m 

B =0.5 T, 
-----~ to the righl 

i ==2.0A - FIGURE PI-6 
A current-carrying wire in a 
magnetic field (Problem 1-9), 

1- 10. A wire is shown in Figure Pl-7 that is moving in the presence of a magnetic field. 
With the information given in the figure, determine the magnitude and direction of 
the induced voltage in the wire. 

1- 11. Repeat Problem 1- 10 for the wire in Figure PI- S. 
1-12. The core shown in Figure PI-4 is made of a steel whose magnetization curve is 

shown in Figure Pl-9. Repeat Problem 1-7, but this time do not assume a constant 
value of !-Lr' How much flux is produced in the core by the currents specified? What 
is the relative permeability of this core under these conditions? Was the assumption 

( 
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1= 0.25 III 

X X X X 

X X ') X X FIGURE Pl-7 
A wire moving in a 
magnetic fi eld (Problem 

B = 0.2 T, into the page 1- 10). 

! V= lmJ, 

B =O.S T 

FIGURE PI- 8 
A wire moving in a magnetic field 
(Problem 1- 11 ). 

in Problem 1- 7 that the relative permeability was equal to 1200 a good assumption 
for these cond itions? Is it a good assumption in general? 

1- 13. A core with three legs is shown in Figure Pl-lO. Its depth is 5 em, and there are 400 
turns on the center leg. The remaini ng dimensions are shown in the figure. The core 
is composed of a steel havi ng the magnetization curve shown in Figure I- lOc. An
swer the following questions about this core: 
(a) What current is required to produce a flux density of 0.5 T in the central leg of 

the core? 
(b) What current is required to produce a flux density of 1.0 T in the central leg of 

the core? [s it twice the current in part (a)? 
(c) What are the reluctances of the central and righ t legs of the core under the con

ditions in palt (a)? 
(d) What are the reluctances of the central and right legs of the core under the con

ditions in part (b)? 
(e) What conclusion can you make about reluctances in real magnetic cores? 

1-14. A two-legged magnetic core with an air gap is shown in Figure Pl-l 1. The depth of 
the core is 5 em, the length of the air gap in the core is 0.05 em, and the number of 
turns on the coil is 1000. The magnetization curve of the core material is shown in 
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100 1000 
Magnetizing intensity H (A • turns/m) 

FIGUREPI-9 
The magnetization curve for the core mutedal of Problems 1- 12 and 1- 14. 

'f-----lN = 400 turns 

1--5 cm--I-- 16 cm-I-s em--I-16 em--I-s em--I 
Depth = S em 

FIGURE PI-IO 
The core of Problem 1-13. 

T 
Scm 

_I 

1 
16 em 

-! 
Scm 

-.-L 

Figure P l-9. Assume a 5 percent increase in effective air-gap area to account for 
fringing. How much current is required to produce an air-gap flux density of 0.5 T? 
What are the flux densities of the four sides of the core at that current? What is the 
total flux present in the air gap? 
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FIGURE PI- II 
The core of Problem 1-14. 
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1- 15. A transformer core with an effective mean path length of 6 in has a 200-turn coil 
wrapped around one leg. Its cross-sectional area is 0.25 in 2, and its magneti zation 
curve is shown in Figure 1-10c. If current of 0.3 A is flowing in the coil, what is the 
total flux in the core? What is the flux density? 

1- 16. The core shown in Figure P l-2 has the fl ux (tJ shown in Figure PI-l2. Sketch the 
voltage present at the terminals of the coiL 

1-17. Figure PI- 13 shows the core of a simple de motor. The magneti.zation curve for the 
metal in this core is given by Figure l-lOe and d. Assume that the cross-sectional 
area of each air gap is 18 cm2 and that the width of each air gap is 0.05 cm. The ef
fective diameter of the rotor core is 5 cm. 
(a) We wish to build a mach ine w ith as great a flux density as possible while avoid

ing excessive saturation in the core. What would be a reasonable maximum flux 
density for this core? 

(b) What would be the total flux in the core at the flux density of part (a)? 
(e) The maximum possible field current for this machine is 1 A. Select a reasonable 

number of turns of wire to provide the desired flux density while not exceeding 
the maximum available current. 

1-18. Assume that the voltage applied to a load is V = 208L -300 V and the CUlTenr flow
ing through the IO<ld is I = 2L20° A. 
(a) Calculate the complex power S consumed by this load. 
(b) Is thi s load inductive or capacitive? 
(c) Calculate the power factor of this load. 
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FIGURE Pl-12 
Plot of fl ux 0/ as a function of time for Problem 1-16. 

i 
:::-.... 

N=? 

1('= 60 em 

FIGURE PI- 13 
The core of Problem 1- 17. 

Nturns 

Depth = 5 em 

1,.=5cm 

19:::: 0.05 em 

1- 19. Figure Pl-14 shows a simple single-phase ac power system with three loads. The 
voltage source is V = 240LOO Y, and the impedances of these three loads are 

2, ~ IOL30' D 22 ~ lOL45' D 

Answer the following questions about this power system. 
(a) Assume that the switch shown in the figure is initially open, and calculate the 

current I , the power factor, and the real, reactive, and apparent power being 
supplied by the source. 

(b) How much real, reactive, and apparent power is being consumed by each load 
with the switch open? 
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(c) Assume that the switch shown in the figure is now closed, and calculate the cur
rent I, the power factor, and the real, reactive, and apparent power being sup
plied by the source. 

(d) How much real , reactive, and apparent power is being consumed by each load 
with the switch closed? 

(e) What happened to the current flowing from the source when the switch closed? 
Why? 

+ + + 
+ 

'V V z, 23 

FIGURE PI-14 
T he circuit of Problem 1-19. 

1-20. Demonstrate that Equation (1-59) can be derived from Equation (1 - 58) using sim
ple trigonometric identities. 

p(t) ~ v(t)i(t) ~ 2VI cos wI COS(WI - e) 

p(t) = VI cos e (l + cos 2Wl) + VI sin e sin 2wt 

Him: The following identities will be useful: 

1 
cos a cos [3 ~2 [cos (a - [3) + cos (a + [3)] 

cos (a - (3) = cos a cos f3 + sin O! sin f3 

(I - 58) 

(I-59) 

1-21. A linear machine shown in Figure PI - 15 has a magnetic flux dens ity of 0.5 T di 
rected into the page, a resistance of 0.25 n, a bar length I = 1.0 ro, and a battery 
voltage of 100 V. 
(a) What is the in itial force on the bar at starting? What is the initial current flow? 
(b) What is the no-load steady-state speed of the bar? 
(c) If the bar is loaded with a force of 25 N opposite to the direction of motion, 

what is the new steady-s tate speed? What is the efficiency of the machine under 
these circumstances? 

1=0 

1 
0.250 

B =0.5 T 

X X X X 

VB = lOOV-=- 1m 

X X X X 

FIGURE PI-IS 
The linear machine in Problem 1- 21. 
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1-22. A linear machine has the fonowing characteristics: 

B = 0.5 T into page 

l~ 0.5m 

R ~ 0.25 n 
VB ~ 120V 

(a) If this bar has a load of 20 N attached to it opposite to the direction of motion, 
what is the steady-state speed of the bar? 

(b) If the bar runs off into a region where the flux density falls to 0.45 T, what hap
pens to the bar? What is its final steady-state speed? 

(c) Suppose VB is now decreased to 100 V with everything else remaining as in 
part (b). What is the new steady-state speed of the bar? 

(d) From the results for parts (b) and (c), what are two methods of controlling the 
speed of a linear machine (or a real de motor)? 

1-23. For the linear machine of Problem 1-22: 
(a) When this machine is operating as a motor, calculate the speed of the bar for 

loads of 0 N to 30 N in 5 N steps. Plot the speed of the bar as a function of load. 
(b) Assume that the motor is operation with a 30 N load, and calculate and plot the 

speed of the bar for magnetic flux densities of 0.3 T to 0.5 Tin 0.05 T steps. 
(c) Assume that the motor is running at no-load conditions with a flux density of 

0.5 T. What is the speed of the bar? Now apply a 30 N load to the bar. What is 
the new speed of the bar? What fLux density would be required to restore the 
loaded bar to the same speed that it had under no-load conditions? 
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CHAPTER 

2 
TRANSFORMERS 

OBJECTIVES 

Understand the purpose of a transformer in a power system. 

Know the voltage, current, and impedance relationships across the windings 
of an ideal transformer. 

Unders tand how real transformers approximate the operation of an ideal 
transformer. 

Be able to explain how copper losses, leakage flux, hysteresis , and eddy cur
rents are modeled in transformer equivalent circuits. 

Use a transformer equivalent circuit to find the voltage and current transfor
mations across a transformer. 

Be able to calculate the losses and efficiency of a transformer. 

Be able to derive the equivalent circuit of a transformer from measurements. 

Understand the per-unit system of measurements. 

Be able to calculate the voltage regulation of a transformer. 

Understand the autotransformer. 

Understand three-phase transformers, including special cases where only two 
transformers are used. 

Understand transformer ratings. 

Understand instrument transformers-potential transformers and current 
transformers. 

65 
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A transformer is a device that changes ac electric power at one frequency and 
voltage level to ac electric power at the same frequency and another voltage level 
through the action of a magnetic field. It consists of two or more coils of wire 
wrapped around a common ferromagnetic core. These coils are (usually) not di
rectly connected. The only connection between the coils is the common magnetic 
flux present withjn the core. 

One of the transformer windings is connected to a source of ac electric 
power, and the second (and perhaps third) transformer winding supplies electric 
power to loads. The transformer winding connected to the power source is called 
the primary winding or input winding, and the winding connected to the loads is 
called the secondary winding or output winding. If there is a third winding on the 
transformer, it is called the tertiary winding. 

2,1 WHY TRANSFORMERS ARE 
IMPORTANT TO MODERN LIFE 

The first power distribution system in the United States was a 120-V de system in
vented by Thomas A. Edison to supply power for incandescent light bulbs. Edison's 
fi rst central power station went into operation in New York City in September 
1882. Unfortunately, his power system generated and transmitted power at such 
low voltages that very large currents were necessary to supply significant amounts 
of power. These high currents caused huge voltage drops and power losses in the 
transmission lines, severely restricting the service area of a generati ng station. In 
the 1880s, central power stations were 10cated every few city blocks to overcome 
this problem. The fact that power could not be transmitted far with low-voltage de 

FIGURE 2-1 
The first practical modern transformer, built by William Stanley in 1885. Note that the core is made 
up of individual sheets of metal (laminations) . (Courtesy of General Electric Company.) 
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power systems meant that generating stations had to be small and localized and so 
were relatively inefficient. 

The invention of the transformer and the concurrent development of ac 
power sources eliminated forever these restrictions on the range and power level 
of power systems. A transformer ideally changes one ac voltage level to another 
voltage level without affecting the actual power supplied. If a transformer steps up 
the voltage level of a circuit, it must decrease the current to keep the power into 
the device equal to the power out of it. Therefore. ac electric power can be gener
ated at one central location, its voltage stepped up for transmission over long dis
tances at very low losses, and its voltage stepped down again for final use. Since 
the transmission losses in the lines of a power system are proportional to the 
square of the current in the lines, raising the transmission voltage and reducing the 
resulting transmission CULTents by a factor of 10 with transformers reduces power 
transmission losses by a factor of 100. Without the transformer, it would simply 
not be possible to use electric power in many of the ways it is used today. 

In a modern power system, electric power is generated at voltages of 12 to 
25 kV. Transformers step up the voltage to between 110 kV and nearly 1000 kV for 
transmission over long distances at very low losses. Transformers then step down 
the voltage to the 12- to 34.5-kV range for local distribution and finally pennit the 
power to be used safely in homes, offices, and factories at voltages as low as 120 V. 

2_2 TYPES AND CONSTRUCTION 
OF TRANSFORMERS 

The principal purpose of a transformer is to convert ac power at one voltage level 
to ac power of the same frequency at another voltage level. Transformers are also 
used for a variety of other purposes (e.g. , voltage sampling, current sampling, and 
impedance transformation), but this chapter is primarily devoted to the power 
transformer. 

Power transformers are constructed on one of two types of cores. One type 
of construction consists of a simple rectangular laminated piece of steel with the 
transformer windings wrapped around two sides of the rectangle. This type of 
construction is known as core form and is il1ustrated in Figure 2- 2. The other type 
consists of a three-legged laminated core with the windings wrapped around the 
center leg. Thi s type of construction is known as shell form and is illustrated in 
Figure 2-3 . In either case, the core is constructed of thin laminations electrically 
isolated from each other in order to minimize eddy currents. 

The primary and secondary windings in a physical transfOlmer are wrapped 
one on top of the other with the low-voltage winding innermost. Such an arrange
ment serves two purposes: 

1. It simplifies the problem of insulating the high-voltage winding from the core. 

2. It results in much less leakage flux than would be the case if the two windings 
were separated by a distance on the core. 
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FIGURE 2-2 
Core-form transformer construction. 
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FIGURE 2-3 
(a) Shell-form transformer constmction. (b) A typical shell-form transformer. (Courtesy afGeneral 
Electric Company.) 

Power transformers are given a variety of different names, depending on 
their use in power systems. A transformer connected to the output of a generator 
and used to step its voltage up to transmission levels (110 + kV) is sometimes 
cal1ed a unit transformer. The transformer at the other end of the transmission line, 

( 
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which steps the voltage down from transmission levels to distribution levels (from 
2.3 to 34.5 kV), is called a substation transformer. Finally, the transformer that 
takes the distribution voltage and steps it down to the final voltage at which the 
power is actually used (110, 208, 220 V, etc.) is called a distribution transformer. 
All these devices are essentially the same- the only difference among them is 
their intended use. 

In addition to the various power transformers, two special-purpose trans
fOlTIlerS are used to measure voltage and current in electric machinery and power 
systems. The first of these special transformers is a device specially designed to 
sample a high voltage and produce a low secondary voltage directly proportional 
to it. Such a transformer is called a potential transformel: A power transformer 
also produces a secondary voltage directly proportional to its primary voltage; the 
difference between a potential transformer and a power transformer is that the 
potential transformer is des igned to handle only a very small current. The second 
type of special transformer is a device designed to provide a secondary current 
much smaller than but directly proportional to its primary current. This device is 
called a current transformer. Both special-purpose transformers are discussed in a 
later section of this chapter. 

2,3 THE IDEAL TRANSFORMER 

An ideal transformer is a lossless device with an input winding and an output 
winding. The relationships between the input voltage and the output voltage, and 
between the input current and the output current, are given by two si mple equa
tions. Figure 2-4 shows an ideal transformer. 

The transformer shown in Figure 2-4 has Np turns of wire on its primary 
side and Ns turns of wire on its secondary side. The relationship between the volt
age vp(t) applied to the primary side of the transformer and the voltage vs(t) pro
duced on the secondary side is 

(2-1) 

where a is defined to be the turns ratio of the transformer: 

N 
a = ::....e. 

Ns 
(2-2) 

The re lationship between the current ip(t) flow ing into the primary side of the 
transformer and the current isCt) flowing out of the secondary side of the trans
former is 

(2-3a) 

or (2-3b) 

l 
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FIGURE 2-4 
(a) SkClch of an ideal transformer. (b) Schematic symbols of a lransformer. Someti mes the iron core 
is shown in the symbol, and sometimes not. 

In terms of phasor quantities, these equations are 

EJ Vs 
(2-4) 

and l!e = ! I Is a 
(2-5) 

Notice that the phase angle of Vp is the same as the angle of Vs and the phase an
gIe of Ip is the same as the phase angle of Is. The turns ratio of the ideal trans
former affects the magnitudes of the voltages and currents, but not their angles. 

Equations (2-1) to (2-5) describe the relationships between the magnitudes 
and angles of the voltages and cun"ents on the primary and secondary sides of the 
transformer, but they leave one question unanswered: Given that the primary cir
cuit's voltage is positive at a specific end of the coil, what would the polarity of 
the secondary circuit's voltage be? In real transformers, it would be possible to tell 
the secondary's polarity only if the transformer were opened and its windings ex
amined. To avoid this necessity, transformers utilize the dot convention. The dots 
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appearing at one end of each winding in Figure 2-4 tell the polarity of the voltage 
and cutTent on the secondary side of the transformer. The relationship is as 
follows: 

1. If the primary voltage is positive at the dotted end of the winding with respect 
to the undotted end, then the secondary voltage will be positive at the dotted 
end also. Voltage polarities are the same with respect to the dots on each side 
of the core. 

2, If the primary current of the transformer flows into the dotted end of the pri 
mary winding, the secondary current wi ll flow out of the dotted end of the 
secondary windi ng. 

The physical meaning of the dot convention and the reason polarities work out 
this way will be explained in Section 2.4, which deals with the real transformer. 

Power in an Ideal Transformer 

The real power Pin supplied to the transformer by the primary circuit is given by 
the equation 

(2-6) 

where Op is the angle between the primary voltage and the primary curren t. The 
real power P out supplied by the transformer secondary circuit to its loads is given 
by the equation 

(2-7) 

where f)s is the angle between the secondary voltage and the secondary current. 
Since voltage and current angles are unaffected by an ideal transformer, Op = Os = fJ. 
The primary and secondary windings of an ideal transfonner have the same power 
facto, 

How does the power going into the primary circuit of the ideal transformer 
compare to the power coming out of the other side? It is possible to find out 
through a simple application of the voltage and current equations [Equations (2-4) 
and (2- 5)J. The power out of a transformer is 

Pout = Vs Is cos () (2-8) 

Applying the tUll1s-ratio equations gives Vs = V pIa and Is = alp, so 

_lie 
Po", - a (alp) cos e 

I Pout = VpIp cos e - Pin I (2-9) 

Thus. the output power of an ideal transformer is equal to its input powel: 
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FIGURE 2- 5 
(a) Definition of impedance. (b) Impedance scaling through a transformer. 

The same relationship applies to reactive power Q and apparent power S: 

and 

I Qin = Vplp sin () = Vs1s sin e = Qout I 

I Sin - Vplp = \I.<;ls = SOUl I 

Impedance Transformation through a Transformer 

(2-10) 

(2-11) 

The impedance of a device or an element is defined as the ratio of the phasor volt
age across it to the phasor cutTent flowing through it: 

VL Z= -
L I L 

(2-12) 

One of the interesting properties of a transformer is that, since it changes voltage 
and cunent levels, it changes the ratio between voltage and current and hence the 
apparent impedance of an element. To understand this idea, refer to Figure 2- 5. If 
the secondary current is called Is and the secondary voltage Vs, then the imped
ance of the load is given by 

(2-13) 

( 
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The apparent impedance of the primary circuit of the transfonner is 

Z' _ Vp 
L - Ip 

Since the primary voltage can be expressed as 

Vp = aVs 

and the primary cunent can be expressed as 

Is 
Ip =

a 

the apparent impedance of the primary is 

Z' _.Ye - aVs - a2~ 
L - Ip - Isla - Is 

(2-14) 

(2-15) 

With a transformer, it is possible to match the magnitude of a load imped
ance to a source impedance simply by picking the proper turns ratio. 

Analysis of Circuits Containing Ideal Transformers 

If a circuit contains an ideal transformer, then the easiest way to analyze the circuit 
for its voltages and currents is to replace the portion of the circuit on one side of the 
transformer by an equivalent circuit with the same terminal characteristics. After the 
equivalent circuit has been substituted for one side, then the new circui t (without a 
transformer present) can be solved for its voltages and currents. In the poltion of the 
circuit that was not replaced, the solutions obtained will be the correct values of volt
age and current for the original circuit. Then the turns ratio of the transfonner can be 
used to determine the voltages and currents on the other side of the transformer. The 
process of replacing one side of a transformer with its equivalent at the other side's 
voltage level is known as referring the first side of the transformer to the second side. 

How is the equivalent circuit formed? Its shape is exactly the same as the shape 
of the original circuit. The values of voltages on the side being replaced are scaled by 
Equation (2-4), and the values of the impedances are scaled by Equation (2- l5). The 
polarities of voltage sources in the equivalent circuit will be reversed from their di
rection in the oliginal circuit if the dots on one side of the transformer windings are 
reversed compared to the dots on the other side of the transformer windings. 

The solution for ci rcuits containing ideal transformers is illustrated in the 
following example. 

Example 2-1. A single-phase power system consists of a 480-V 60-Hz gen
erator supplying a load Z\oad = 4 + j3 .n through a transmission line of impedance 
Zline = 0.18 + )0.24!1. Answer the fo llowing questions about this system. 

(a) If the power system is exactly as described above (and shown in Figure 2- 6a), 
what will the voltage at tlle load be? What will the transmission line losses be? 

• 
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FIGURE 2-6 
The power system of Example 2-1 (a) without and (b) with transformers at the ends ofthe 
transmission line . 

(b) Suppose a 1: 10 step-up transformer is placed at the generator end of the trans
mission line and a 10:1 step-down transformer is placed at the load end of the 
line (as shown in Figure 2-6b). What will the load voltage be now? What will 
the transmission line losses be now? 

Solution 
(a) Figure 2-6a shows the power system wi thout transformers. Here I e = I line = 

I ]oau' The line current in this system is given by 

V 
Ilinc = Z Z 

linc + load 

(0.1811 + jO .24!1) + (411 + j3 11) 

480 L O° 480 LO° 
4.18 + j3.24 5.29 L37.8° 

~ 90.8L - 37.8° A 

Therefore the load voltage is 

~ (90 .8L - 37.8' A)(411 + j311) 

~ (90.8 L - 37.8' A)(5 L36.9° !1) 

~ 454 L - 0.90 V I 
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and the li ne losses are 

Ploss = (llincr R 1ine 

~ (90S A)' (0 1S!l) ~ 14S4 W 

(b) Figure 2-6b shows the power system with the transformers. To analyze this sys
tem, it is necessary to convert it to a common voltage level. This is done in two 
steps: 

1. Eliminale transformer T2 by refelTing the load over to the transmission line's 
voltage leveL 

2. Eliminate transfonner Tl by referri ng the transmission line's elements and 
the equivalent load at the transmission line's voltage over to the source side. 

The value of the load 's impedance when reflected to the transmission system's 
voltage is 

Ziood = a2 
Z load 

~ C?)'(4!i + j3 fi) 

~ 400 fi + j300 fi 

The total impedance at the transmission line level is now 

~ 400.1 S + j300.24fi = 500.3 L36.S8° fi 

This equivalent ci rcui t is shown in Figure 2-7a. The total impedance at (he tra nsmiss ion 
line level (Zlinc + 2 100<1) is now reflected across TI (0 the source's voltage level: 

Z~q = a2 Zeq 

= a2CZjinc + Z load) 

~ (/0)'(0.1S fi + jO.24 ii + 400 fi + j300 fi) 

= (O.OOIS fi + j O.OO24 fi + 4 ii + j3 fi) 

= 5.003 L36.88° fi 

Noti ce that Z'1'oad = 4 + )3 nand Ziinc = 0.00 18 + )0.0024 n. The resulting equivalent cir
cuit is shown in Figure 2-7b. The generator' s Cl.1lTent is 

_ 4S0LOoV _ ° 
Ia - 5.003 L36.S80 fi - 95.94L- 36.SS A 

Knowing the current la. we can now work back and find I line and I1oad ' Working back 
through T1, we get 

_ Np ! I 
Iline - N SI G 

= 1~(95.94L-36.88° A) ~ 9.594 L-36.8So A 
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FIGURE 2-7 
(n) System with the load referred to the transmission system vol tage level. (b) System with the load 
aod transmission line referred to the generator's vo ltage level. 

Working back through T2 gives 

N n1linc = N.S1Iload 

Np2 

110ntl = NS2 l line 

~ \0 (9.S94 L - 36.SSo A) ~ 9S.94 L - 36.SSo A 

It is now possible to answer the questions originally asked. The load voltage is given by 

Vlu~d = I lood ~oad 

~ (9S.94 L - 36.SSo A )(S L36.S7° !l) 

~ 479.7 L - O.O l o V 

and the line losses are given by 

Ploss = (/1ine)2R line 

~ (9 .S94 A)2 (O.lS !l) ~ 16.7 W 

Notice that raising the transmission voltage of the power system reduced 
transmission losses by a factor of nearly 90' Also, the voltage at the load dropped 
much less in the system with transformers compared to the system without 

( 
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transformers. This simple example dramatically illustrates the advantages of 
using higher-vol tage transmission lines as well as the extreme importance of 
transformers in modern power systems. 

Real power systems generate electric power at voltages in the range of 4 to 
30 kV They then use step-up transformers to raise the voltage to a much higher level 
(say 500 kV) for transmission over long distances, and step-down transformers to re
duce the voltage to a reasonable level for distribution and final use. As we have seen 
in Example 2.1, this can greatl y decrease transmission losses in the power system. 

2.4 THEORY OF OPERATION OF REAL 
SINGLE· PHASE TRANSFORMERS 

The ideal transformers described in Section 2.3 can of course never actually be 
made. What can be produced are real transformers~two or more coils of wire 
physically wrapped around a ferromagnetic core. The characteristics of a real 

f transformer approximate the characteristics of an ideal transformer, but only to a 
degree. This section deals with the behavior of real transformers. 

To understand the operation of a real transformer, refer to Figure 2- 8. 
Figure 2- 8 shows a transformer consisting of two coils of wire wrapped around a 
transformer core. The primary of the transformer is connected to an ac power 
source, and the secondary winding is open-ci rcuited. The hysteresis curve of the 
transformer is shown in Figure 2-9. 

The basis of transformer operation can be derived from Faraday's law: 

dA 
e ind = dt (1 -41) 

where A is the flu x linkage in the co i1 across which the voltage is being induced. 
The flux linkage).. is the sum of the flux passing through each turn in the coil 
added over all the turns of the coil: 

N 
A = '2:,</>; 0 -42) 

j= 1 

i/,(/) 

+ 

vp(t) l' Ns ) "s (I) 

FIGURE 2-8 
Sketch of a real transformer with no load attached to its secondary. 
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0/ Flux 

~--------j++-------- Magnetomotive force 

FIGURE 2-9 
The hysteresis curve of the transformer. 

The total flux linkage through a coil is not just N</>, where N is the number of turns 
in the coil, because the flux passing through each turn of a coil is slightly differ
ent from the flux in the other turns, depending on the position of the tum wi thin 
the coiL 

However, it is possible to define an average flux per turn in a coil. If the 
total flux linkage in all the turns of the coils is A and if there are N turns, then the 
average flux per turn is given by 

and Faraday's law can be written as 

- A 
</>= ~ 

N 

_ 4</J. 
eind - N dt 

The Voltage Ratio across a Transformer 

(2-1 6) 

(2-17) 

If the voltage of the source in Figure 2-8 is vp(t), then that voltage is placed di
rectly across the coils of the primm"y winding of the transformer. How will the 
transformer react to this applied voltage? Faraday's law explains what will hap
pen. When Equation (2- 17) is solved for the average flux present in the primary 
winding of the transformer, and the winding resistance is ignored, the result is 

- 1 f </>P = IV vpCt) dt 
p 

(2-18) 

This equation states that the average flux in the winding is proportional to the in
tegral of the voltage applied to the winding, and the constant of proportionality is 
the reciprocal of the number of turns in the primary winding liN p . 
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Mutual and leakage fluxes in a transformer core. 
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This flux is present in the primary coil of the transformer. What effect does 
it have on the secondary coil of the transformer? The effect depends on how much 
of the flux reaches the secondary coil. Not all the flux produced in the primary 
coil also passes th rough the secondary coil-some of the flux lines leave the iron 
core and pass through the air instead (see Figure 2- 10). The portion of the flux 
that goes through oue of the transformer coils but not the other one is called leak
age fl ux. The fl ux in the primary coil of the transformer can thus be divided into 
two components: a Inlltualjlux, which remains in the core and li nks both wind
ings, and a smaU leakage flux, which passes through the primary winding but re
turns through the air, bypassing the secondary winding: 

(2-19) 

where q,p = total average primary flux 

<PM = flux component li nking both primary and secondary coils 

q,LP = primary leakage flux 

There is a similar division of flux in the secondary winding between mutual flux 
and leakage flux which passes through the secondary winding but returns through 
the air, bypassing the primary winding: 

I q,s = q,M + chs I (2-20) 
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where CPs = total average secondary flux 

<PM = flux component linking both primary and secondary coils 

<PLS = secondary leakage flux 

With the division of the average pIimary flux into mutual and leakage com
ponents, Faraday's law for the primary circuit can be reexpressed as 

(2-21) 

The first term of this expression can be called er(t), and the second term can be 
called eLP(t), If this is done, then Equation (2- 21) can be rewritten as 

(2-22) 

The voltage on the secondary coil of the transformer can also be expressed 
in terms of Faraday's law as 

d<ps 
vs(t) = NSdt 

= N d<PM + N d<PLS 
5 dt S dt 

= es(t) + eLS(t) 

The primary voltage due to the mutual flux is given by 

_ d<PM 
ep(t) - Np dt 

and the secondary voltage due to the mutual flux is given by 

Notice from these two relationships that 

Therefore, 

(2-23) 

(2-24) 

(2- 25) 

(2-26) 

(2- 27) 

This equation means that the ratio oj the primary voltage caused by the mutual 
flux to the secondary voLtage caused by the mutual flux is equal to the turns ratio 
of the transformer. Since in a well-designed transformer cPM » c:PLP and 
</>1>1» cPLS' the ratio of the total voltage on the primary of a transformer to the to
tal voltage on the secondary of a transformer is approximately 

( 
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Vp(t) t!..e. 
-- = =a 
vS<t) Ns 

(2- 28) 

The smaller the leakage fluxes of the transformer are, the closer the total transformer 
voltage ratio approximates that of the ideal transfonner discussed in Section 2.3. 

The Magnetization Current in a Real Transformer 

When an ac power source is connected to a transfonner as shown in Figure 2-8, a 
current flow s in its primary circuit, even when the secondary circuit is open~ 
circuited. This current is the current required to produce flux in a real ferromag
netic core, as explained in Chapter 1. It consists of two components: 

1. The magnetization current iM , which is the current required to produce the 
flux in the transformer core, and 

2. The core-loss current ih+ e> which is the current required to make up for hys
teresis and eddy current losses in the core. 

F igure 2-11 shows the magnetization curve of a typical transformer core. If 
the flux in the transformer core is known, then the magnitude of the magnetization 
current can be found directly from Figure 2- 1l. 

Ignoring for the moment the effects of leakage flux. we see that the average 
flux in the core is given by 

- I J </> p = Np v p(t)dt (2- 18) 

If the primary voltage is given by the expression vp(t) = VM cos wI V, then the re
sulting flux must be 

- I J </>p = N
p 

VM cos wtdt 

VM . 
= --sm wi Wb 

wNp 
(2-29) 

If the values of current required to produce a given flux (Figure 2- 1 la) are com
pared to the flux in the core at different times, it is possible to construct a sketch 
of the magnetization current in the winding on the core. Such a sketch is shown in 
Figure 2-11b. Notice the fo llowing poi nts about the magnetization current: 

1. The magnetization current in the transformer is not sinusoidal. The higher
frequency components in the magnetization current are due to magnetic 
saturation in the transfonner core. 

2. Once the peak flu x reaches the satlll'ation point in the core, a small increase 
in peak flux requires a very large increase in the peak magnetization current. 

3. The fundamental component of the magnetization current lags the voltage ap
plied to the core by 90°. 

4. The higher-frequency components in the magnetization current can be quite large 
compared to the fundamental component. In general, the fmther a transfonu er 
core is driven into saturation, the larger the harmonic components wi ll become. 



~. Wb 

g}, A· turns 

(aJ 

- - -----/---+---- §i = Ni 

, , , , 
\ 

'--''-------''_.- - ---- -./ 

v . 
rjJ( t) = NM sm wt w , 

(bJ 

FIGURE 2-11 
(a) The magnetization curve of the transformer core. (b) The magnetization current caused by the 
flux in the transformer core. 
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FIGURE 2- 12 
The core-loss curren t in a tnlnsfonner. 

The other component of the no-load current in the transfonner is the current 
required to supply power to make up the hysteresis and eddy current losses in the 
core. This is the core-loss current. Assume that the flux in the core is sinusoidal. 
Since the eddy currents in the core are proportional to dc/>Idt, the eddy currents are 
largest when the flux in the core is passing through 0 Wb. Therefore, the core-loss 
current is greatest as the flux passes th rough zero. The total current required to 
make up for core losses is shown in Figure 2- 12. 

Notice the following points about the core-loss current: 

1. The core-loss current is nonlinear because of the nonlinear effects of hysteresis. 

2. The fundamental component of the core-loss current is in phase with the volt
age applied to the core. 

The total no-load CUlTcn t in the core is called the excitation. current of the 
transformer. It is just the sum of the magnetization current and the core-loss cur
rent in the core: 

(2-30) 

The total exci tation CLUTent in a typical transformer core is shown in Figure 2-13. 
In a well-designed power transformer, the excitation current is much smaller than 
the full-load current of the transformer. 

The Cnrrent Ratio on a Transformer and the 
Dot Convention 

Now suppose that a load is connected to the secondary of the transformer. The re
sulting circuit is shown in Figure 2-14. Notice the dots on the windings of the trans
former. As in the ideal transformer previously described, the dots help determine the 
polarity of the voltages and currents in the core without having to physically exam
ine its windings. The physical significance of the dot convention is that a current 
flowing into the dotted end of a winding produces a positive magnetomotiveforce?:F, 
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FIGURE 2-13 
The total excitation current in a transformer. 

• • 
+ + 

FIGURE 2-14 
A real trans fonner with a load connected to its secondary. 

wh ile a current flowing into the undotted end of a winding produces a negative 
magnetomotive force. Therefore, two currents flowing into the dotted ends of 
their respective windings produce magnetomotive forces that add. If one CUlTent 

flows into a dotted end of a winding and one flows out of a dotted end, then the 
magnetomotive forces wil1 subtract from each other. 

In the situation shown in Figure 2- 14, the primary current produces a posi
tive magnetomotive force gjip = Np ip• and the secondary current produces a neg
ative magnetomotive force CJfs = - Nsis. Therefore, the net magnetomotive force 
on the core must be 

(2- 31) 
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This net magnetomoti ve force must produce the net fl ux in the core, so the net 
magnetomotive force must be equal to 

IS'", = Npip - !'sis = ¢ 2h I (2-32) 

where CJt is the reluctance of the transformer core. Because the reluctance of a well
designed transformer core is very small (nearly zero) until the core is saturated, the 
relationship between the primary and secondary currents is approximately 

8"Fnet = Npip - Nsis = 0 

as long as the core is unsaturated. Therefore, 

or 

I Npi p ~ Nsis I 

i.e _ Ns = 1 
is - Np a 

(2- 33) 

(2- 34) 

(2-35) 

It is the fact that the magnetomotive force in the core is nearly zero which gives 
the dot convention the meaning in Section 2.3 . In order for the magnetornotive 
force to be nearly zero, current must f low into one dotted end and out of the other 
dotted elld. The voltages must be built up in the same way with respect to the dots 
on each winding in order to drive the currents in the di rection required. (The po
larity of the voltages can also be determined by Lenz's law if the construction of 
the transformer coils is visible.) 

What assumptions are required to convert a real transformer into the ideal 
transformer described previously? They are as follows: 

1. The core must have no hysteresis or eddy currents. 

2. The magnetization curve must have the shape shown in Figure 2-15. Notice 
that for an unsaturated core the net magnetomotive force 2Fnet :::; 0, implying 
that Npip ::= Nsis. 

0/. Wb 

-------+-------STi, A· turns 

FIGURE 2-15 
The magnetization curve of an ideal 
transformer. 
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3. The leakage flux in the core must be zero, implying that all the flux in the 
core couples both windings. 

4. The resistance of the transformer windings must be zero. 

While these conditions are never exactly met, well-designed power transformers 
can come quite close. 

2.5 THE EQUIVALENT CIRCUIT OF 
A TRANSFORMER 

The losses that occur in real transformers have to be accounted for in any accurate 
model of transformer behavior. The major items to be considered in the construc
tion of such a model are 

1. Copper (PR) losses. Copper losses are the resistive heating losses in the pri
mary and secondary windings of the transformer. They are proportional to the 
square of the current in the windings. 

2. Eddy current losses . Eddy current losses are resistive heating losses in the 
core of the transfOlmer. They are proportional to the square of the voltage ap
plied to the transformer. 

3. Hysteresis Losses. Hysteresis losses are associated with the rearrangement of the 
magnetic domains in the core during each half-cycle, as explained in Chapter I. 
They are a complex, nonlinear function of the voltage applied to the transformer. 

4. Leakage flux. The fluxes 4>LP and 4>LS which escape the core and pass through 
only one of the transformer windings are leakage fluxes. These escaped 
fluxes produce a leakage inductance in the primary and secondary coils, and 
the effects of this inductance must be accounted for. 

The Exact Equivalent Circuit of a 
Real Transformer 

It is possible to construct an equivalent circuit that takes into account all the ma
jor imperfections in real transformers. Each major impeifection is considered in 
turn, and its effect is included in the transformer model. 

The easiest effect to model is the copper losses. Copper losses are resistive 
losses in the primary and secondary windings of the transformer core. They are 
modeled by placing a resistor Rp in the primary circuit of the transformer and a re
sistor Rs in the secondary circuit. 

As explained in Section 2.4, the leakage flux in the primary windings CPLP 
produces a voltage 4>LP given by 

d4>cp 
eLP(t) = Np dt (2- 36a) 

and the leakage flux in the secondat)' windings CPLS produces a voltage e LS given by 

d4>cs 
eLs(t) = NSdt (2-36b) 
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Since much of the leakage flux path is through air, and since air has a constant re
luctance much higher than the core reluctance, the flux <i>LP is di rectly proportional 
to the primary circui t current ip, and the flux <i>LS is directly proportional to the 
secondary current is: 

<hp = ('iPNp)i p 

<hs = ('iPNs)is 

where Cjp = permeance of flux path 

N p = number of turns on primary coil 

Ns = number of turns on secondary coil 

Substitute Equations (2- 37) into Equations (2- 36). The result is 

d . 2 dip 
eLP(t) = Np d/'iPNp)lp = Np 'iP dt 

d . 2 <&' 
eLS(t) = Ns d/'iPNs)lS = Ns'iP dt 

The constants in these equations can be lumped together. Then 

0.E. eLP(t) = Lp dl 

(2-37a) 

(2- 37b) 

(2-38a) 

(2-38b) 

(2-39a) 

(2-39b) 

where Lp = N~ is the leakage inductance of the primary coil and Ls = Nlf!J> is 
the leakage inductance of the secondary coil. Therefore, the leakage flux will be 
modeled by primary and secondary inductors. 

How can the core excitation effects be modeled? The magnetization current 
im is a current proportional (in the unsaturated region) to the voltage appJied to the 
core and Zagging the applied voltage by 90', so it can be modeled by a reactance XM 

connected across the primary voltage source. The core-loss current ill + t is a current 
proportional to the voltage applied to the core that is in phase lVith the applied volt
age, so it can be modeled by a resistance Rc connected across the primary voltage 
source. (Remember that both these currents are really nonlinear, so the inductance 
XM and the resistance Rc are, at best, approximations of the real excitation effects.) 

The resulting equivalent circuit is shown in Figure 2-16. In this circuit, Rp is 
the resistance of the primary winding, X p (= wLp) is the reactance due to the pri
mary leakage inductance, Rs is the resistance of the secondary winding, and Xs 
(= wLs) is the reactance due to the secondary leakage inductance. The excitation 
branch is modeled by the resistance Rc (hysteresis and core losses) in parallel with 
the reactance XM (the magnetization current). 

Notice that the elements forming the excitation branch are placed inside the 
primary resistance Rp and reactance Xp. This is because the voltage actually applied 
to the core is really the input voltage less the internal voltage drops of the wi nding. 
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FIGURE 2- 17 
(a) TIle Iransfonner model referred to its primary voltage level. (b) The transformer model referred 
to it'> secondary volLagc level. 

Although Figure 2-16 is an accurate model of a transformer, it is not a very 
useful one. To analyze practical circuits containing transformers, it is normally 
necessary to convert the entire circuit to an equivalent circuit at a single voltage 
level. (Such a conversion was done in Example 2- 1.) Therefore, the equivalent 
circuit must be refelTed either to its primary side or to its secondary side in 
problem solutions. Figure 2-17a is the equivalent circuit of the transformer re
fen'ed to its primary side, and Figure 2-17b is the equivalent circuit referred to its 
secondary side. 
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Approximate Equivalent Circuits of a Transformer 

The transformer models shown before are often more complex than necessary in 
order to get good results in practical engineering applications. One of the princi
pal complaints abollt them is that the excitation branch of the model adds another 
node to the circui t being analyzed, making the circuit solution more complex than 
necessary. The excitation branch has a very small current compared to the load 
current of the transformers. In fact, the excitation current is only about 2-3 % of 
the full load current for typical power transformers. Because this is true, a simpli
fied equivalent circlIit can be produced that works almost as well as the original 
model. The excitation branch is simply moved to the front of the transformer, and 
the primary and secondary impedances are left in series with each other. These 
impedances are just added, creating the approximate equivalent c ircuits in 
Figure 2~ 1 8a and b. 

In some applications, the excitation branch may be neglected entirely with
out causing serious error. In these cases, the equivalent circuit of the transformer 
reduces to the simple circuits in Figure 2~ 18c and d. 

Ip !c 
~ I, 

Reqp jXeqp a Req .1 jXeq ", -
+ AAA ~ + + v vv 1 

: >-
~ R, . XIII v,, ~Rc jXM aV, -, l- V, 

< u u- u' 

I 
(a) Reqp = Rp + a2

R" (b) 
Rp 

Reqs = 2" + R,I' 
a 

Xeqp = Xp + a2X1 X" 
Xeq.r= 2" +Xs 

a 

l 
I, 

~ l R"p jXcqp a Req, jX"'ls 

+ + + + 

V V_, a , V, 
a 

-o~-----------------------o- - ~:------------------------o -

.c) (d) 

FIGURE 2-18 
Approximate transformer models. (a) Referred to the primary side; (b) referred to the secondary 
side; (c) with no excitation branch, referred to the primary side; Cd} with no excitation branch, 
referred to the secondary side. 
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Transformer 
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-0- Voltmeter 

FIGURE 2-19 
Connection for transfonner open-circuit test. 

Determining the Valnes of Components in the 
Transformer Model 

It is possible to experimentally determine the values of the inductances and resis
tances in the transformer modeL An adequate approximation of these values can 
be obtained with only two tests, the open-circuit test and the short-circuit test 

In the open-circuit test, one transformer winding is open-circuited, and the 
other winding is connected to full rated line voltage. Look at the equivalent circuit 
in Figure 2-17. Under the conditions described, al1 the input cun-ent must be flow
ing through the excitation branch of the transformer. The series elements , Rp and Xp 
are too small in comparison to Rc and XM to cause a significant voltage drop, so 
essentially all the input voltage is dropped across the excitation branch. 

The open-circuit test connections are shown in Figure 2-19. Full line volt
age is applied to one side of the transformer, and the input voltage, input current, 
and input power to the transformer are measured. (This measurement is normally 
done on the low~voltage side of the transformer, since lower voltages are easier to 
work with.) From this information, it is possible to determine the power factor of 
the input current and therefore both the magnitude and the angle of the excitation 
impedance. 

The easiest way to calculate the values of Rc and XM is to look first at the 
admittance of the excitation branch. The conductance of the core-loss resistor is 
given by 

(2-40) 

and the susceptance of the magnetizing inductor is given by 

(2-41) 

I 



( 

Since these two elements are in parallel, their admittances add, and the total exci
tation admittance is 

YE = Ge - JBM 

Y _ ..L _ j_1 
E - Re X

M 

(2-42) 

(2-43) 

The magnitude of the excitation admittance (referred to the side of the trans
fmmer used for the measurement) can be found from the open-circult test voltage and 
current: 

l 
iYEi = voe 

oe 
(2-44) 

The angle of the admittance can be found from a knowledge of the circuit power 
factor. The open-circuit power factor (PF) is given by 

Poe 
PF = cos e = -- (2- 45) 

Voeloe 

and the power-factor angle e is given by 

Poe 8 = cos- 1_-
Voe /oe 

(2-46) 

The power factor is always lagging for a real transformer, so the angle of the current 
always lags the angle of the voltage by e degrees. Therefore, the admittance YE is 

(2-47) 

By comparing Equations (2-43) and (2-47), it is possible to determine the values of 
Rc and XM referred to the low-voltage side directly from the open-circuit test data. 

In the short-circuit test, the low-voltage terminals of the transfonner are short
circuited, and the high-voltage tenninals are connected to a variable voltage source, 
as shown in Figure 2-20. (This measurement is nOImally done on the high-voltage 
side of the transformer, since currents will be lower on that side, and lower CUiTents 
are easier to work with.) The input voltage is adjusted until the current in the short
circuited windings is equal to its rated value. (Be sure to keep the primary voltage at 
a safe level. It would not be a good idea to burn out the transformer's windings 
while trying to test it. ) The input voltage, CUlTent, and power are again measured. 

Since the input voltage is so low during the short-circuit test, negligible cur
rent flows through the excitation branch. If the excitation cunent is ignored, then 
all the voltage drop in the transfonner can be attributed to the series elements in 
the circuit. The magnitude of the series impedances referred to the primary side of 
the transformer is 

(2-48) 
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,_W=a"ttm=et~er~, ip (/) 

+ • • 

Transformer 

FIGURE 2-20 
Connection for transformer shOtt-circuit test. 

The power factor of the current is given by 

Fsc PF ~ cos e ~--
Vsc1sc 

(2-49) ( 

and is lagging. The current angle is thus negative, and the overall impedance an
gle e is positive: 

Therefore, 

Vsc LOc 

ZSE ~ I / _ "" sc L.. (J 

The series impedance ZSE is equal to 

2SE ~ Req + iX,q 

(2-50) 

(2- 51) 

(2-52) 

It is possible to determine the total series impedance referred to the high
voltage side by using this technique, but there is no easy way to split the series im
pedance into primary and secondary components. Fortunately, such separation is 
not necessary to solve normal problems. 

Note that the open-circuit test is usually performed on the low-voltage side 
of the transformer, and the short-circuit test is usually performed on the high
voltage side of the transformer, so Rc and XM are usually found referred to the 
low-voltage side, and R eq and X eq are usually found referred to the high-voltage 
side. All of the elements must be referred to the same side (either high or low) to 
create the final equivalent circuit. 

Example 2-2. The equivalent circuit impedances of a 20-kVA, 8000/240 V, 60-Hz 
transformer are to be determined. The open-circuit test was performed on the secondary 
side of the transformer (to reduce the maximum voltage to be measured) and the short
circuit test were performed on the primary side of tbe transformer (to reduce the maximum 
current to be measured). The following data were taken: 



( 

Open-cir cuit test 
(on secondar y) 

Voc=240V 

loe = 7.133 A 

Voc = 400W 

Short-ci rcuit test 
(on primary) 

Vsc = 489 V 

Isc = 2.5 A 

Psc = 240W 
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Find the impedances of the approximate equivalent circu it referred to the primary side, and 
sketch that circuit. 

Solution 
The turns ratio of this transfonner is a = 8000/240 = 33.3333. The power factor during the 
open-circuit test is 

Poe PF = cos f) = --
Voe loc 

400W 
PF ~ cos e ~ (240 V)(7. 133 A) 

PF = 0.234 lagging 

The excitation admittance is given by 

Y - 7. 133 A L -I 0 234 
·E ~ 240V -cos . 

YE ~ 0.0297 L-76.5° S 

Y E ~ 0.00693 - ) 0.02888 ~ f- -) t-
C M 

(2-45) 

(2-47) 

Therefore , the values of the excitation branch referred to the {ow-voltage (secondary) side are 

1 
Rc ~ 0.00693 ~ 144 n 

1 
XM ~ 0.02888 = 34.63 n 

The power factor duri ng the short-circliit test is 

Psc PF =cosB = --
"scIsc 

240W . 
PF ~ cos e ~ (489 V)(2.5 A) ~ O.l961aggIOg 

The seri es impedance is given by 

V 
2SE = ~ L coS~ l PF 

Isc 

489 V 0 

ZSE ~ 2.5 A L78.7 

ZSE ~ 195.6 L78 .7° ~ 38.4 + ) 192 n 

(2- 49) 
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Ip Roq jXcq 
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V
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jXm aV, 
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j38.4 kn 

\~--_~I----------~ 
FIGURE 2-21 
The equivalent circuit of Example 2-2. 

Therefore, the equivalent resistance and reactance referred to the high-voltage (primary) 
side are 

Xeq = 1920 

The resulting simplified equivalent circuit refelTed to the high-voltage (primary) side can 
be found by converting the excitation branch values to the high-voltage side. 

Re,p ~ a2 Res ~ (33.333)' (1 44 D)~ 1 59 kD 

X"J' ~ a' XM•S ~ (33.333)' (34.63 D) ~ 38.4 kD 

The resulting equivalent circuit is shown in Figure 2- 21. 

2.6 THE PER-UNIT SYSTEM OF MEASUREMENTS 

As the relatively simple Example 2-1 showed, solving circuits containing trans
formers can be quite a tedious operation because of the need to refer all the dif
ferent voltage levels on different sides of the transformers in the system to a com
mon level. Only after this step has been taken can the system be solved for its 
voltages and currents. 

There is another approach to solving circuits containing transformers which 
eliminates the need for explicit voltage-level conversions at every transformer in 
the system. Instead, the required conversions are handled automatically by the 
method itself, without ever requiring the user to worry about impedance transfor
mations. Because such impedance transformations can be avoided, circuits con
taining many transformers can be solved easily with less chance of error. This 
method of calculation is known as the per-unit (pu) system of measurements. 

There is yet another advantage to the per-unit system that is quite significant 
for electric machinery and transformers. As the size of a machine or transformer 
varies, its internal impedances vary widely. Thus, a primary circuit reactance of 
0.1 n might be an atrociously high number for one transformer and a ridiculously 
low number for another-it all depends on the device's voltage and power ratings. 

( 
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However, it turns out that in a per-unit system related to the device's ratings, ma
chine and transformer impedances fall withinjairly narrow ranges for each type and 
construction of device. This fact can serve as a useful check in problem solutions. 

In the per-unit system, the voltages, currents, powers, impedances, and other 
electrical quanti ties are not measured in their usual SI units (volts, amperes, watts, 
ohms, etc.). Instead, each electrical quantity is measu.red as a decimal fraction of 
some base level. Any quantity can be expressed on a per-unit basis by the equation 

Quantity per unit = Actual value. 
base value of quanoty 

(2-53) 

where "actual value" is a value in volts, amperes, ohms, etc. 
It is customary to select two base quantities to define a given per-unit sys

tem. The ones usually selected are voltage and power (or apparent power). Once 
these base quantities have been selected, all the other base values are related to 
them by the usual electrical laws. In a single-phase system, these relationships are 

and 

~ _ I bllsc 
base - V b,,,, 

Z = (Vb",)2 
base S base 

(2- 54) 

(2-55) 

(2-56) 

(2-57) 

Once the base vaJues of S (or P) and Vhave been seJected, all other base values 
can be computed easily from Equations (2-54) to (2-57). 

In a power system, a base apparent power and voltage are selected at a spe
cific point in the system. A transformer has no effect on the base apparent power 
of the system, since the apparent power into a transformer equals the apparent 
power out of the transformer [Equation (2- 11)]. On the other hand, voltage 
changes when it goes through a transformer, so the value of Vbase changes at every 
transformer in the system according to its turns ratio. Because the base quantities 
change in passing through a transfonner, the process of referring quantities to a 
common voltage level is automatically taken care of during per-unit conversion. 

Example 2-3. A simple power system is shown in Figure 2- 22. This system con
tains a 480-V generator connected to an ideal I : I 0 step-up transformer, a transmission line, 
an ideal 20:1 step-down transformer, and a load. The impedance of the transmission line is 
20 + j60 n. and the impedance of the load is IOL30°!l. The base values fo r this system are 
chosen to be 480 V and 10 kVA at the generator. 

(a) Fi nd the base voltage, cunent, impedance, and apparent power at every point in 
the power system. 

(b) Convert this system to its per-unit equivalent circu it. 
(c) Find the power supplied to the load in this system. 
(d) Find the power lost in the transmission line. 



96 ELECTRIC MACHINERY FUNDAMENTALS 

I I·ne zon "60[) I 10nd Zload= 10_30°£1 

UOD' j" 20:1 ,----,11 
480LOoy 

• • z • • 
line C 

~ ( 

Region 1 Region 2 

FIGURE 2-22 
The power system of Example 2- 3. 

Solution 

1 

~ 

Region 3 

(aJ in the generator region, Vbase = 480 V and Sbm;e = 10 kVA, so 

S I ~ ----"'""- ~ 10,000 V A ~ 20 83 A 
base 1 Vba~e I 480 Y . 

Vbasc I 480 Y 
Zb,,, 1 ~ -1-- ~ 2083 A ~ 23.04 n 

base I . 

The turns ratio of transformer Tj is a = II.! 0 = 0. 1, so the base voltage in the 
transmission line region is 

= Vbase I = 480 V = 4800 Y 
Vbase 2 a 0. 1 

The other base quantities are 

Sbase2 = 10 kYA 

I 10,000 VA ~ 2083 A 
ba>c2 = 4800 V . 

4800 V 
Zb,," ~ 2,083 A ~ 2304 n 

The turns ratio of transformer T2 is a = 2011 = 20, so the base voltage in the 
load region is 

_ Vbu~e2 = 4800 V = 240 Y 
Vbase3 - a 20 

The other base quantities are 

Sba~e3 = lOkYA 

1b,,03 ~ 102~000: A ~ 41.67 A 

240V 
Zb;\se3 = 41.67 A = 5 .7611 

(b) To convert a power system to a per-unit system, each component must be di
vided by its base value in its region of the system. The generator s per-unit volt
age is its actual value divided by its base value: 

( 
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Ipu IUne 0 .0087 pu )0.0260 pu 

+ 
Zjoad = 1.736 L 30° per un it 

I 
I 
I 
I 

Ie. pu = l line, pu = I1oad, pu = pu 

FIGURE 2-23 
The per-unit equivalent circuit for Ex.ample 2- 3. 

480 LO° V 
Ve,PII = 480V 1.0L.OopU 

The transmission line s per-unit impedance is its actual value divided by its base 
value: 

20 + )60 fl . 
Z linc.Pll = 2304 !1 = 0.0087 + jO.0260 pu 

The loads per-unit impedance is also given by acttlal value divided by base value: 

lOL30° fl _ ° 
Zlond.Pll = 5.76!1 - ! .736 L.30 pu 

The per-unit equivalent ci rcuit of the power system is shown in Figure 2-23. 
(c) The current flow ing in this per-unit power system is 

-~ Ipl' - Z 
lot,pu 

1 LO' 
(0.0087 + )0.0260) + (1.736 L300) 

1 LO° 
(00087 + )0.0260) + (1.503 + )0.868) 

I LO° 
LS12 + )0.894 1.757 L30.6' 

~ 0.569 L - 30.6' pll 

Therefore, the per-unit power of the load is 

P'"d." ~ l~,R" ~ (0.569)2(1.503) ~ 0.487 

and the actual power supplied to the load is 

~oad = .l1oad.jJIISbasc = (0.487)(10,000 VA) 

~ 4870W 
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(a) (b) 

FIGURE 2- 24 
(a) A typical 13.2-kV to 1201240-V distribution transfonner. (Courtesy afGeneral Electric 
Company.) (b) A cutaway view of the distribution transfo rmer showing the shell-form transformer 
inside it. (Courtesy a/General Electric Company.) 

Cd) The per-unit power lost in the transmission line is 

P1ine,pu = !~lIR1ine.pu = (0.569)2(0.0087) = 0.00282 

and the actual power lost in the transmission line is 

~ine = Rine,pu Sbase = (0.00282)( 1 0,000 V A) 

~ 28.2 W 

When only one device (transformer or motor) is being analyzed, its own rat
ings are usually used as the base for the per-unit system. If a per-unit system based 
on the transformer's own ratings is used, a power or distribution transformer's 
characteristics will not vary much over a wide range of voltage and power ratings. 
For example, the series resistance of a transformer is usually about 0.01 per unit, 
and the series reactance is usually between 0.02 and 0.10 per unit. In general, the 
larger the transformer, the smaller the series impedances. The magnetizing reac
tance is usually between about 10 and 40 per unit, while the core-loss resistance is 
usually between about 50 and 200 per unit. Because per-unit values provide a con
venient and meaningful way to compare transformer characteristics when they are 

( 
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of different sizes, transformer impedances are normal1y given in per-unit or as a 
percentage on the transformer's nameplate (see Figure 2-45, later in this chapter). 

The same idea applies to synchronous and induction machines as well: Their 
per-unit impedances fa ll within relatively narrow ranges over quite large size ranges. 

If more than one machine and one transformer are included in a single 
power system, the system base voltage and power may be chosen arbitrarily, but 
the entire system must have the same base. One common procedure is to choose 
the system base quantities to be equal to the base of the largest component in the 
system. Per-unit values given to another base can be converted to the new base by 
converting them to their actual values (volts , amperes, ohms, etc.) as an lll

between step. Alternatively, they can be converted directly by the equations 

(P, Q, S)pu on base 2 = (P, Q, S)pu on base l~base I 
base 2 

v.: v.: Vbase 1 
pu 0 11 base 2 = pu on base 1 -~-

bare 2 

(Vb,,, [)2(Sb'''' 2) 
(R, X, ZJp" 0" b,,, 2 = (R, X, ZJp" 0" b,,, [ (~ )2(S ) 

base 2 base 1 

(2-58) 

(2-59) 

(2-60) 

Example 2-4. Sketch the approximate per-unit equivalent circuit for the trans
fonner in Example 2- 2. Use the transformer's ratings as the system base. 

Solution 
The transformer in Example 2-2 is rated at 20 kVA, 80001240 V. The approximate equiva
lent ci rcuit (Figure 2- 2 I ) developed in the example was referred to the high-vohage side of 

the transformer, so to converL it to per-unit, the primary circuit base impedance must be 
found. On the primary, 

Therefore, 

Vbase I = 8000 V 

Sbase I = 20,000 VA 

Z _ (Vb,,, , )2 _ (8000 VJ' 
bnse I - Sbase I - 20,000 V A 3200 fl 

38.4 + j l92 fl . 
ZSE.P" = 3200 fl = 0.01 2 + jO .06 pu 

159 kfl 
Rc. P" = 3200 fl = 49.7 pu 

38.4 kfl 
ZM.P" = 3200 fl = 12 pu 

The per-unit approximme equivalent circuit, expressed to the transformer's own base, is 
shown in Figure 2- 25. 

2.7 TRANSFORMER VOLTAGE 
REGULATION AND EFFICIENCY 

Because a real transformer has series impedances within it, the output voltage of 
a transformer varies with the load even if the input voltage remains constant. To 
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Vs,pu 

, 
I 

FIGURE 2-25 
The per-unit equivalent circuit of Example 2--4. 

conveniently compare transformers in this respect, it is customary to define a ( 
quantity calJed voltage regulation (VR). Full-load voltage regulation is a quantity 
that compares the output voltage of the transformer at no load with the output 
voltage at full load . It is defined by the equation 

VR ~ 
VS,nl - VS,f1 

x 100% 
VS.fl 

(2-6 1) 

Since at no load, Vs = Vp/a, the voltage regulation can also be expressed as 

VR ~ (2-62) 

If the transformer equivalent circuit is in the per-unit system, then voltage regula
tion can be expressed as 

v - V P,pu s,fl.pu 
V x 

S,fI,pu 
VR ~ 100% (2-63) 

Usually it is a good practice to have as small a voltage regulation as possible. 
For an ideal transformer, VR = 0 percent. It is not always a good idea to have a 
low-voltage regulation, though- sometimes high-impedance and high-voltage reg
ulation transformers are deliberately used to reduce the fault currents in a circuit. 

How can the voltage regulation of a transformer be determined? 

The Transformer Phasor Diagram 

To determine the voltage regulation of a transformer, it is necessary to understand 
the voltage drops within it. Consider the simplified transformer equivalent crrcuit in 
Figure 2-18b. The effects of the excitation branch on transformer voltage regulation 
can be ignored, so only the series impedances need be considered. The voltage 
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regulation of a transformer depends both on the magnitude of these seIies imped
ances and on the phase angle of the current fl owing through the transformer. The 
easiest way to determine the effect of the impedances and the cutTent phase angles 
on the transformer voltage regulation is to examine a phasor diagram, a sketch of 
the phasor voltages and currents in the transformer. 

In all the follow ing phasor diagrams, the phasor voltage Vs is assumed to be 
at an angle of 0°, and all other voltages and currents are compared to that refer
ence. By applying Kirchhoff 's voltage law to the equivalent circui t in Figure 
2-1Sb, the primary voltage can be found as 

Vp . 
-; = Vs + R,q IS + j X,q IS (24) 

A transformer phasor diagram is just a visual representation of this equation. 
Figure 2-26 shows a phasor diagram of a transformer operating at a lagging 

power factor. It is easy to see that Vp fa> Vs for lagging loads, so the voltage reg
ulation of a transformer with lagging loads must be greater than zero. 

A phasor diagram at unity power factor is shown in Figure 2-27a. Here again. 
the voltage at the secondary is lower than the voltage at the primary, so VR > O. 

~ 
a 

"'""""Q!""Fe===========v=, V?x~I' 
~ ~~ 

FIGURE 2-26 
Phasor diagram of a transformer operati ng at a lagging power fac tor. 

(a) 

I, 

v, 
(b) 

FIGURE 2- 27 
Phasor diagram of a transformer operating at (a) unity and (b) leading power factor. 

-
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However, this time the voltage regulation is a smaller number than it was with a lag
ging CUHent. If the secondary current is leading, the secondary voltage can actually 
be higher than the referred primary voltage. If this happens, the transfonner actually 
has a negative voltage regulation (see Figure 2-27b). 

Transformer Efficiency 

Transformers are also compared and judged on their efficiencies. The efficiency 
of a device is defined by the equation 

Pout 
7J = - x 100% 

fin 

Pout 
7J = x 100% 

~ut + ~oss 

(2-65) 

(2-66) 

These equations apply to motors and generators as well as to transformers. 
The transformer equivalent circuits make efficiency calculations easy. There 

are three types of losses present in transformers: 

1. Copper ([2 R) losses. These losses are accounted for by the series resistance in 
the equivalent circuit. 

2. Hysteresis losses. These losses were explained in Chapter 1. These losses are 
included in resistor Re. 

3. Eddy current losses. These losses were explained in Chapter 1. These losses 
are included in resistor Re. 

To calculate the efficiency of a transformer at a given load, just add the losses 
from each resistor and apply Equation (2- 67). Since the output power is given by 

Pout = VsIs cos 8s 

the efficiency of the transformer can be expressed by 

Vs1s cos e 
7J = x 100% 

Peu + E::ore + Vsls cos 8 

(2-7) 

(2-67) 

Example 2-5. A lS-kVA, 23001230-V transformer is to be tested to determine its 
excitation branch components, its series impedances, and its voltage regulation. The fo l
lowing test data have been taken from the transformer: 

Open-circuit test 
(low voltage side) 

Voc = 230V 

loc=2.1A 

Voc = 50W 

Short-circuit test 
(high voltage side) 

Vsc = 47V 

fsc = 6.0A 

Psc = 160W 

( 
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The data have been taken by using the connections shown in Figures 2-19 and 2-20. 

(a) Find the equivalent circuit of thi s transformer referred to the high-voltage side. 
(b) Find the equivalent circuit of this transformer refelTed to the low-voltage side. 
(c) Calculate the full-load voltage regulation at 0.8 lagging power factor, 1.0 power 

factor, and at 0.8 leading power factor using the exact equation for V p. 

(d) Plot the voltage regulation as load is increased from no load to full load at power 
factors of 0.8 lagging, 1.0, and 0.8 leading. 

(e) What is the efficiency of the transformer at fu ll load with a power factor of 0.8 
lagging? 

Solution 
(a) The turns ratio of this transformer is a = 2300/230 = 10. The excitation branch 

values of the transfonner equivalent circuit referred to the secondary (low voltage) 
side can be calculated from the open-circuit test data, and the series elements re
ferred to the primary (high voltage) side can be calculated from the short-circuit 
test data. From the open-circuit test data, the open-circuit impedance angle is 

Poe 
(Joe = cos- I _-

Voc loc 

8 - - I 50W -84" 
ac - cos (230 V)(2.1 A) -

The excitation admittance is thus 

y£ = i:i~ ~ L -84" S 

YE = 0.00913 L - 84" S = 0.000954 - jO.00908 S 

The elements of the excitation branch referred to the secondary are 

1 
Rc.s = 0.000954 = 1050 n 

I 
X".s = 0.00908 = l ion 

From the short-circuit test data, the short-c ircuit impedance angle is 

- -I~ esc - cos V, I 
se sc 

e - -I 160W - 554" 
sc - cos (47 V)(6 A) - . 

The equivaienl series impedance is thus 

\(<;c 
2SE = -, -LOse 

sc 

ZSE = ~; L55.4" n 
ZSE = 7.833 L55.4" = 4.45 + j6 .45 n 
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VI' 
a 

The series elements referred to the primary side are 

Rcq,p = 4.45 n 

The resulting simplified equivalent circuit referred to the primary side can be 
found by convel1ing the excitation branch values to the primary side. 

Rep ~ a' Res ~ (10)' (1050 D; ~ 105 kD 

XM.P ~ a' XM•S ~ (10)2 (110 D) ~ I I kD 

This equivalent circuit is shown in Figure 2- 28a. 

(b) To find the equivalent circuit referred to the low-voltage side, it is simply neces
sary to divide the impedance by a2, Since a = NpiNs = 10, the resulting values are 

Rc ~ 1050D 

x'H~ 110D 

R,q ~ 0.0445 D 

X,q ~ 0.0645 D 

The resulting equivalent circuit is shown in Figure 2- 28b. 

II' R egp 
jXcqp 

+ A.A 

I 4v4~; j6.45n 
I ii + e ! ! 1m 

V Rc < ; jXm 
I'I05kn~ > +jl l kD 

I 
(aJ 

alp R egs jXeqs I , - AAA rv-v-v-. + + 
J O.04~5V n jO.0645 n 

alh + e J aIm 

% = 1050n;: V,I' 
a <; 

I 
jXm =j l lOn 
{/2 

(bJ 

FIGURE 2--28 
The transfer equivalent circuit for Example 2- 5 referred to (a) its primary side and (b) its secondary 
side. 

( 
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(c) The ful l· load current on the secondary side of this transformer is 

I ~ Sm'''' ~ 15,000 VA ~ 65 2 A 
S,rafed \IS,rated 230 V . 

To calculate Vp/a, use Equation (2-64): 

Vp . a = Vs + Req IS + JXeqIS (2-64) 

At PF = 0.8 lagging, current Is = 65.2 L-36.9° A. Therefore, 

V 
--1:. ~ 230LO' V + (0.0445 11)(65.2L -369' A) + j(0.0645 11)(65.2L - 36.9' A) 

Cl 

~ 230 L O' V + 2.90 L -36.9' V + 4.21 L53 .I' V 

~ 230 + 2.32 - j l.74 + 2.52 + j3.36 

~ 234.84 + j l.62 ~ 234.85 L 0.40' V 

The resul ting voltage regulation is 

VR ~ Vp l a - 11,," x 100% 
VS,fl 

~ 234.85
2
io ~ 230 V x 100% ~ 2. 1 % 

At PF = 1.0, currenL Is = 65.2 L 0° A Therefore. 

(2-62) 

V 
--1:. ~ 230 LO' V + (0.0445 11)(65.2 L O' A) + j(0.0645 11)(65.2 LO' A) a 

~ 230 L O' V + 2.90 L O' V + 4.21 L90' V 

~ 230 + 2.90 + j4. 21 

~ 232.9 + j4.21 ~ 232.94 L 1.04' V 

The resulting voltage regulation is 

VR ~ 232.94
2
io ~ 230 V x 100% ~ 1.28% 

At PF = 0.8 leading, current Is = 65.2 L36.9° A. Therefore, 

V 
--1:. ~ 230 L O' V + (0.0445 11)(65.2 L36.9' A) + j(0.0645 11)(65.2 L36.9' A) a 

~ 230 LO' V + 2.90 L36.9' V + 4.2 1 L 126.9' V 

~ 230 + 2.32 + j1.74 - 2.52 + j3.36 

~ 229.80 + j5.10 ~ 229.85 L 1.27' V 

The resulting voltage regulation is 

VR ~ 229.85
2
io ~ 230 V x 100% ~ - 0.062% 
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e 

Is = 65.2 L - 36.9° A 

(a) 

(b) 

I, = 65.2 L 36.90 A 

v -t = 229.8 L. 1.270 V 

(e) 

FIGURE 2-29 
Transformer phasor diagrams for Example 2- 5. 

Each of these three phasor diagrams is shown in Figure 2-29. 

(d) The best way to plot the voltage regu lation as a function of load is to repeat the 
calculations in part c for many different loads using MATLAB A program to do 
thi s is shown below. 

% M-f ile : trans_vr .m 
% M- fil e to calculat e a nd plot the voltage r egu l at i on 
% of a transformer as a fun c t ion o f load fo r pO'IJer 

% fac to r s of 0.8 laggi ng, 1.0, and 0 .8 leadi ng . 
vs = 230; % Secon dary voltage (V) 
a mps = 0:6. 52:65.2; % Curre nt va l ues (A) 

L 
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Req 
xeq 

0 . 044 5; 
0 . 0645 ; 

% Equivalent R (ohms) 
% Equivalent x (ohms) 

% Calculate t he current values for the three 
% power factors . The firs t row of I contains 
% the lagging currents, the second row contains 
% the unity currents, and the third row contains 
% the leading currents . 
Ill, , ) amps • I 0 . 8 j * 0 . 6) i 

I 12 , , ) amps • I 1. 0 ) ; 

I 13 , , ) amps • 1 0 . 8 + j·O . 6) ; 

% Calculate VP/a . 
VPa = VS + Req .* I + j. *Xeq . *I i 

% Calculate vo l t age regu l ation 
VR = ( abs(VPa ) - VS) ./ VS * 100; 

% Plot the voltage r egulation 
plot(amps ,VR(l , : ),'b- ' ) ; 

hold OO i 

plot (amps , VR(2, : ) , ' k - ' ) ; 

plot (amps, VR(3 ,: ) , ' r- , '); 

% 
% 

% 

title ('Voltage Regulation Versus Load'); 
xlabel ('Load (A) ') ; 
ylabel ('Voltage Regulation (%) '); 

Lag ging 
Unity 
Leading 

legend( ' O. 8 PF 1aggiog', '1 . 0 PF', ' O. 8 PF leading') ; 
hold off; 

The plot produced by this program is shown in Figure 2- 30. 

(e) To find the efficiency of the transformer, first calculate its losses. The copper 
losses are 

pc" ~ (ls)'R,q ~ (65.2 A)' (0.0445 0) ~ 189 W 

The core losses are given by 

(Vpla)2 
Pcorc =~ 

(234. 85 V)2 
1050 0 52.5 W 

The output power of the transformer at this power factor is 

~ (230 V)(65.2 A) cos 36.90 ~ 12,000 W 

Therefore, the efficiency of the transfOimer at this condition is 

12,000W 
189 W + 52.5 W + 12,000 W x 100% 

~ 98.03% 

(2-68) 
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Voltage regulation versus load 
2.5,----,---,-''---'T----,--,----,---, 

--- 0.8 PF lagging 

2 ---- 1.0PP 
-. _. - 0.8 PF leading 

~ _ 1.5 

.5 

-.~.-.-.-.- . -.- .-

-D.50O---1"O--2"'O'--""30'--""'4""O---'5"'0--6"O--"'70· 
Load (A) 

FIGURE 2--30 
Plot of voltage regulation versus load for the transformer of ExampJe 2- 5. 

2_8 TRANSFORMER TAPS AND 
VOLTAGE REGULATION 

In previous sections of this chapter, transformers were described by their turns ra
tios or by their primary-to-secondary-voltage ratios. Throughout those sections, the 
turns ratio of a given transformer was treated as though it were completely fixed. 
In almost all real distribution transformers, this is not quite true. Distribution trans
formers have a series of taps in the windings to permit small changes in the turns 
ratio of the transformer after it has left the factory. A typical installation might have 
four taps in addition to the nominal setling with spacings of 2.5 percent offull-load 
voltage between them. Such an arrangement provides for adjustments up to 5 per
cent above or below the nominal voltage rating of the transformer. 

Example 2-6. A SOO-kVA, 13,200/4S0-V distribution transformer has four 
2.5 percent taps on its primary winding. What are the voltage ratios of this transformer at 
each tap setting? 

Solution 
The five possible voltage ratings of this transformer are 

+5.0% tap 
+2.5% tap 
Nominal rating 
- 2.5% tap 
-5.0% tap 

13,860/480 V 
13,530/480 V 
13,2001480 V 
12,870/480 V 
12,540/480 V 
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The taps on a transformer permit the transformer to be adjusted in the field 
to accommodate variations in local voltages . However, these taps normally can
not be changed while power is being applied to the transformer. They must be set 
once and left alone. 

Sometimes a transformer is used on a power line whose voltage varies 
widely with the load. Such voltage variations might be due to a high line imped
ance between the generators on the power system and that particular load (perhaps 
it is located far out in the country). Normal loads need to be supplied an essen
tially constant voltage. How can a power company supply a controlled voltage 
through high-impedance lines to loads which are constantly changing? 

One solution to this problem is to use a special transformer called a tap 
changing under load (TCUL) transformer or voltage regulatOl: Basically, a TCUL 
transformer is a transformer with the ability to change taps while power is con
nected to it. A voltage regulator is a TCUL transformer with built-in voltage sens
ing circuitry that automatically changes taps to keep the system voltage constant. 
Such special transformers are very common in modern power systems. 

2.9 THE AUTOTRANSFORMER 

On some occasions it is desirable to change voltage levels by only a small amount. 
For example, it may be necessary to increase a voltage from I IO to 120 V or from 
13.2 to 13.8 kY. These small rises may be made necessary by vol tage drops that 
occur in power systems a long way from the generators. In such circumstances, it 
is wasteful and excessively expensive to wind a transformer with two full wind
ings. each rated at about the same voltage. A special-purpose transformer, called 
an autotransformel; is used instead. 

A diagram of a step-up autotransformer is shown in Figure 2- 3 1. In Figure 
2-3la, the two coils of the transformer are shown in the conventional manner. In 
Figure 2-3 1 b, the first winding is shown connected in an additive manner to the 
second winding. Now, the relationship between the voltage on the first winding 
and the voltage on the second winding is given by the turns ratio of the trans
former. However, the voltage at the output of the whole tran.sformer is the sum of 
the voltage all the first winding and the voltage on the second winding. The first 
winding here is called the common winding, because its voltage appears on both 
sides of the transformer. The smaller winding is called the series winding, because 
it is connected in sed es with the common winding. 

A diagram of a step-down autotransformer is shown in Figure 2-32. Here 
the voltage at the input is the sum of the voltages on the series winding and the 
common winding, while the voltage at the output is just the voltage on the com
mon winding. 

( Because the transformer coils are phys ically connected, a different termi-
nology is used for the autotransformer than for other types of transformers. The 
voltage on the common coil is called the common voltage Ve , and the current in 
that coi l is called the common current Ie. The voltage on the series coil is called 
the series voltage VSE, and the current in that coil is called the series current IsE. 
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II' 

+ 
Is 

+ 
• • 

VI' 
NI' N, 
(=Nc) (= NSE) Vs 

(a) 

FIGURE 2- 31 
A transformer with its windings (a) connected in the conventional man ner and (b) reconnected as an 
autotrans former. 

FIGURE 2-32 
A step-down autotransformer connection. 

The voltage and current on the low-voltage side of the transfonner are called VL 

and Iv respectively, while the corresponding quantities on the high-voltage side 
of the u'ansformer are called VH and I H . The primary side of the autotransformer 
(the side with power into it) can be either the high-voltage side or the low-voltage 
side, depending on whether the autotransformer is acting as a step-down or a step-up 
transformer. From Figure 2- 31 b the voltages and CUlTents in the coils are related 
by the equations 

Vc Nc 
VSE = NS E 

Nc Ic = NSEIsE 

(2-69) 

(2-70) 
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The voltages in the coils are related to the voltages at the terminals by the equations 

VL = Vc 

VH = Ve + VSE 

(2- 71) 

(2-72) 

and the currents in the coils are related to the currents at the terminals by the 
equations 

Voltage and Current Relationships in 
an Autotransformer 

(2-73) 

(2- 74) 

( What is the voltage relationship between the two sides of an autotransfonner? It 

( 

is quite easy to determine the relationship between V Hand VLo The voltage on the 
high side of the autotransformer is given by 

(2-72) 

(2-75) 

Finally, noting that V L = V c, we get 

(2- 76) 

or (2- 77) 

The current relationship between the two sides of the transformer can be 
found by noting that 

IL = Ie + ISE 

From Equation (2-69), Ie = (NSE / N elIsE' so 

NSE 
I L = N ISE + ISE 

C 

Finally, noting that IH = IsE, we find 

NSE 
IL = N IH + I H 

e 

(2- 73) 

(2-78) 



112 ELECTIUC MACi'INERY FUNDAMENTALS 

or 

The Apparent Power Rating Advantage 
of Autotransformers 

(2-79) 

(2-80) 

It is interesting to note that not all the power traveling from the primary to the sec
ondary in the autotransformer goes through the windings. As a result, if a con
ventional transformer is reconnected as an autoh'ansformer, it can handle much 
more power than it was originally rated for. 

Ta understand th is idea, refer again to Figure 2- 3 1b. Notice that the input ( 
apparent power to the autotransformer is given by 

S in = VLIL 

and the output apparent power is given by 

Sout = VnlH 

(2-81) 

(2-82) 

It is easy to show, by using the voltage and current equations [Equations (2-77) and 
(2- 80)], that the input apparent power is again equal to the output apparent power: 

(2-83) 

where S,o is defined to be the input and output apparent powers of the transformer. 
However, the apparent power in the tranjformer windings is 

(2- 84) 

The relationship between the power going into the primary (and out the sec
ondary) of the transformer and the power in the transformer 's actual windings can 
be found as follows: 

SIV ~ Vclc 

Using Equation (2-80), we get 

~ VL(lL - lH) 

~ VLl L - 'le I H 

- s - laNsE + Nc 

(2-85) 

(2- 86) 
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Therefore, the ratio of the apparent power in the primary and secondary of the 
autotransformer to the apparent power actually traveling through its windings is 

SIO _ NSE + Ne 
Sw - NSE 

(2- 87) 

Equation (2- 87) describes the apparent power rating advantage of an auto
transformer over a conventional transfonner. Here SID is the apparent power enter
ing the primary and leaving the secondary of the transformer, while Sw is the ap
parent power actual ly traveling through the transformer 's windings (the rest passes 
from primary to secondary without being coupled through the transformer 's wind
ings). Note that the smaller the series winding, the greater the advantage. 

For example, a 5000-kYA autotransformer connecting a 1l0-kY system to 
a 138-kY system would have an Ne INsE turns ratio of 110:28. Such an autotrans
former would actually have windings rated at 

NSE 
Sw = SIO N + N 

SE e 
(2- 86) 

28 = (5000 kYA) 28 + 110 = 10 15 kYA 

The autotransfomler would have windings rated at only about lOIS kYA, while a 
conventional transformer doing the same job would need windings rated at 5000 kYA. 
The autotransfonner could be 5 times smaller than the conventional transfonner and 
also would be much less expensive. For this reason, it is very advantageous to build 
transformers between two nearly equal voltages as autotransformers. 

The following example illustrates autotransformer analys is and [he rati ng 
advantage of autotransformers. 

Example 2-7. A lOO-VA, 120/12- V u'ansformer is to be connected so as to form a 
step-up autotransfonner (see Figure 2-33). A primary vo ltage of 120 V is applied to the 
transfOlmer. 

(a) What is the secondary voltage of the transformer? 

(b) What is its maximum voltampere rating in this mode of operation? 

(e) Calculate the rati ng advantage of this autotransfonner connection over the trans
former 's rating in conventional 1201 I 2-V operation. 

Solution 
To accomplish a step-up u'ansformation with a .1 20-V primary, the ratio of the turns on the 
common winding Ne to the tu rns on the series winding N SE in this transformer must be 
120: 12 (or 10:1 ). 

(a) This transfonner is being used as a step-up transformer. The secondary voltage 
is VH, and from Equation (2-76), 

NSE + Ne 
YH = N YL 

C 

12 + 120 120 V = 132 V 
120 

(2-76) 
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~--------o + 

• 

NeC - 120) 

FIGURE 2-33 
The autotransformer of Example 2-7. 

(b) The maximum voltampere rating in either winding of this transformer is 100 VA. 
How much input or output apparent power can this provide? To find out, examine 
the series winding. The voltage VSE on the winding is 12 V, and the voltampere rat
ing of the winding is 100 VA. Therefore, the maximum series winding CUl1'ent is 

= Smnx = 100 V A = 8 33 A 
ISE.max V

SE 
12V . 

Since 1SE is equal to the secondary current Is (or Ill) and since the secondary 
voltage Vs = V H = 132 V, the secondary apparent power is 

SOUl = V<Js = VHIH 

~ (132 V)(S .33 A) ~ 1100 VA ~ Si" 

(c) The rating advantage can be calculated from part (b) or separately from Equa
tion (2-S7). From part (b) , 

5 [0 1100 VA 
Sw 100VA ~ 11 

From Equation (2-87), 

SIO _ NSE + Ne 
Sw - NSE 

(2- 87) 

12 + 120 132 
12 12 11 

By either equation, the apparent power rating is increased by a factor of 11. 

It is not normally possible to just reconnect an ordinary transformer as an 

autotransformer and use it in the manner of Example 2-7, because the insulation on 
the low-voltage side of the ordinary transformer may not be strong enough to with
stand the full output voltage of the autotransformer connection. In transformers 

( 
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(a) (b) 

FIGURE 2-34 
(a) A variable-voltage autotransformer. (b) Cutaway view of the autotransfonner. (Courtesy of 
Superior Electric Company.) 

built specifically as autotransformers, the insulation on the smaller coil (the series 
winding) is made just as strong as the insulation on the larger coiL 

It is common practice in power systems to use autotransfonners whenever 
two voltages fairly close to each other in level need to be transformed, because the 
closer the two voltages are, the greater the autotransformer power advantage be
comes. They are also used as variable transformers, where the low-voltage tap 
moves up and down the winding. This is a very convenient way to get a variable 
ac voltage. Such a variable autotransformer is shown in Figure 2-34. 

The principal disadvantage of autotransformers is that, unlike ordinary 
transformers, there is a direct physical connection between the primary and the 
secondary circuits, so the electrical isolation of the two sides is lost. If a particu
lar application does not require electrical isolation, then the autotransformer is a 
convenient and inexpensive way to tie nearly equal voltages together. 

The Internal Impedance of an Autotransformer 

Autotransformers have one additional disadvantage compared to conventional 
transformers. It turns out that, compared to a given transformer connected in the 
conventional manner, the effective per-unit impedance of an autotransformer is 
smaller by a factor equal to the reciprocal of the power advantage of the auto
transformer connection. 

The proof of this statement is left as a problem at the end of the chapter. 
The reduced internal impedance of an autotransformer compared to a con

ventional two-winding transformer can be a serious problem in some applications 
where the series impedance is needed to limit current flows during power system 
faults (short circuits). The effect of the smaller internal impedance provided by an 
autotransformer must be taken into account in practical applications before auto
transformers are selected. 
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Example 2-8. A transformer is rated at 1000 kVA, 12/1.2 kV, 60 Hz when it is op
erated as a conventional two-winding transformer. Under these conditions, its series resis
tance and reactance are given as 1 and 8 percent per unit, respectively. This transformer is 
to be used as a 13.21l2-kV step-down autotransformer in a power distribution system. In 
the autotransformer connection, (a) what is the transformer's rating when used in this man
ner and (b) what is the transformer's series impedance in per-unit? 

Solution 
(a) The NclNsE turns ratio must be 12: 1.2 or 10: 1. The voltage rating of this trans

former will be 13.2/12 kV, and the apparent power (voltampere) rating will be 

NSE + Nc 
SJO = N Sw 

SE 

~ I ~ 10 1000kVA ~ 1l,000kVA 

(b) The transformer's impedance in a per-unit system when connected in the con- ( 
ventional manner is 

Z,q ~ 0.01 + .iO.OS pu separate windings 

The apparent power advantage of this autotransformer is 11, so the per-unit im
pedance of the autotransformer connected as described is 

0.01 + jO.OS 
Zcq = 11 

~ 0.00091 + jO.00727 pu autotransformer 

2.10 THREE-PHASE TRANSFORMERS 

Almost all the major power generation and distribution systems in the world to
day are three-phase ac systems. Since three-phase systems play such an important 
role in modern life, it is necessary to understand how transformers are used in 
them. 

Transformers for three-phase circuits can be constructed in one of two 
ways. One approach is simply to take three single-phase transformers and connect 
them in a three-phase bank. An alternative approach is to make a three-phase 
transformer consisting of three sets of windings wrapped on a common core. 
These two possible types of transformer construction are shown in Figures 2~35 
and 2-36. Both designs (three separate transformers and a single three-phase 
transformer) are in use today, and you are likely to run into both of them in prac
tice. A single three-phase transformer is lighter, smaller, cheaper, and slightly 
more efficient, but using three separate single-phase transformers has the advan
tage that each unit in the bank could be replaced individually in the event of trou- ( 
ble. A utility would only need to stock a single spare single-phase transformer to 
back up all three phases, potentially saving money. 

I 
u 
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A three-phase transfonncr bank composed of independent transformers. 

0--

NS2 

0--

FIGURE 2-36 
A three~phase transformer wound on a single three-l egged core. 
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Three-Phase Transformer Connections 

A three-phase transformer consists of three transformers, either separate or com
bined on one core. The primaries and secondaries of any three-phase transformer 
can be independently connected in either a wye (Y) or a delta (t.). This gives a to
tal of four possible connections for a three-phase transformer banle 

1. Wye- wye (Y - Y) 

2. Wye-delta (Y -t.) 

3. Delta-wye (t.-Y) 

4. Delta-delta (t.-t.) 

These connections are shown over the next several pages in Figure 2-37_ 
The key to analyzing any three-phase transformer bank is to look at a single 

transformer in the bank. Any single transformer in the bank behaves exactly like 
the single-phase transformers already studied. The impedance, voltage regula
tion, efficiency, and similar calculations for three-phase transformers are done on 
a per-phase basis, using exactly the same techniques already developed for 
single-phase transformers. 

The advantages and disadvantages of each type of three-phase transformer 
connection are discussed below. 

WYE-WYE CONNECTION. The Y - Y connection of three-phase transformers is 
shown in Figure 2-37a. In a Y - Y connection, the primary voltage on each phase 
of the transformer is given by V¢p = VLP / v'3. The primary-phase voltage is re
lated to the secondary-phase voltage by the turns ratio of the t.ransformer. The 
phase voltage on the secondary is then related to the line voltage on the secondary 
by VLS = v'3v ¢S' Therefore, overall the voltage ratio on the transformer is 

Y- Y (2-88) 

The Y - Y connection has two very serious problems; 

1. If loads on the transforme~ circuit are unbalanced, then the voltages on the 
phases of the transfonner can become severely unbalanced. 

2. Third-harmonic voltages can be large. 

If a three-phase set of voltages is applied to a Y - Y transformer, the voltages 
in any phase will be 120' apart from the voltages in any other phase. However, the 
third-harmonic components of each of the three phases will be in phase with each 
other, since there are three cycles in the third harmonic for each cycle of the fun
damental frequency. There are always some third-harmonic components in a 
transformer because of the nonlinearity of the core, and these components add up. 

I 
I 
~ 
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FIGURE 2-37 
Three-phase transformer connections and wiring diagrams: (a) V- V; (b) V- a; (e) a - V; (d) a-b... 

The result is a very large third-harmonic component of voltage on top of the 50-
ar 60-Hz fundamental voltage. This third-harmonic voltage can be larger than the 
fundamental voltage itself. 

Both the unbalance problem and the third-harmonic problem can be solved 
using one of two techniques: 

1. Solidly ground the neutrals afthe transformers, especially the primary wind
ing's neutral. This connection pennits the additive third-hannonic components 
to cause a current flow in the neutral instead of building up large voltages. The 
neutral also provides a return path for any current imbalances in the load. 

2. Add a third (tertiary) winding connected in LI. to the transformer bank. If a third 
LI.-connected winding is added to the transformer. then the third-harmonic 
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components of voltage in the 11 will add up, causing a circulating current flow 
within the winding. This suppresses the third-hannonic components of voltage 
in the same manner as grounding the transformer neutrals. 

The Cl.-connected tertiary windings need not even be brought out of the 
transformer case, but they often are used to supply lights and auxiliary power 
within the substation where it is located. The tertiary windings must be large 
enough to handle the circulating currents, so they are usually made about 
one-third the power rating of the two main windings. 

One or the other of these correction techniques lIlust be used any time a Y - Y 
transformer is installed. In practice, very few Y - Y transformers are used, since the 
same jobs can be done by one of the other types of three-phase transformers. 

WYE-DELTA CONNECTION. The Y - Cl. connection of tlu'ee-phase b'ansformers 
is shown in Figure 2-37b. In this connection, the primary line voltage is related to 
the primary phase voltage by VLP ~ V3V ¢p , while the secondary line voltage is ! 

equal to the secondary phase voltage VLS = V 4>S' The voltage ratio of each phase is 

~~a 
Vq,s 

so the overall relationship between the line voltage on the primary side of the 
bank and the line voltage on the secondary side of the bank is 

VLP _ V3Vpp 
VLS - Vq,s 

Y- Cl. 1 (2-89) 

The Y - Ll connection has no problem with third-harmonic components in its 
vo ltages, since they are consumed in a circulating current on the a side. This con
nection is also more stable with respect to unbalanced loads, since the a partially 
redistributes any imbalance that occurs. 

This arrangement does have one problem, though. Because of the connec
tion, the secondary voltage is shifted 30° relati ve to the primary voltage of the 
transformer. The fact that a phase shift has occurred can cause problems in paral
leling the secondaries of two transformer banks together. The phase angles of 
transformer secondaries must be equal if they are to be paralleled, which means 
that attention must be paid to the direction of the 30° phase shift OCCUlTing in each 
transfonner bank to be paralleled together. 

In the United States, it is customary to make the secondary voltage lag the 
primary voltage by 30°, Although this is the standard , it has not always been ob
served, and older installations must be checked very carefully before a new trans
former is paralleled with them, to make sure that thei r phase angles match. 
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FIGURE 1r-37 
(b) Y-D. (collfinued) 

The connection shown in Figure 2-37b will cause the secondary voltage to 
be lagging if the system phase sequence is abc. If the system phase sequence is 
acb, then the connection shown in Figure 2-37b will cause the secondary voltage 
to be leading the primary voltage by 30'. 

DELTA- WYE CONNECTION. A t:.-Y connection of three-phase transformers is 
shown in Figure 2-37c. In a t:.-Y connection, the primary line vol tage is equal to 
the primary-phase voltage VLP = V.;p, while the secondary voltages are related 
by VLS = V3V.;s' Therefore, the line-to-line voltage ratio of this transformer 
connection is 
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FIGURE 2-37 
(c) a-y (conlinl/ed) 

This connection has the same advantages and the same phase shift as the 
Y - /1 transformer. The connection shown in Figure 2-37c makes the secondary 
voltage lag the primary voltage by 30 0

, as before. 
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FIGURE 2- 37 
(d) C!.-C!. (coneluded) 

DELTA-DELTA CONNECTION. The /l-/l connection is shown in Figure 2- 37d. 
In a Ll.- Ll. connection, VLP = V;/JP and VLS = V¢s, so the relationship between pri
mary and secondary line voltages is 

This transformer has no phase shift associated with it and no problems with 
unbalanced loads or harmonics. 

The Per-Unit System for Three-Phase Transformers 

The per-unit system of measurements applies just as well to three-phase trans
formers as to single-phase transformers. The single-phase base equations (2-53) 
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to (2-56) apply to three~phase systems on a per~phase basis, If the total base 
voltampere value of the transformer bank is called Sbase, then the base voltampere 
value of one of the transformers Sl<,b,base is 

Sbase 
S,¢,b", = - 3- (2-92) 

and the base phase cun'ent and impedance of the transformer are 

_ Slp,base 
1<,b,base - V 

<,b,base 

Sbase 
Iq;,base = ~ 

q;,base 

z _ (Vp,b",)2 
base - S 

iq;,base 

(2-93a) 

(2-93b) 

(2-94a) 

(2- 94b) 

Line quantities on three-phase transformer banks can also be represented in 
the per-unit system. The relationship between the base line voltage and the base 
phase voltage of the transformer depends on the connection of windings. If the 
windings are connected in delta, VL,base = Vq"base , while if the windings are con
nected in wye, VL,base = V3Vq;,base' The base line current in a three-phase trans
fonner bank is given by 

IL,base = V3V 
L,base 

(2- 95) 

The application of the per~unit system to three~phase transformer problems 
is similar to its application in the single-phase examples already given. 

Example 2-9. ASO-kVA, 13,800/208-V, ~-y distribution transformer has a resis
tance of 1 percent and a reactance of 7 percent per unit. 

(a) What is the transformer's phase impedance referred to the high-voltage side? 

(b) Calculate this transformer's voltage regulation at full load and 0,8 PF lagging, 
using the calculated high-side impedance. 

(c) Calculate this transfoffi1er's voltage regulation under the same conditions, using 
the per-unit system. 

Solution 
(a) The high-voltage side of this transformer has a base line voltage of 13,800 V 

and a base apparent power of 50 kVA Since the primary is ~-connected, its 
phase voltage is equal to its line voltage. Therefore, its base impedance is 

3(Vq., base)2 
~a8e = S 

base 
(2-94b) 

I.. 
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~ 3(13,SOO V)2 ~ I I 426 n 
SO,OOO VA ' 

The per-unit impedance of the transfoITIler is 

Z,q ~ om + jO.07 pu 

so tile high-side impedance in ohms is 

Z,q ~ z",.p.,z.",., 

~ (0.01 + jO.07 pu)(ll ,426 fl) ~ 114.2 + jSOO n 

(b) To calculate the voltage regulation of a three-phase transfonner bank, determine 
the voltage regulation of any single transformer in the bank. The voltages on a 
single transformer are phase vol tages, so 

V - aV 
VR ~ pP pi x 100% 

aV", 

The rated transformer phase voltage on the primary is 13,800 V, so the rated 
phase current on the primary is given by 

S 
[" ~ 3V 

" 
The rated apparent power S = 50 kYAt so 

_ SO,OQOVA _ 
I" - 3(13,Soo V) - 1.208 A 

The rated phase voltage on the secondary of the transformer is 208 VI V3 = 120 V. When 
referred to the high-voltage side of the trans former, thi s voltage becomes V~s = aVof>S 

= 13,800 V. Assume that the transformer secondary is operaling at the rated voltage and 
current, and find the resulting primary phase voltage: 

VePp = aV1/1S + Rcq I ¢> + jXeqI¢> 

~ 13,SOO LO' V + (114.2 n)(1.20S L -36.S7' A) + (j800 fl)(1.20S L -36.S7' A) 

~ 13,SOO + 138 L - 36.S7' + 966.4 L S3 .13' 

~ 13,SOO + !l0.4 - jS2.S + S79.8 + ]773.1 

~ 14,490 + j690.3 ~ 14,S06 L2.73' V 

T herefore, 

Vd>P - aVd>S 
VR ~ V x 100% 

a", 

~ I4,50~3~0~3,SOO x 100% ~ 5.1 % 

(c) In the per-unit system, the output voltage is 1 L 0°, and the cun'ent is 1 L - 36,87°, 
Therefore, the input voltage is 

Vp ~ I L O' + (0.0 1)(1 L - 36.S7') + (j0.07)(1 L -36.S7') 

~ 1 + O.OOS - jO.006 + 0.042 + jO.OS6 

~ LOS + jO.OS ~ 1.051 L2.73' 
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The voltage regulation is 

VR ~ 1.05~.~ 1.0 x 100% ~ 5. 1% 

Of course, the voltage regulation of the transformer bank is the same 
whether the calculations are done in actual ohms or in the per-unit system. 

2.11 THREE-PHASE TRANSFORMATION 
USING TWO TRANSFORMERS 

In addition to the standard three-phase transformer connections, there are ways to 
perform three-phase transfonnation with only two transformers. These techniques 
are sometimes employed to create three-phase power at locations where not all 
three power lines are available. For example, in rural areas a power company will 
often run only one or two of the three phases on a distribution line, because the 
power requirements in the area do not justify the cost of running all three wires. If ( 
there is an isolated user of three-phase power along a route served by a distribu
tion line with two of the three phases, these techniques can be used to create three
phase power for that local user. 

All techniques that create three-phase power with only two transformers in
volve a reduction in the power-handling capability of the transformers, but they 
may be justified by certain economic situations. 

Some of the more important two-transformer connections are 

1. The open-I\. (or V- V) connection 

2. The open-Y - open-I\. connection 

3. The Scott-T connection 

4. The three-phase T connection 

Each of these transformer connections is described in this section. 

The Open-il ( or V- V) Connection 

In some situations a full transformer bank may not be used to accomplish tbree
phase transformation . For example, suppose that a 6.-Ll transformer bank com
posed of separate transformers has a damaged phase that must be removed for 
repair. The resulting situation is shown in Figure 2-38. If the two remaining sec
ondary voltages are VA = V L 0" and VA ~ V L 120' V, then the voltage across the 
gap where the third transformer used to be is given by 

Vc ~ -VA - VB 

- VLOO - VL - 120' 

- V - ( - O.5V - jO.866V) 

= -O.SV + jO.866V 

~ V L 120' V 
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FIGURE 2-38 
The open-L1 or V- V transformer connection. 

VA = VLO'V 

Vn=VL 120° V 

This is exactly the same voltage that would be present if the third transformer 
were still there. Phase C is sometimes called a ghost phase. Thus, the open-delta 
connection lets a transfonner bank get by with only two transformers, allowing 
some power flow to continue even with a damaged phase removed. 

How much apparent power can the bank supply with one of its three trans
formers removed? At first, it seems that it could supply two-thirds of its rated 
apparent power, since two-thirds of the transformers are sti ll present. Things are 
not quite that simple, though. To understand what happens when a transformer is 
removed, see Figure 2- 39. 

Figure 2- 39a shows the transformer bank in normal operation connected to 
a resistive load. If the rated voltage of one transformer in the bank is V" and the 
rated current is I., then the maximum power that can be supplied to the load is 

P = 3V. I.cos 8 

The angle between the voltage V" and the current I" in each phase is 0°, so the to
tal power supplied by the transformer is 

P = 3V. I" cos 8 

= 3V. I . (2-96) 

The open-delta transformer is shown in Figure 2- 39b. It is important to note 
the angles on the voltages and currents in this transformer bank. Because one of 
the transformer phases is missing, the transmission line cunent is now equal to the 
phase current in each transformer, and the currents and voltages in the transformer 
bank differ in angle by 30°. Since the current and voltage angles differ in each of 
the two transformers, it is necessary to examine each transformer individually to 
determine the maximum power it can supply. For transformer 1, the voltage is at 
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an angle of 1500 and the current is at an angle of 1200
, so the expression for the 

maximum power in transformer 1 is 

PI = 3 V~I,p cos (150" - 120°) 

= 3V"I" cos 30" 

v'3 
= T V.I" (2-97) 

For transformer 2, the voltage is at an angle of 30° and the current is at an angle 
of 60°, so its maximum power is 

P2 = 3V"I" cos (30° - 60°) 

= 3V"I" cos (-30°) 

v'3 
= T V,,!,, 

Therefore, the total maximum power of the open-delta bank is given by 

P = v'3V"I,p 

(2-98) 
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The rated current is the same in each transformer whether there are two or three of 
them. and the voltage is the same on each transformer; so the ratio of the output 
power available fro m the open-delta bank to the output power available from the 
normal three-phase bank is 

Popen 6. Y3V4J rk 1 -- = - - = - " = 0577 (2- 100) 
P, ph' " 3 V. I. v'3 . 

The available power out of the open-delta bank is only 57.7 percent of the origi
nal bank's rating. 

A good question that could be asked is: What happens to the rest of the open
delta bank's rating? After all , the total power that the two transformers together can 
produce is two-thirds that of the original bank's rating. To find out, examine the re
active power of the open-delta banle The reactive power of transformer 1 is 

Q, = W¢! ¢ sin (ISO' - 120' ) 

= 3V. I. sin30' 

= y, V. I. 

The reactive power of transformer 2 is 

Q, = 3 V¢! ¢ sin (30' - 60' ) 

= 3V¢!. sin (-30' ) 

= - V2 V. !¢ 

Thus one transformer is producing reactive power which the other one is con
suming. It is this exchange of energy between the two transformers that limits the 
power output to 57.7 percent of the original bank s rating instead of the otherwise 
expected 66.7 percent. 

An alternative way to look at the rating of the open-delta connection is that 
86.6 percent of the rating of the two remaining transfo rmers can be used. 

Open-delta connections are used occasionally to supply a small amount of 
three· phase power to an otherwise single-phase load. In such a case, the connec
tion in Figure 2-40 can be used, where transformer T2 is much larger than trans
former T,. 

c---------------------, 

a--, 

• Three· • T, T, 

} 
Single· phase 

phase power 

power 

b----- -'" 

FIGURE 2-40 
Using an open·;l transformer connection to supply a small amount of three-phase power along with a 
lot of single-phase power. Transform er T2 is much larger than transformer T I. 
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The open- Y - Opell-L1 transformer connection and wiring diagram. Note that this connection is 
identical to the Y - .6. connection in Figure 2-37b, except for the absence of the third transformer and 
the presence of the neutral lead. 

The Open-Wye- Open-Delta Connection 

The open-wye-open-delta connection is very similar to the open-delta connection 
except that the primary voltages are derived from two phases and the neutral. This 
type of connection is shown in Figure 2--41. It is used to serve small commercial 
customers needing three-phase service in rural areas where all three phases are not 
yet present on the power poles. With this connection, a customer can get three
phase service in a makeshift fashion until demand requires installation of the third 
phase on the power poles. 

( 
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A major disadvantage of this connection is that a very large return cun-ent 
must flow in the neutral of the primary circuit. 

The Scott-T Connection 

The Scott-T connection is a way to derive two phases 90° apart from a three-phase 
power supply. In the early history of ac power transmission, two-phase and three
phase power systems were quite common. In those days, it was routinely neces
sary to interconnect two- and three-phase power systems, and the Scott-T trans
former connection was developed for that purpose. 

Today, two-phase power is primarily limited to certain control applications, 
but the Scott T is still used to produce the power needed to operate them. 

The Scott T consists of two single-phase transformers with identical ratings. 
One has a tap on its primary winding at 86.6 percent offull-load Voltage. They are 
connected as shown in Figure 2-42a. The 86.6 percent tap of transformer T, is 
connected to the center tap of transformer T j • The voltages applied to the primary 
winding are shown in Figure 2-42b, and the resulting voltages applied to the pri
maries of the two transformers are shown in Figure 2-42c. Since these voltages 
are 90° apart, they result in a two-phase output. 

It is also possible to convert two-phase power into three-phase power with 
this connection, but since there are very few two-phase generators in use, this is 
rarely done. 

The Three-Phase T Connection 

The Scott-T connection uses two transformers to convert three-phase power to 
two-phase power at a different voltage leveL By a simple modification of that 
connection, the same two transformers can also convert three-phase power to 
three-phase power at a different voltage level. Such a connection is shown in Fig
ure 2-43. Here both the primary and the secondary windings of transformer T, are 
tapped at the 86.6 percent point, and the taps are connected to the center taps of 
the corresponding windings on transformer T]. In this connection T] is called the 
main transformer and T2 is called the teaser transformer. 

As in the Scott T, the three-phase input voltage produces two voltages 900 
apart on the primary windings of the transformers. These primary voltages pro
duce secondary voltages which are also 90" apart. Unlike the Scott T, though, the 
secondary voltages are recombined into a three-phase output. 

One major advantage of the three-phase T connection over the other three
phase two-transformer connections (the open-delta and open-wye-open-delta) is 
that a neutral can be connected to both the primary side and the secondary side of 
the transformer bank. This connection is sometimes used in self-contained three
pbase distribution transformers, since its construction costs are lower than those 
of a full three-phase transformer bank. 

Since the bottom parts of the teaser transformer windings are not used on ei
ther the primary or the secondary sides, they could be left off with no change in 
performance. This is, in fact, typically done in distribution transformers. 
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2.12 TRANSFORMER RATINGS AND 
RELATED PROBLEMS 

Transformers have four major ratings: 

1. Apparent power (kVA, or MVA) 

2. Primary and secondary voltage (V) 

3. Frequency (Hz) 

4. Per-unit series resistance and reactance 

These ratings can be found on the nameplates of most transformers. This section 
examines why these ratings are used to characterize a transformer. It also consid
ers the related question of the current inrush that occurs when a transformer is first 
connected to the line. 

The Voltage and Freqnency Ratings 
of a Transformer 

The voltage rating of a transfOlmer serves two functions. One is to protect the wind
ing insulation from breakdown due to an excessive voltage applied to it. This is not 
the most serious limitation in practical transformers. The second function is related 
to the magnetization curve and magnetization CUlTent of the transformer. Figure 
2-11 shows a magnetization curve for a transformer. If a steady-state voltage 

v(t) = VM sin wt V 

is applied to a transformer's primary winding, the flux of the transformer is given by 

1>(t) = ~p f vet) dt 

1>(t) = 
VM --- cos wt 

wNp 
(2-101) 

If the applied voltage v(t) is increased by 10 percent, the resulting maximum 
flux in the core also increases by 10 percent. Above a certain point on the magne
tization curve, though, a 10 percent increase in flux requires an increase in mag
netization current much larger than 10 percent. This concept is illustrated in 
Figure 2-44. As the voltage increases, the high-magnetization ClllTents soon 
become unacceptable. The maximum applied voltage (and therefore the rated 
voltage) is set by the maximum acceptable magnetization CUlTent in the core. 

Notice that voltage and frequency are related in a reciprocal fashion if the 
maximum flux is to be held constant: 

(2-102) 

( 

i 

~ 
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FIGURE 2-44 
The effect of the peak flux in a transformer core upon the required magnetization current. 

Thus, if a 60-Hz transformer is to be operated on 50 Hz, its applied vol/age must 
also be reduced by one-sixth or the peak flux in the core will be too high. This re
duction in applied voltage with frequency is called derating. Similarly, a 50-Hz 
transformer may be operated at a 20 percent higher voltage on 60 Hz if this action 
does not cause insulation problems. 

Example 2-10. A l -kVA, 2301115-V, 60-Hz single-phase transformer has 850 
turns on the primary winding and 425 turns on the secondary winding. The magnetization 
curve for thi s transformer is shown in Figure 2-45. 

(a) Calculate and plot the magnetization current of this transformer when it is run 
at 230 V on a 60-Hz power source. What is the rms value of the magnetization 
current? 

(b) Calculate and plot the magnetization current of this transformer when it is run at 
230 V on a 50-Hz power source. What is the rms value of the magnetization cur
rent? How does this current compare to the magnetization current at 60 Hz? 



136 ELECTRIC MACHINERY FUNDAMENTALS 

~ 

" " " Ii: 

Magnetization curve for 230/115-V transformer 
1.4 ~-~-""--~-~-~-~-~-~-~~ 

1.2 

0.8 

0.6 

0.4 

0.2 

OL-~~-L~~~~~L-~~-L~~~ o _ ~ _ ~ l_l=l~l_l~ 

MMF, A · turns 

}~lGURE 2-45 
Magnetization curve for the 230/l15-V transformer of Example 2-10. 

Solution 
The best way to so lve this problem is to calculate the flux as a function of time for this 
core, and then use the magnetization curve to transform each fl ux value to a corresponding 
magnetomotive force. The magnetizing cunent can then be determined from the equation 

. :!F 
l = Np (2-103) 

Assuming that the voltage applied to the core is v(t) = VM sin w t volts, the tlux in 
the core as a function of time is given by Equation (2-102): 

,pet) ~ VM --- cos wt 
wNp 

(2- 101) 

The magnetization curve for th is transformer is availab le electronically in a fi le called 
mag_curve_l . dat. This file can be used by MATLAB to translate these flux values 
into corresponding mmf values, and Equation (2-102) can be used to find the required 
magneti zation current values. Finally, the rms value of the magnetization current can be 
calculated from the equation 

A MATLAB program to perform these calculations follows: 

% H-file : mag_current.m 
% H-f i le to calculate and plot the magnetization 
% current of a 230/115 transformer operating at 
% 230 volts and 50/60 Hz . This program also 
% c al cula t es t he rms value of t he mag . c urrent. 

(2-104) 

( 
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% Load the magneti zation curve . It is in t wo 
% columns, with the fi rs t column being rumf and 
% the second col umn be ing flux . 
load mag_curv8_1 . dat i 
romf_dat a = ma9_curve_l( : ,1 ) ; 
f l ux_data = ma g_curve_ l( :, 2 ); 

% Init i al ize value s 
VM 325 ; 
NP = 850 ; 

% Maximum vol t age (V) 
% Pr i mary t urns 

% Calculate angular ve locity for 60 Hz 
freq = 60 ; % Freq ( Hz ) 

w = 2 * pi * freq ; 

% Calculat e flux versus time 
t ime 0 : 1/3000: 1/30 ; % 0 t o 1/30 s ec 
flux = -VM/(w*NP) * cos (w . * time) i 

% Calculate the mmf corresponding to a given flux 
% us ing t he flux's interpolation funct ion . 
mm f = interpl (flux_da t a, mmf_data, flux ) i 

% Calcul a t e the magnetiza t ion current 
im = romE IN? ; 

% Calculate the rms va l ue of the c urrent 
irms = sqrt(sum(im . A 2 )/le ngth(im»; 
d isp{ ['The rms current. a t 60 Hz is " num2 str {irms)]) ; 

% Plot the magnetiza t i on current . 
figure{l) 
s ubplot (2 , 1 ,1) ; 
plot (time , i m) i 

t it l e ( ' \bfMagneti zat ion CU r rent a t 60 Hz '); 

x l abe l ('\bfTime (8) ' ) ; 

yla be l ('\bf \ itI_{mJ \ r m(A)') ; 
axis ([O 0 . 04 -2 2]) ; 
grid on ; 

% Calculate angular ve l oc ity fo r 50 Hz 
freer = 50; 
w = 2 * p i * fre q i 

% Calcu late fl ux ve r s u s t ime 
time 0 : 1 / 2500 : 1/25; 

% Freq ( Hz) 

% 0 to 1/2 5 sec 
flux = -VM/("'J*NP) * cos {w * time) ; 

% Calculate the mm = corresponding to a given flux 
% using the f l ux 's i nterpolat ion f unction . 
mmf = i n terpl(f l ux_data,mmE_ data ,flux ); 

% Calcu la t e the magnetizat i on current 
i m = mrnf / NP ; 

-
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FIGURE 2-46 
(a) Magnetization current for the transformer operating at 60 Hz. (b) Magnetization current for the 
transformer operating at 50 Hz. 

% Calculate the rms value of the current 
i rms = sqrt(sum(im."2)/ l ength(irn)); 
d isp ( [ 'The rms current at 5 0 Hz is " num2str (irms) J ) i 

% Plot the magnetization current . 
subplot(2,l,2) ; 
plot (time , im ) i 

title ('\bfMagnetization Current at 50 Hz'); 
xlabel ( ' \bfTime (s)'); 

ylabel ( ' \bf\ i tI_ {m} \rm(A) '); 
axis ( [0 0.0 4 - 2 2 J ) ; 
grid on; 

When this program executes, the results are 

» mag_current 
The rms current at 60 Hz is 0.4894 
The rms current at 5 0 Hz i s 0.79252 

The resulting magnetization currents are shown in Figure 2-46. Note that the rms magne
tization current increases by more than 60 percent when the frequency changes from 60 Hz 
to 50 Hz. 

The Apparent Power Rating of a Transformer 

The principal purpose of the apparent power rating is that, together with the volt
age rating, it limits the current flow through the transformer windings. The current 
flow is important because it controls the iZR losses in the transfonner, which in tum 
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control the heating of the transformer coils. It is the heating that is cIitical, since 
overheating the coils of a transfonner drastically shortens the life of its insulation. 

Transformers are rated in apparent power instead of real or reactive powers 
because the same amount of heating occurs for a given amount of current, regard
less of its phase with respect to the terminal voltage. The magnitude of the current 
affects the heating, not the phase of the current. 

The actual apparent power rating of a transformer may be more than a sin
gle value. In real transformers, there may be an apparent power rating for the 
transformer by itself, and another (higher) rating for the transformer with forced 
cooling. The key idea behind the power rating is that the hot-spot temperature in 
the transformer windings must be limited to protect the life of the transformer. 

If a transformer 's voltage is reduced for any reason (e.g., if it is operated at 
a lower frequency than normal), then the transformer's apparent power rating must 
be reduced by an equal amount. If this is not done, then the current in tl,e transformer's 

( windings will exceed the maximum permissible level and cause overheating. 

The Problem of Current Inrush 

A problem related to the voltage level in the transformer is the problem of current 
inrush at starting. Suppose that the voltage 

vet) ~ VM sin (wt + 8) v (2-105) 

is applied at the moment the transformer is first connected to the power line. The 
maximum flux height reached on the first half-cycle of the applied voltage depends 
on the phase of the voltage at the time the voltage is applied. If the initial voltage is 

v (2-106) 

and if the initial flux in the core is zero, then the maximum flux during the first 
halfN cyc1e will just equal the maximum flux at steady state: 

(2-102) 

This flux level is just the steady-state flux , so it causes no special problems. But 
if the applied voltage happens to be 

vet) ~ VM sin wI V 

the maximum flux during the first half-cycle is given by 

cJ>(t) ~ ~p J:'w V M sin wI dl 

V" 17T/W 
~ - -- cos wt 

wNp 0 

VM 
~ - wN}( - I) - (I)] 

2Vmax 
cPmax = wN 

p 
(2-107) 

• 
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FIGURE 2-47 
The current inrush due to a transformer's magnetization current on starting. 

This maximum flux is twice as high as the normal steady-state flux. If the 
magnetization curve in Figure 2- 11 is examined, it is easy to see that doubling the 
maximum flux in the core results in an enormous magnetization current. In fact, 
for part of the cycle, the transformer looks like a short circuit, and a very large 
current flows (see Figure 2-47). 

For any other phase angle of the applied voltage between 90', which is no 
problem, and 0 0

, which is the worst case, there is some excess current flow. The 
applied phase angle of the voltage is not normally controlled on starting, so there 
can be huge inrush currents during the first several cycles after the transformer is 
connected to the line. The transformer and the power system to whkh it is con
nected must be able to withstand these currents. 

The Transformer Nameplate 

A typical nameplate from a distribution transformer is shown in Figure 2-48. The 
infonnation on such a nameplate includes rated voltage, rated kilovoltamperes, rated 
frequency, and the transformer per-unit series impedance. It also shows the voltage 
ratings for each tap on the transformer and the wiring schematic of the transformer. 

Nameplates such as the one shown also typically include the transformer 
type designation and references to its operating instructions. 

2,13 INSTRUMENT TRANSFORMERS 

Two special-purpose transformers are used with power systems for taking mea
surements. One is the potential transformer, and the other is the ClUTent transformer. 

( 
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FIGURE 2-48 
A sample distribution transformer nameplate. Note the rati ngs listed: voltage, frequency, apparent 
power, and tap settings. (Courtesy o/General Electric Compa1lY.) 

A potential transformer is a specially wound transformer with a high
voltage primary and a low-voltage secondary. It has a very low power rating, and 
its sole purpose is to provide a sample of the power system's voltage to the in
struments monitoring it. Since the principal purpose of the transformer is voltage 
sampling, it must be very accurate so as not to distOli the true voltage values too 
badly. Potential transformers of several accuracy classes may be purchased, de
pending on how accurate the readings must be for a given application. 

Current transformers sample the current in a line and reduce it to a safe and 
measurable level. A diagram of a typical current transformer is shown in Figure 
2-49. The current transformer consists of a secondary winding wrapped around a 
ferromagnetic ring, with the single primary line running through the center of the 
ring. The ferromagnetic ring holds and concentrates a small sample of the flux 
from the primary line. That flu x then induces a voltage and current in the sec
ondary winding. 

A current transformer differs from the other transformers described in this 
chapter in that its windings are loosely coupled. Unlike all the other transformers, 
the mutual flux <PM in the current transformer is smaller than the leakage flux <PL' 
Because of the loose coupling, the voltage and current ratios of Equations (2-1) 
to (2-5) do not apply to a current transformer. Nevertheless, the secondary current 
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FIGURE 2-49 
Sketch of a current transformer. 

in a current transformer is directly proportional to the much larger primary 
current, and the device can provide an accurate sample of a line 's current for mea
surement purposes. 

Current transformer ratings are given as ratios of primary to secondary CUf

rent. A typical current transformer ratio might be 600:5,800:5, or 1000:5. A 5-A 
rating is standard on the secondary of a current transformer. 

It is important to keep a current transformer short-circuited at all times, 
since extremely high voltages can appear across its open secondary terminals . In 
fact, most relays and other devices using the current from a current transformer 
have a shorting interlock which must be shut before the relay can be removed for 
inspection or adjustment. Without this in terlock , very dangerous high voltages 
will appear at the secondary terminals as the relay is removed from its socket. 

2,14 SUMMARY 

A transformer is a device for converting electric energy at one voltage level to 
electric energy at another voltage level through the action of a magnetic field. It 
plays an extremely important role in modern life by making possible the econom
ical long-distance transmission of electric power. 

When a voltage is applied to the primnry of a transformer, a flux is produced in 
the core as given by Faraday's law. The changing flux in the core then induces a volt
age in the secondary winding of the transformer. Because transformer cores have 
very high permeability. the net magnetomotive force required in the core to produce 
its flu x is very small. Since the net magnetomotive force is very small, the primary 
circuit's magnetomotive force must be approximately equal and opposite to the sec
ondary circuit's magnetomotive force. This fac t yields the transformer current ratio. 

A real transformer has leakage fluxes that pass through either the primary or 
the secondary winding, but not both. In addition there are hysteresis, eddy current, 
and copper losses. These effects are accounted for in the equivalent circuit of the 
transformer. Transformer imperfections are measured in a real transformer by its 
voltage regulation and its efficiency. 

( 
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The per-unit system of measurement is a convenient way to study systems 
containing transformers, because in this system the different system voltage lev
els disappear. In addition, the per-unit impedances of a transfonner expressed to 
its own ratings base fall within a relatively narrow range, providing a convenient 
check for reasonableness in problem solutions. 

An autotransformer differs from a regular transformer in that the two wind
ings of the autotransformer are connected. The voltage on one side of the trans
former is the voltage across a single winding, while the voltage on the other side 
of the transformer is the sum of the voltages across both windings. Because only 
a portion of the power in an autotransformer actually passes through the windings, 
an autotransformer has a power rating advantage compared to a regular trans
former of equal size. However, the connection destroys the electrical isolation be
tween a transformer's primary and secondary sides. 

The voltage levels of three-phase circuits can be transformed by a proper 
combination of two or three transformers. Potential transformers and current 
transformers can sample the voltages and currents present in a circuit. Both de
vices are very common in large power distribution systems. 

QUESTIONS 

2-1. Is the turns ratio of a transformer the same as the ratio of voltages across the trans
former? Why or why not? 

2-2. Why does the magnetization cunent impose an upper limit on the voltage applied to 
a transformer core? 

2-3. What components compose the excitation current of a transformer? How are they 
modeled in the transformer's equivalent circuit? 

2-4. What is the leakage tlux in a transformer? Why is it modeled in a transformer 
equivalent circuit as an inductor? 

2-5. List and describe the types of losses that occur in a transformer. 
2-6. Why does the power factor of a load affect the voltage regulation of a transformer? 
2-7. Why does the short-circuit test essentially show only i2R losses and not excitation 

losses in a transformer? 
2-8. Why does the open-circuit test essentially show only excitation losses and not i2R 

losses? 
2-9. How does the per-unit system of measurement eliminate the problem of different 

voltage levels in a power system? 
2-10. Why can autotransformers handle more power than conventional transformers of 

the same size? 
2-11. What are transformer taps? Why are they used? 
2-12. What are the problems associated with the Y - Y three-phase transformer connection? 
2-13. What is a TCUL transformer? 

( 2-14. How can three-phase transformation be accomplished using only two transformers? 
What types of connections can be used? What are their advantages and disadvantages? 

2-15. Explain why the open-Ll transformer connection is limited to supplying 57.7 percent 
of a normal Ll-d transformer bank's load. 

2-16. Can a 60-Hz transformer be operated on a 50-Hz system? What actions are neces
sary to enable this operation? 
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2-17. What happens to a transformer when it is first connected to a power li ne? Can any-
lhing be done to mitigate this problem? 

2-18. What is a potential transfonner? How is it used? 

2-19. What is a current transformer? How is it used? 

2-20. A distribution transformer is rated at 18 kVA, 20,000/480 Y, and 60 Hz. Can this 
b·aosfonner safely supply 15 kVA to a 4 l 5-V load at 50 Hz? Why or why not? 

2-21. Why does one hear a hum when standing near a large power transformer? 

PROBLEMS 

2-1. A lOO-kVA, 8000/277-V distribution transformer has the following resistances and 
reactances: 

Rp = 5 0 

Xp = 60 

Rc = SOkO 

R, = 0.005 0 

X, = 0.0060 

XM = IOkO 

The excitation branch impedances are given refelTed to the high-voltage side of the 
lransformer. 
((I) Find Ihe equivalent circuit of thi s transformer refelred to the low-voltage side. 
(b) Find the per-unit equivalent circuit of this transformer. 
(c) Assume that this transformer is supplying rated load at 277 V and 0.85 PF lag

ging. What is this transformer's input voltage? What is its voltage regulation? 
(d) What are the copper losses and core losses in this trans former under the condi

tions of patt (c)? 
(e) What is the transformer's efficiency under the conditions of part (c)? 

2-2. A single-phase power system is shown in Figure P2-1. The power source feeds a 
lOO-kVA, 1412.4-kV transformer through a feeder impedance of 38.2 + j140 D. The 
transformer's equivalen t series impedance referred to its low-voltage side is 0.10 + 
jO.40 O. The load on the transformer is 90 kW at 0.80 PF lagging and 2300 V. 

38.2 n j l40 n O.lon j0.40n 

V source 
90 kW 

(

+ Load 

~ '-...,.--> 0.80 PF lagging 

Source 

FIGUREP2-1 

Feeder 
(transmission line) 

The circuit of Problem 2-2. 

Transformer 

(a) What is the voltage at the power source of the system? 
(b) What is the voltage regulation of the transformer? 
(c) How efficient is the overall power system? 

Load 

( 
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2-3. The secondary winding of an ideal transformer has a terminal voltage of Vil) = 

282.8 sin 3771 V. The turns ratio of (he transformer is 100:200 (a = 0.50). If the sec
ondary current of the transformer is ill) = 7.07 sin (377t - 36.87°) A, what is the 
primary current of this transformer? What are its voltage regulation and efficiency? 

2-4. The secondary winding of a real transformer has a terminal voltage of vir) = 282.8 
sin 377t V. The turns ratio of the transformer is 100:200 (a = 0.50). If the secondary 
current of the transformer is ill) = 7.07 sin (377t - 36.87°) A, what is the primary 
current of this transformer? What are its voltage regulation and efficiency? The im
pedances of this transformer referred to the plimary side are 

R", ~ 0.20n 

X,q ~ 0.80n 

2-5. When travelers from the USA and Canada visit Europe, they encounter a different 
power distribution system . Wall VOltages in North America are 120 V lms at 60 Hz, 
while typical wall voltages in Europe are 230 V at 50 Hz. Many travelers carry 
small step·up/step-down transformers so that they can use their appl iances in the 
countries that they are visiting. A typical transfOlmer might be rated at I kVA and 
115/230 V. It has 500 turns of wire on the 115-V side and 1000 turns of wire on the 
230-V side. The magnetization curve for this transformer is shown in Figure P2-2, 
and can be found in file p2 2 . mag at this book's website. 
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Magnetization curve fo r the transformer of Problem 2- 5. 

450 



146 ELECTRIC MAC HIN ERY FUNDAMENTALS 

(a) Suppose that this transfonner is connected to a 120-V, 60-Hz power source with 
no load connected to the 240-V side . Sketch the magnetization c urrent that 
wou ld flow in the transformer. (Use MATLAB to plot the current accurately, if 
it is available.) What is the rms amplitude of the magnetization current? What 
percentage of full-load current is the m agnetization current? 

( b) Now suppose that this transfonner is connected to a 240-V, 50-Hz power source 
with no load connected to the 120-V side. Sketch the magnetization current that 
would flow in the transformer. (Use MATLAB to pia l the current accurately, if 
it is available.) What is the rms amplitude of the magneti zation current? What 
percentage of fuIl -load current is the magnetization current? 

(c) In which case is the magnetization current a higher percentage of full- load 
current? Why? 

2-6. A 1000-VA, 230/11 5-V transformer has been tested to determine its equivalent cir
cuit. The results of the tests are shown below. 

Open-circuit test 
(on secondary side) 

Voe = 115 V 

foe = 0.11 A 

Poe = 3.9 W 

Short-circuit test 
(on pr imary side) 

Vsc = 17.1 V 

fsc = 8.7 A 

Psc = 38.1 W 

(a) Find the equ ivalent circuit of this transfonner referred to the low-voltage side of 
the transformer. 

(b) Find the transformer 's voltage regulation at rated condi tions and (1) 0.8 PF lag
ging, (2) 1.0 PF, (3) 0.8 PF leading. 

(c) Determine the transformer 's efficiency at rated conditions and 0.8 PF lagging. 

2-7. A 30-kVA, 8000/23 0-V distribution transformer has an impedance referred to the 
primary of 20 + ) 100 fl. The components of the exci tati on branch referred to 
the primary side are Rc = 100 kfl and XM = 20 kil. 
(a) If the primary voltage is 7967 V and the load impedance is ZL = 2.0 + jO.7 fl, 

what is the secondary voltage of the transformer? What is the voltage regulation 
of the transformer? 

(b) If the load is disconnected and a capacitor of -)3.0 n is connected in its place, 
what is the secondary voltage of the trans former? What is its voltage regulation 
under these conditions? 

2-8. A ISO-MVA, J5nOO-kV, single-phase power transfOim er has a per-unit resistance of 
1.2 percent and a per-unit reactance of 5 percent (data taken from the transfonner's 
nameplate). The magnetizing impedance isj80 per un it. 
(a) Find the equivalent circuit referred to the low-voltage side of this transformer. 
(b) Calculate the voltage regulation of this transfonner for a full-load current at 

power factor of 0 .8 lagging. 
(c) Calculate the copper and core losses in the transformer at the conditions in (b) . 

(d) Assume that the primary voltage of this transformer is a constant 15 kV, and plot 
the secondary voltage as a function of load current for currents from no-load to 
full-load. Repeat this process for power factors of O.Stagging, 1.0, and O.Sleading. 

2- 9. A 5000-kVA, 23011 3.8-kV, single-phase power transformer has a per-unit resistance 
of 1 percent and a per-un it reactance of 5 percent (data taken from the transfonner 's 

( 
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nameplate). The open-circuit test performed on the low-voltage side of the trans
former yielded the following data: 

Voe = 13.8 kV loe = 21.1 A Poe = 90.8 kW 

(a) Find the equivalent circuit referred to the low-voltage side of this transformer. 
(b) If the voltage on the secondary side is 13.8 kV and the power suppl ied is 4000 kW 

at 0.8 PF lagging, fmd the voltage regulation of the transformer. Find its efficiency. 
2-10. A three-phase transformer bank is to handle 500 kVA and have a 34.5/11-kV voltage 

ratio. Find the rating of each individual transformer in the bank (high voltage, low 
voltage, turns ratio, and apparent power) j f the transformer bank is connected to (a) 
Y-Y, (b) Y-I!. , (e) I!.- Y, (d) I!.-I!., (e) open- I!. , (j) open-Y-open-I!. . 

2-11. A lOO-MVA, 230/11S-kV. /1- Y three-phase power transformer has a per~unit resis~ 

tance of 0.0 15 pu and a per-unit reactance of 0.06 pu. The excitation branch elements 
are Rc = 100 pu and XM = 20 pu. 
(a) If this transformer suppl ies a load of 80 MVA at 0.8 PF lagging, draw the pha

sor diagram of one phase of the transformer. 
(b) What is the voltage regulation of the transformer bank under these conditions? 
(c) Sketch the equ ivalent circuit referred to the low-voltage side of one phase of 

this transformer. Calculate all the transformer impedances re ferred to the low
voltage side. 

(d) Determine the losses in the transformer and the efficiency of the transformer un
der the conditions of part (b). 

2-12. Three 20-kVA, 24,0001277-V di stribution transformers are connected in 8 - Y. The 
open-circuit test was performed on the low~voltage side of this transformer bank, 
and the fo llowing data were recorded: 

Vli ne.OC = 480 V Il inc.OC = 4. IOA p, •. oe = 945 W 

The short-circu it test was performed on the high-voltage side of this transformer 
bank, and the following data were recorded: 

Vline,SC = 1400 V Ilinc.sC = "] .80 A p, •. se = 9 12 W 

(a) Find the per·unit equivalent circuil of this transfonner bank. 
(b) Find the voltage regu lation of this transformer bank at the rated load and 

0.90 PF lagging. 
(c) What is the transformer bank's efficiency under these conditions? 

2-13. A 14,OOO/480-V, three-phase, l\-Y~connected transformer bank consists of three 
identical IOO-kVA, 83l4/480-V transformers. It is supplied with power directly 
from a large cOl1Stant~ voltage bus. In the short-circuit test, the recorded values on 
the high-voltage side for one of these transformers are 

Vse = 510V Ise = 12.6 A Psc = 3000 W 

(a) If this bank delivers a rated load at 0.8 PF lagging and rated VOltage , what is the 
line-to-line voltage on the primary of the [fansformer bank? 

(b) What is the voltage regulation under these conditions? 
(c) Assume that the primary phase voltage of this transformer is a constant 83 14 V, 

and plot the secondary voltage as a function of load current for currents from 
no-load to full-load. Repeat thi s process for power factors of 0.8 lagging, 1.0, 
and 0.8 leading. 

• 
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(d) Plot the vohage regulation of this transformer as a function of load current fo r 
currents from no· load to full- load. Repeat thi s process for power factors of 0.8 
lagging, 1.0, and O. S teading. 

(e) Sketch the per-unit equivalent circuit of this transformer. 
2- 14. A 13.8-kV, single-phase generator supplies power to a load through a transmission 

line. The load's impedance is Zload = 500 L 36.87°n , and the transmiss ion line's im
pedance is Z line = 60 L 600 f1.. 

60L 60"!"! 

500L 36.S7'!"! 

(a) 

1:10 10:1 
• • • • 

Va= 13.8L O'kV 

TJ T2 

(b) 

FIGURE 1'2--3 
Cjrcuils for Problem 2-14: (a) without transrormers and (b) wi th rransfonners. 

(a) If the generator is directly connected to the load (Figure P2-3a), what is the ra

tio of the load voltage to the generated vOltage? What are the transmission 
losses of the system? 

(b) What percentage of the power supplied by the source reaches the load (what is 
the efficiency of the transmission syste m)? 

(c) If a 1: 10 step-up u·ansformer is placed at the output of the generator and a 10:1 
transformer is pJaced at the load end of the transmission line, what is the new 
ratio of the load voltage to the generated vOltage? What are the transmission 
losses of the system now? (Note: The transformers may be assumed to be ideal.) 

(d) What percentage of the power supplied by the source reaches the load now? 
(e) Compare the effic iencies of the transmission system with and wi thout 

transformers. 

( 
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2-15. An autotransformer is used to connect a 12.6-kV distribution line to a 13.8-kV dis
tribution line. It mllst be capable of handling 2000 kYA. There are three phases, con
nected Y - Y with their neutrals solidly grounded. 
(a) What must the NclNsE turns ratio be to accomplish this connection? 
(b) How much apparent power must the windings of each autotransformer handle? 
(c) What is the power advantage ofthi5 autotransformer system? 
(d) If one of the autotransformers were reconnected as an ordinary transformer, 

what would its ratings be? 

2-16. Prove the following statement: If a transformer having a series impedance Zeq is con
nected as an autotransformer, its per-unit series impedance Z~q as an autotransfonner 
will be 

I _ NSE 
Zeq - N + N Zeq 

SE C 

Note that this expression is the reciprocal of the autotransformer power advantage. 

2-17. A 10-kVA, 4801l20-V conventional transformer is to be used to supply power from 
a 600-V source to a 120-V load. Consider the transformer to be ideal, and assume 
that all insulation can handle 600 V. 
(a) Sketch the transformer connection that will do the required job. 
(b) Find the kilovoltampere rating of the transformer in the configuration. 
(c) Find the maximum primary and secondary currents under these conditions. 

2-18. A lO-kVA, 480/120-V conventional transformer is to be used to supply power from 
a 600-V source to a 480-V load. Consider the transformer to be ideal, and assume 
that all insulation can handle 600 V. 
(a) Sketch the transformer connection that will do the required job. 
(b) Find the kilov01tampere rating of the transformer in the configuration. 
(c) Find the maximum primary and secondary currents under these conditions. 
(d) The transformer in Problem 2-18 is identical to the transformer in Problem 

2-17, but there is a significant difference in the apparent power capability of the 
transformer in the two situations. Why? What does that say about the best cir
cumstances in which to use an autotransformer? 

2-19. Two phases of a 14.4-kV, three-phase distribution line serve a remote rural road (the 
neutral is also available). A farmer along the road has a 480 V feeder supplying 
200 kW at 0.85 PF lagging of three-phase loads, plus 60 kW at 0.9 PF lagging of 
single-phase loads. The single-phase loads are distributed evenly among the three 
phases . Assuming that the open-Y - open-8 connection is used to supply power to his 
farm, find the voltages and currents in each of the two transformers. Also find the real 
and reactive powers supplied by each transformer. Assume the transformers are ideal. 
What is the minimum required kVA rating of each transformer? 

2-20. A SO-kVA, 20,000/480-V, 60-Hz, single-phase distribution transformer is tested 
with the following results: 

Open-circuit test 
(measured from secondary side) 

Voc=480V 

Ioc =4.1A 

Poe = 620W 

Short-circuit test 
(measured from primary side) 

Vse = 1130 V 

Isc = 1.30A 

Pse = 550W 
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(a) Find the per-unit equivalent circuit for this transfonner at 60 Hz. 
(b) What is the efficiency of the transformer at rated conditions and unity power 

factor? What is the voltage regulation at those conditions? 
(c) What would the rating of this transformer be if it were operated on a 50-Hz 

power system? 
(d) Sketch the equivalent circuit of this transformer referred to the primary side if it 

is operating at 50 Hz. 
(e) What is the efficiency of the transformer at rated conditions on a SO-Hz 

power system, with unity power factor? What is the voltage regulation at 
those conditions? 

(f) How does the efficiency of a transformer at rated conditions and 60 Hz compare 
to the same physical device running at 50 Hz? 

2-21. Prove that the three-phase system of voltages on the secondary of the Y - 6.. trans
former shown in Figure 2-37b lags the three-phase system of voltages on the 
primary of the transformer by 30°. 

2-22. Prove that the three-phase system of voltages on the secondary of the 6..-Y trans
former shown in Figure 2-37c lags the three-phase system of voltages on the 
pIimary of the transformer by 30°. 

2-23. A single-phase, lO-kVA, 480/120-V transformer is to be used as an autotransformer 
tying a 600-V distribution line to a 480-V load. When it is tested as a conventional 
transformer, the following values are measured on the primary (480-V) side of the 
transformer: 

Open-circuit test 
(measured on secondary side) 

Voe = 120 V 

foe = 1.60 A 

Poe = 38W 

Short-circuit test 
(measured on primary side) 

Vse = 10.0 V 

lse = 10.6 A 

Pse = 25W 

(a) Find the per-unit equivalent circuit of tills transformer when it is connected in the 
conventional manner. What is the efficiency of the transformer at rated condi
tions and unity power factor? What is the voltage regulation at those conditions? 

(b) Sketch the transfonner connections when it is used as a 600/480-V step-down 
autotransformer. 

(c) What is the kilovoltampere rating of this transformer when it is used in the au
totransformer connection? 

(d) Answer the questions in (a) for the autotransformer connection. 
2-24. Figure P2-4 shows a one-line diagram of a power system consisting of a three

phase, 4S0-V, 60-Hz generator supplying two loads through a transmission line with 
a pair of transformers at either end. (NOTE: One-line diagrams are described in 
Appendix A, the discussion of three-phase power circuits .) 
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Generator Tl T2 

480 Y 

480/14,400 Y 
1000kYA 
R = 0.010 pu 
X = 0.040 pu 

Line 
ZL = 1.5 + j IOn 14,400/480 Y 

500 kYA 
R = 0.020 pu 
X = 0.085 pu 

ZLoad I = 
0.45L36.87°Q 

Y - connected 

ZLoad 2 = 

- jO.8Q 
Y - connected 

FIGUREP2-4 
A one-line diagram of the power system of Problem 2- 24. Note that some impedance values are 
given in the per-unit system, while others are given in ohms. 

(a) Sketch the per-phase equivalent circuit of this power system. 
(b) With the switch opened, find the real power P, reactive power Q, and apparent 

power S supplied by the generator. What is the power factor of the generator? 
(c) With the switch closed, find the real power P, reactive power Q, and apparent 

power S supplied by the generator. What is the power factor of the generator? 
(d) What are the transmission losses (transformer plus transmission line losses) in 

this system with the switch open? With the switch closed? What is the effect of 
adding Load 2 to the system? 
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CHAPTER 

3 
AC MACHINERY 
FUNDAMENTALS 

LEARNING OBJECTIVES 

Learn how to generate an ac voltage in a loop rotating in a uniform magnetic 
field. 

Learn how to generate torque in a loop carrying a current in a unifonn mag
netic field. 

Learn how to create a rotating magnetic field from a three-phase stator. 

Understand how a rotating rotor with a magnetic field induces ac voltages in 
stator windings. 

Understand the relationship between electrical frequency, the number of 
poles, and the rotational speed of an electrical machine. 

Understand how torque is induced in an ac machine. 

Understand the effects of winding insulation on machine lifetimes. 

Understand the types oflosses in a machine, and the power flow diagram. 

Ac machines are generators that convert mechanical energy to ac electrical energy 
and motors that convert ac electTical energy to mechanica1 energy. The funda
mental principles of ac machines are very simple, but unfortunately, they are 
somewhat obscured by the complicated construction of real machines. This chap
ter will first explain the principles of ac machine operation using simple exam
ples, and then consider some of the comp1ications that occur in real ac machines. 

There are two major classes of ac machines-synchronous machines and in
duction machines. Synchronous machines are motors and generators whose mag
netic field current is supplied by a separate dc power source, while induction ma
chines are motors and generators whose field current is supplied by magnetic 
induction (transfOlmer action) into their field windings. The field circuits of most 
synchronous and induction machines are located on their rotors. This chapter covers 

152 
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some of the fundamentals common to both types of three-phase ac machines. Syn
chronous machines will be covered i n detail in Chapters 4 and 5, and induction 
machines will be covered in Chapter 6 . 

3,1 A SIMPLE LOOP IN A UNIFORM 
MAGNETIC FIELD 

We will start our study of ae machines wi th a simple loop of wire rotating within a 
uniform magnetic fie ld. A loop of wire in a uniform magnetic field is the simplest 
possible machine that produces a sinusoidal ae voltage. This case is not representa
tive of real ae machines, since the flux in real ae machines is not constant in either 
magnitude or direction. However, the factors that control the voltage and torque on 
the loop will be the same as the factors that control the voltage and torque in real ac 
machines. 

Figure 3-1 shows a simple machine consisting of a large stationary magnet 
producing an essentially constant and uniform magnetic field and a rotating loop 
of wire with in that field. The rotating part of the machine is called the rotor, and 
the stationary part of the machine is called the stator. We will now determine the 
vol tages present in the rotor as it rotates within the magnetic field. 

The Voltage Induced in a Simple Rotating Loop 

If the rotor of this machine is rotated, a voltage will be induced in the wire loop. 
To determine the magni tude and shape of the voltage, examine Figure 3- 2. The 
loop of wire shown is rectangular, with sides ab and cd perpendicular to the plane 
of the page and with sides be and da parallel to the plane of the page. The mag
netic field is constant and uniform, pointing from left to right across the page. 

N s 

----' ---------------------il- '----- -

B is a uniform magnetic 
field, aligned as shown. 

(al 

FIGURE 3-1 
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A simple rotating loop in a uni form magnetic field. (a) Front view; (b) view of coil. 
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(a) (b) (e) 

FIGURE 3-2 
(a) Velocities and orientations of the sides of the loop with respect to the magnetic field. (b) The 
direction of motion with respect to the magnetic field for side abo (c) The direction of motion with 
respect to the magnetic field for side cd. 

To determine the total voltage etO! on the loop, we will examine each seg
ment of the loop separately and sum all the resulting voltages. The voltage on ( 
each segment is given by Equation (1-45): 

eind = (v x B) • I (1-45) 

1. Segment abo In this segment. the velocity of the wire is tangential to tl,e path of 
rotation, while the magnetic field B points to the right, as shown in Figure 3-2b. 
The quantity v X B points into the page, which is the same direction as seg
ment abo Therefore, the induced voltage on this segment of the wire is 

e"a = (v x B ) • I 

= vBl sin (Jab into the page (3- 1) 

2. Segment be. In the fIrst half of this segment. the quantity v x B points into the 
page, and in the second half of this segment, the quantity v x B points out of the 
page. Since the length 1 is in the plane of the page, v x B is perpendicular to 1 for 
both portions of the segment. Therefore the voltage in segment be will be zero: 

(3- 2) 

3. Segment cd. In this segment, the velocity of the wire is tangential to the path of 
rotation, while the magnetic fIeld B points to the right, as shown in Figure 3-2c. 
The quantity v x B points into the page, which is the same direction as seg
ment cd. Therefore, the induced voltage on this segment of the wire is 

ede = (v x B) • I 

= vEL sin (Jed out of the page (3-3) 

4. Segment da. Just as in segment be, v x B is perpendicular to 1. Therefore the 
voltage in this segment will also be zero: 

eod ~ 0 (3-4) 



( 

( 

I-I.\.... IV.l t-\\.... 1 11 )'1/.:. 1\. 1 l 'U ) '1UHIVIL)'1 I J-\ L .:> .J..-'-' 

e, radians 

3n: 
T 

2n n 
"2 

FIGURE 3-3 
Plot of e ind versus 8. 

The total induced voltage on the loop eind is the sum of the voltages on each of its 
sides: 

= vBI sin Bah + vBI sin Bcd (3- 5) 

Note that Bab = 1800 
- Bcd' and recall the trigonometric identity sin B = si n 

(1800 - B). Therefore, the induced voltage becomes 

eiad = 2vBl sin B (3- 6) 

The resulting voltage eiml is shown as a function of time in Figure 3- 3. 
There is an altemative way to express Equation (3-6), which dearly relates 

the behavior of the single loop to the behavior of larger, real ac machines. To de
rive this alternative expression, examine Figure 3-1 again. If the loop is rotating 
at a constant angular velocity w, then angle e of the loop will increase linearly 
with time. In other words, 

B = wt 

Also, the tangential velocity v of the edges of the loop can be expressed as 

v = rw (3-7) 

where r is the radius from axis of rotation out to the edge of the loop and w is the an
gular velocity of the loop. Substituting these expressions into Equation (3- 6) gives 

eind = 2rwBI sin wt (3- 8) 

Notice also from Figure 3-lb that the area A of the loop is just equal to 2rl. 
Therefore, 

eind = ABu> sin wt (3-9) 
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B is a uniform magnetic field, aligned as shown. The x in 
a wire indicates current flowing into the page, and the. in 

a wire indicates current flowing out of the page. 

(a) 

FIGURE 3- 4 

d 

o 

(b) 

A current-carrying loop in a uniform magnetic fie ld. (a) Front view; (b) view of coil. 

r 

a 

Finally, note that the maximum flux through the loop occurs when the loop is per
pendicular to the magnetic flux density lines. This flux is just the product of the 
loop's surface area and the flux density through the loop. 

"'m~ = AB 

Therefore, the fi nal form of the voltage equation is 

I eilld = 4Jmaxw sin wt I 

(3-10) 

(3-11 ) 

Thu s, the voltage generated in the loop is a sinusoid whose magnitude is 
equalLO the product of the flux inside the machine and the speed of rotation of the 
machine. This is also true of real ac machines. In general, the voltage in any real 
machine will depend on three factors: 

1. The flux in the machine 

2. The speed of rotation 

3. A constant representing the construction of the machine (the number of loops, etc.) 

The Torque Induced in a Current-Carrying Loop 

Now assume that the rotor loop is at some arbitrary angle 8 with respect to the 
magnetic field, and that a current i is flowing in the loop, as shown in Figure 3-4. 
If a current flows in the loop, then a torque will be induced on the wire loop. To 
determine the magnitude and direction of the torque, examine Figure 3-5. The 
force on each segment of the loop will be given by Equation (1-43), 

where 

F = i(1 x B) (1-43) 

i = magnitude of current in the segment 

I = length of the segment, with direction of I defined to be in the 
direction of current flow 

B = magnetic flux density vector 

( 
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I into page 

F~ ~ r , F into page B 

!bc=O 

(al (b) 

~ 
l out of page B 

r , F out of page 

~ 
trill = 0 

(e) (d ) 

FIGURE 3-5 
(a) Deri vation of force and torque on segment ab o (b) Derivation of force and torque on segment be. 
(c) Derivation of force and torque on segment cd. (d) Derivation of force and torque on segment da. 

The torque on that segment will then be given by 

T = (force applied) (perpendicular distance) 

= (F) (r sin 8) 

=rFsin8 (1- 6) 

where 8 is the angle between the vector r and the vector F. The direction of the 
torque is c10ckwise if it would tend to cause a clockwise rotation and counter
clockwise if it would tend to cause a counterclockwise rotation. 

1. Segment abo In this segment, the direction of the current is into the page, while 
the magnetic field B points to the right, as shown in Figure 3-5a. The quantity 
I x B points down. Therefore, the induced force on this segment of the wire is 

The resulting torque is 

F = ;(1 x B) 

= itB down 

To. = (F) (r sin 8,.) 

= rilB sin Bab clockwise (3-12) 

2, Segment be. In this segment, the direction of the current is in the plane of the 
( page, while the magnetic field B points to the right, as shown in Figure 3-5b. 

The quantity I x B points into the page. Therefore, the induced force on this 
segment of the wire is 

F = ;(1 x B) 

= itB into the page 
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For this segment, the resulting torque is 0, since vectors r and I are parallel 
(both point into the page), and the angle ebc is O. 

Tbe = (F) (r sin eob) 

=0 (3-13) 

3. Segment cd. In this segment, tile direction of the current is out of the page, while 
the magnetic field B points to the right, as shown in Figure 3-5c. The quantity 
I X B points up, Therefore, the induced force on this segment of the wire is 

F = i(l x B) 

= iiB up 

The resulting torque is 

Ted = (F) (r sin eed) 

= rilB sin e"d clockwise (3- 14) 

4. Segment da, In this segment, the direction of the current is in the plane of the ( 
page, while the magnetic field B points to the right, as shown in Figure 3-5d. 
The quantity 1 x B points out of the page. Therefore, the induced force on 
this segment of the wire is 

F = i(l x B) 

= ilB out of the page 

For this segment, the resulting torque is 0, since vectors r and I are parallel 
(both point out of the page), and the angle e do is O. 

Tda = (F) (r sin ()da) 

=0 (3-15) 

The total induced torque on the loop Tind is the sum of the torques on each of 
its sides: 

= rilB sin Bah + rilB sin Bed 

Note that Bah = Bcd' so the induced torque becomes 

Tind = 2rilB sin () 

(3-16) 

(3-17) 

The resulting torque Tind is shown as a function of angle in Figure 3- 6. Note that 
the torque is maximum when the plane of the loop is parallel to the magnetic field, 
and the torque is zero when the plane of the loop is perpendicular to the mag
netic field. 

There is an alternative way to express Equation (3-17), which clearly re
lates the behavior of the single loop to the behavior of larger, real ac machines. To 
derive this altemative expression, examine Figure 3-7. If the current in the loop is 
as shown in the figure, that current will generate a magnetic flux density Bloop with 
the direction shown. The magnitude of Bloop will be 
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FIGURE 3-6 
Plot of 'TjJld versus 8. 
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FIGURE 3-7 
Deri vation of the induced torque equation. 
(a) The current in the loop produces a 
magnetic flux density BlOOP perpendicular to 
the plane of the loop; (b) geometric 
relationship between BlOOp and Bs. 

_Mi. 
B,oop - G 

where G is a factor that depends ou the geometry of the loop. ' Also, note that the 
area of the loop A is just equal to 2rl. Substituting these two equations into Equa
tion (3-17) yields the result 

Tind = A: B loop Bs sin () 

= kB'oopBs sin 0 

(3-18) 

(3-19) 

where k = AGIJ1- is a factor depending on the construction of the machine, Bs is used 
for the stator magnetic field to distinguish it from the magnetic field generated by the 
rotor, and f) is the angle between BlOOp and Bs. The angle between B lOOP and Bs can be 
seen by trigonometric identities to be the same as the angle B in Equation (3-17). 

Both the magnitude and the direction of the induced torque can be deter
mined by expressing Equation (3-19) as a cross product: 

Tind = kB lOOP X B s I (3-20) 

lIf the loop were a circle, then G = 2r, where r is the radius of the circle, so BlOOp = }J.i/2r. For a rec
tangular loop, the value of G will vary depending on the exact length-ta-width ratio of the loop. 
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Applying this equation to the loop in Figure 3-7 produces a torque vector into the 
page, indicating that the torque is clockwise, with the magnitude given by 
Equation (3-19). 

Thus, the torque induced in the loop is proportional to the strength of the 
loop's magneticjield, the strength afthe external magnetic field, and the sine of 
the angle bef'rveen them. This is also true of real ac machines. In general, the 
torque in any real machine will depend on four factors: 

1. The strength of the rotor magnetic field 

2. The strength of the external magnetic field 

3. The sine of the angle between them 

4. A constant representing the construction of the machine (geometry, etc.) 

3.2 THE ROTATING MAGNETIC FIELD 

In Section 3.1, we showed that if two magnetic fields are present in a machine, . 
then a torque will be created which will tend to line up the two magnetic fields. If ' 
one magnetic field is produced by the stator of an ac machine and the other one is 
produced by the rotor of the machine, then a torque will be induced in the rotor 
which will cause the rotor to turn and align itself with the stator magnetic field. 

If there were some way to make the stator magnetic field rotate, then the in
duced torque in the rotor would cause it to constantly "chase" the stator magnetic field 
around in a circle. This, in a nutshell, is the basic principle of all ac motor operation. 

How can the stator magnetic field be made to rotate? The fundamental prin
ciple of ac machine operation is that if a three-phase set of currents, each of equal 
magnitude and differing in phase by 120°, flows in a three-phase winding, then it 
will produce a rotating magnetic field of constant magnitude. The three-phase 
winding consists of three separate windings spaced 120 electrical degrees apart 
around the surface of the machine. 

The rotating magnetic field concept is illustrated in the simplest case by an 
empty stator containing just three coils, each 120 0 apart (see Figure 3-8a). Since 
such a winding produces only one north and one south magnetic pole, it is a two
pole winding. 

To understand the concept of the rotating magnetic field, we will apply a set 
of currents to the stator of Figure 3- 8 and see what happens at specific instants of 
time. Assume that the currents in the three coils are given by the equations 

iaa' (t) = 1M sin wt A 

ibb' (t) ~ 1M sin (wt - 120') 

icc, (t) ~ 1M sin (wt - 240°) 

A 

A 

(3- 21a) 

(3-21b) 

(3-21e) 

The cun-ent in coil aa' flows into the a end of the coil and out the a' end of 
the coil. It produces the magnetic field intensity 

A - turns/m (3-22a) 
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(a) A simple three·phase stator. Cun<!nts in this stator are assumed positi ve if they flow into the 
unpri med end and Oll t the primed end of the coils. The magnetizing intensities produced by each co il 
are also shown. (b) The magnetizing intensity vector H an' (t) produced by a current flowing in coil aa ' . 

where 0° is the spatial angle of the magnetic field intensity vector, as shown in 
Figure 3-8b. The direction of the magnetic field intensity vector "aAt) is given 
by the right-hand rule: If the fingers of the right hand curl in the direction of the 
current flow in the coil , then the resulting magnetic field is in the direction that the 
thumb points. Notice that the magnitude of the magnetic fi eld intensity vector 
H aAt) varies sinusoidally in time, but the direction of 8 (/(/, (1) is always constant. 
Similarly, the magnetic field intensity vectors " w(t) and " ,,-et) are 

" bb' (t) = H M sin (wt - 120') L 120' A· turns / m (3-22b) 

" ",(t) = H M sin (wt - 240') L 240° A· turns / m (3-22c) 

The fl ux densities resulting from these magnetic field intensities are given 
by Equation (1- 21): 

They are 
B = /L" 

B,, ' (t) = BM sin wt L 0° T 

Bbb' (t) = BM sin (wt - 120°) L 120' 

Bee' (I) = 8 M sin (wI - 240') L 2400 

T 

T 

(l- 2J) 

(3-23a) 

(3- 23b) 

(3-23c) 

where BM = J1HM' The currents and their corresponding flux densities can be ex
amined at specific times to determine the resulting net magnetic field in the stator. 

I. 
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For example, at time wt = 0°, the magnetic field from coil aa' will be 

Baa ' = 0 

The magnetic field from coil bb' will be 

Bbb' = BM sin (-120°) L 120° 

and the magnetic field from coil cc' will be 

B,,' = BM sin (-240°) L 240° 

The total magnetic field from all three coils added together will be 

= 0 + (- V3 B ) L 120° + (V3 B ) L240° 2 M 2 M 

(3- 24a) 

(3-24b) 

(3-24c) 

= (1' BM) [-(cos 120°" + sin 1200y)+(cos 240°" + sin 2400 y)] 

= (1'BM)(~ ,,-1' y- ~X -1' Y) 

= (1' BM) (-V3y) 

= - L5BM y 
= LSBM L-900 

where x is the unit vector in the x direction, andy is the unit vector in the y direc
tion in Figure 3-8 . The resulting net magnetic field is shown in Figure 3-9a. 

As another example, look at the magnetic field at time wI = 90°, At that 
time, the currents are 

iaa' = 1M sin 90 0 A 
ibb' = 1M sin (_30°) A 

icc' = 1M sin (-150°) A 

and the magnetic fields are 

Baa' = BM L 0° 

Bbb' = -0,5 BM L 120° 

Bee' = - 0,5 BM L 2400 

. The resulting net magnetic field is 

= B L 0° + (~l B ) L 120° + (~l B ) L 240° 
M 2 M 2 M 

( 



( 

AC MACHINERY FUNDAMENTALS 163 

y 

(a) 

FIGURE 3-9 

B~c' 

~B'" r 
Bbb , 

(b) 

(a) The vector magnetic fi eld in a stator at time wt = 0°. (b) The vector magnetic field in a stator at 
time wt= 90°. 

~ BM (i -! X - v:; y -! X - v:; y ) 

~ (v:; BM) (-v'3 y) 

~ -~BMY 
~ l.SBM L - 900 

The resulting magnetic field is shown in Figure 3- 9b. Notice that although the di
rection of the magnetic fie1d has changed, the magnitude is constant. The mag
netic field is maintaining a constant magnitude while rotating in a coun terclock
wise direction. 

Proof of the Rotating Magnetic Field Concept 

At any time t, the magnetic fie ld will have the same magnitude l.SBM , and it will 
continue to rotate at angular ve locity w. A proof of this statement for all time t is 
now gIven. 

Refer again to the stator shown in Figure 3-8. In the coordinate system 
shown in the figure, the x direction is to the right and the y direction is upward. 
The vector x is the unit vector in the horizontal direction, and the vector y is the 
unit vector in the vertical direction. To find the total magnetic flux density in the 
stator, simply add vectorially the three component magnetic fields and determine 
their sum. 
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The net magnetic flux density in the stator is given by 

Bo"Ct) = B,,' Ct) + Bbb' (I) + Bee' (t) 

= EM sinwt L O' + EM sin (wt - 120') L 120' + EM sin (wt- 240°) L 2400T 

Each of the three component magnetic fields can now be broken down into its x 
and y components, 

Bo,,(t) = EM sin wtx 

- [O,sEM sin (wt - 1200)]x + ['7 EM sin (wt - 120 0 )]y 
- [O,sEM sin (wt - 2400)]x - ['7 EM sin (wt - 240')]Y 

Combining x and y components yields 

B,,,Ct) = [EM sin wt - O,sEM sin (wt - 120') - O,sEM sin (wt - 240')] x ( 

+ ['7 EM sin (wt - 120°) - '7 EM sin (wt - 240 0 )]y 
By the angle-addition trigonometric identities, 

B () [E ' IE' V3B IE' V3E ], 
net t = M sm wt +"4 M sm wt + 4 III cos wt +"4 M sm wt ~ 4 M cos wt X 

[ V3E ' 3E V3B ' 3E ], + -4 M sm wt - "4 M cos wt + 4 )\iI sm wt -"4 M cos wt Y 

I B,N(t) = (L sEM sin wt)x - (LsEM cos wt)yl (3- 25) 

Equation (3-25) is the final expression for the net magnetic flux density, Notice 
that the magnitude of the field is a constant 1.5BM and that the angle changes con
tinually in a counterclockwise direction at angular velocity w. Notice also that at 
wt = 0°, Bne! = 1.5BM L. _90° and that at wt = 90°, B ne! = 1.5BM L. 0°. These re
sults agree with the specific examples examined previously. 

The Relationship between Electrical Frequency 
and the Speed of Magnetic Field Rotation 

Figure 3-10 shows that the rotating magnetic field in this stator can be represented 
as a n0l1h pole (where the flux leaves the stator) and a south pole (where the flux 
enters the stator). These magnetic poles complete one mechanical rotation around 
the stator surface for each electrical cycle of the applied current Therefore, the 
mechanical speed of rotation of the magnetic field in revolutions per second is 
equal to the electric frequency in hertz: 

f,e = Ism two poles 

Wse = W~m two poles 

(3- 26) 

(3-27) 
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FIGURE 3-10 
The rotating magnetic fi eld in a stator 
represented as moving north and south stator 
po les. 

Here!sm and Wi>'lll are the mechanical speed of the stator magnetic fie lds in revolu
tions per second and radians per second, while f~c and wse are the electrical fre
quency of the stator currents in heltz and radians per second. 

Notice that the windings on the two-pole stator in Figure 3- I 0 occur in the 
order (taken counterclockwise) 

a-c' -b-a' -c-b' 

What would happen in a stator if this pattern were repeated twice within it? 
Figure 3-11a shows such a stator. There, the pattern of windings (taken counter
clockwise) is 

a-c' -b-a' -c-b' -a-c' -b-a' -c-b' 

which is just the pattern of the previous stator repeated twice. When a three-phase 
set of cunents is applied to this stator, two nord1 poles and two south poles are pro
duced in the stator winding, as shown in Figure 3- Ub. In th is winding, a pole 
moves only hal fway around the stator surface in one electrical cycle. Since one 
electrical cycle is 360 electrical degrees, and since the mechanical motion is 180 
mechanical degrees, the relationship between the stator electrical angle esc and the 

mechanical angle eJ'111 in this stator is 

(3--28) 

Thus for the four-pole winding, the electrical frequency of the current is twice the 
mechanical frequency of rotation: 

fse = 2fsIIl four poles 

wse = 2wsm four poles 

(3-29) 

(3-30) 

• 
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FIGURE 3-11 
(a) A simple four-pole stator winding. (b) The resulting stator magnetic poles. Notice that there are 
moving poles of alternating polarity every 90° around the stator surface. (c) A winding diagram of 
the stator as seen from its inner surface, showing how the stator currents produce north and south 
magnetic poles. 

In general, if the number of magnetic poles on an ac machine stator is P, then 
there are PI2 repeti tions of the winding sequence a-c' -b-a' -c-b' around its inner 
surface, and the electrical and mechanical quantities on the stator are related by 

(3-31) 

( 
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(3- 32) 

I w" = ~ W'm I (3- 33) 

Also, noting thathm = ns1IJ60, it is possible to relate the electrical frequency of the 
stator in hertz to the resulting mechanical speed of the magnetic fields in revolu
tions per minute. This relationship is 

Reversing the Direction of Magnetic 
Field Rotation 

(3-34) 

Another interesting fact can be observed about the resulting magnetic field. If the 
current in any two of the three coils is swapped, the direction of the magnetic 
field 's rotation will be reversed. This means that it is possible to reverse the direc
tion of rotation of an ac motor just by switching the connections on any two of the 
three coi ls. This resul t is verified below. 

To prove that the direction of rotation is reversed, phases bb' and ee' in Fig
ure 3- 8 are switched and the resulting flux density B nel is calculated. 

The net magnetic flux density in the stator is given by 

B",(t) = B,,,, (t) + Bbb" (t) + Bee' (t) 

= BM sin wt L 0° + BMs in (wt-2400) L 120° + BM sin (wt- 120°) L 240"T 

Each of the three component magnetic fields can now be broken down into its x 
and y components: 

Bnet(t) = B M sin wt x 

- [O .5BM sin (wt - 2400)]x + [1" BM sin (wt - 2400)h, 
- [O.5BM sin (wt - 1200)]x - [1" BM sin (wt - 1200)15' 

Combining x and y components yields 

Boom = [B" sin wt - 0.5BM sin (wt - 240°) - 0.5B" sin(wt - 1200]x 

+ [1" BM sin (wt - 240°) - 1" BM sin (wt - 1200)15' 

By the angle-addition trigonometric identities, 

B () [B · l B · V3B lB· V3B 1, 
net t = M Sin wt + '4 M Sill wt - 4 M cos wt + '4 M sm wt + 4 M cos wt X 

+ [- 1BMsin wt + ~BMCOS wt + 1BMsin wt + ~BMCOS wtly 
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B eelCt) = e1. 5BM sin wt)>: + e1.5BM cos wt)y (3- 35) 

This time the magnetic field has the same magnitude but rotates in a clock
wise direction. Therefore, switching the currents in two stator phases reverses the 
direction of magnetic field rotation in an ac machine. 

Example 3- 1. Create a MATLAB program that models the behavior of a rotating 
magnetic field in the three-phase stator shown in Figure 3- 9. 

Solution 
The geometry of the loops in this stator is fixed as shown in Figure 3- 9. The currents in the 
loops are 

iaa' (t) = 1M sin wt A 

i", (t) = IM sin (wt -120') 

icc, (t) = 1M sin (wt - 240') 

and the resulting magnetic flux densities are 

Baa' (t) = BM sin wt L O° T 

A 

A 

Bw (t) = BM sin (wt - 120' ) L 120' 

B oo' (t ) = BM sin (wt - 240') L240' 

¢> = 2rlB = dlB 

T 

T 

(3- 21a) 

(3- 21b) 

(3- 21e) 

(3-23a) 

(3-23b) 

(3- 23e) 

A simple MATLAB program that plots B aa" Bbb', B ec" and Boet as a function of time is 
shown below: 

% M- f i l e : mag_ field m 
% M- f i l e t o c a lcul a t e the net magn e t i c f i e ld p r ocuced 
% by a three-pha se s t ato r . 

% Se t up the basi c condi t ions 
bmax ::: 1; 
freq ::: 60; 
w ::: 2 *pi *freq ; 

% Norma lize bmax to 1 
% 60 Hz 
% a ngul a r velocity (rad/ s) 

% First, genera t e the three component ma gne t i c fields 
t 0:1/6000:1 / 60 ; 
Baa si n( w* t ) . * (cos{O) + j *sin{O )); 
Bbb s i n (w* t - 2* p i !3). * (cos (2*p i/ 3) + j* sin (2 *pi!3 )); 
Bee s i n( w*t+2 *p i/3).* ( cos( - 2*pi/3) + j* s in{ - 2*pi / 3 )); 

% Cal c ul ate Bnet 
Bnet = Ba a + Bb b + Bee; 

% Cal culate a ci r cl e r epresenting t h e expec t ed maXl ffium 

% value of Bne t 
circ l e = 1 . 5 * (cos{w*t) + j*sin (w*t)); 
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% plot the magnitude and di rection of t he result ing magnetic 
% fi elds . Note that Baa is black , Bbb is b lue , Be e is 
% magenta , a nd Bnet is red. 
for ii = l : lengt h(t) 

% plot the reference ci rcle 
p lot (circle, ' k') ; 
hold on i 

% plot the four magne ti c f ields 
plot ( [ 0 r eal (Baa (ii») J ,[0 imag(Baa (ii ) ) J , Tk ', 'LineWidth ', 2) ; 
p lot ( [ 0 real (Ebb (ii) )] , [0 i ma g (Ebb ( ii ) ) ] , ' b ' , 'Line Width' , 2) i 

p lot ([0 real (Bee (iil)] , [ 0 i mag (Bee ( i i»] , ' m', ' LineWidth ' , 2) i 

p lot ([0 real (Bnet (ii) )] , [0 imag{Bn et ( ii »] , ' r ' . 'LineWidth', 3 ); 
axis square ; 
axi s ( [ -2 2 - 2 2 ) ; 

drawnow; 
hold off; 

end 

When this program is executed, it draws lines corresponding to the three component mag
netic fields as well as a line corresponding to the net magnetic field. Execute this program 
and observe the behavior of Bo~ [ ' 

3.3 MAGNETOMOTIVE FORCE AND FLUX 
DISTRIBUTION ON AC MACHINES 

In Section 3.2, the flux produced inside an ac machine was treated as if it were in 
free space. The direction of the flux density produced by a coil of wire was as
sumed to be perpendicular to the plane of the coil, with the direction of the flux 
given by the right-hand rule. 

The flux in a reaL machine does not behave in the simple manner assumed 
above, since there is a ferromagnetic rotor in the center of the machine, with a 
small air gap between the rotor and the stator. The rotor can be cylindrical, like the 
one shown in Figure 3- 12a, or it can have pole faces projecting out from its 
surface, as shown in Figure 3-12h. If the rotor is cylindrical, the machine is said 
to have nOl1salient poles; if the rotor has pole faces projecting out from it, the 
machine is said to have salient poles . Cylindrical rotor or non salient-pole ma
chines are eas ier to understand and analyze than salient-pole machines, and this 
discussion will be restricted to machines with cylindrical rotors. Machines with 
salient poles are discussed briefly in Appendix C and more extensively in 
References 1 and 2. 

Refer to the cylindrical-rotor machine in Figure 3-12a. The reluctance of 
the air gap in this machine is much higher than the reluctances of either the rotor 
or the stator. so the fl ux density vector B takes the shortest possible path across 
the air gap and jumps perpendicularly between the rotor and the stator. 

To produce a sinusoidal voltage in a machine like this, the magnitude of the 
flux density vector B must vary in a sinusoidal manner along the surface of the air 
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(a) (b) 

FIGURE 3-12 
(a) An ac machine with a cylindrical or nonsalient-pole rotor. (b) An ac machine with a salient-pole 
rotor. 

gap. The flux density will vary sinusoidally only if the magnetizing intensity H 
(and magnetomotive force 2}P) varies in a sinusoidal manner along the surface of 
the air gap (see Figure 3-13). 

The most straightforward way to achieve a sinusoidal variation of magneto
motive force along the surface of the air gap is to distribute the turns of the wind
ing that produces the magnetomotive force in closely spaced slots around the 
surface of the machine and to vary the number of conductors in each slot in a 
sinusoidal manner. Figure 3-14a shows such a winding, and Figure 3-14b shows 
the magnetomotive force resulting from the winding. The number of conductors 
in each slot is given by the equation 

ne = Necosa' (3-36) 

where Ne is the number of conductors at an angle of 0°. As Figure 3-14b shows, 
this distribution of conductors produces a close approximation to a sinusoidal dis
tribution of magnetomotive force. Furthermore, the more slots there are around 
the surface of the machine and the more closely spaced the slots are, the better this 
approximation becomes. 

In practice, it is not possible to distribute windings exactly in accordance 
with Equation (3-36), since there are only a finite number of slots in a real ma
chine and since only integral numbers of conductors can be included in each slot. 
The resulting magnetomotive force distribution is only approximately sinusoidal, 
and higher-order harmonic components wi1l be present. Fractional-pitch windings 
are used to suppress these unwanted harmonic components, as explained in 
Appendix B.!. 

Furthermore, it is often convenient for the machine designer to include 
equal numbers of conductors in each slot instead of varying the number in accor
dance with Equation (3-36). Windings of this type are described in Appendix B.2; 
they have stronger high-order harmonic components than windings designed in 

( 
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FIGURE 3-13 
(a) A cylindrical rotor with sinusoidally varying air-gap flux density. (b) The magnetomotive force or 
magnetizing intensity as a function of angle ain the air gap. (c) The flux density as a function of 
angle a in the air gap. 
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FIGURE 3-14 
(a) An ac machine with a distributed stator winding designed to produce a sinusoidally varying air
gap nux density. The number of conductors in each slot is indicated on the diagram. (b) The 
magnetomotive force distribution resulting from the winding, compmed to an ideal distribution. 

accordance with Equation (3-36). The harmonic-suppression techniques of 
Appendix B. 1 are especially important for such windings. 

3.4 INDUCED VOLTAGE IN AC MACHINES 

Just as a three-phase set of currents in a stator can produce a rotating magnetic 
field, a rotating magnetic field can produce a three-phase set of voltages in the 
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coils of a stator. The equations governing the induced voltage in a three-phase sta
tor will be developed in this section. To make the development easier, we will be
gin by looking at j ust one single-turn coil and then expand the results to a more 
general three-phase stator. 

The Induced Voltage in a Coil 
on a Two-Pole Stator 

Figure 3-15 shows a rotating rotor with a sinusoidall y distributed magnetic 
field in the center of a stationary coil. Notice that this is the reverse of the situ
ation studied in Section 3.1, which in volved a stationary magnetic field and a 
rotating loop. 

We wjll assume that the magnitude of the flux density vector B in the air 
gap between the rotor and the stator varies sinusoidally with mechanical angle, 
whi le the direction of B is always radially outward. This sort of fl ux distribution 
is the ideal to which machine designers aspire. (What happens when they don't 
achieve it is described in Appendix B.2.) If '" is lhe angle measured from the 
direction of the peak rotor flux density, then the magnitude of the flux density 
vector B at a point around the rotor is given by 

B = BM cos a. (3-37a) 

Note that at some locations around the air gap, the flu x density vector will real1 y 
point in toward the rotor; in those locations, the sign of Equation (3-37a) is neg
ative. Since the rotor is itself rotating within the stator at an angular velocity W m' 

the magnitude of the flux density vector B at any angle a around the stator is 
given by 

18 = 8Mcos(wt - a) 1 
The equation for the induced voltage in a wire is 

e = (v x B) • I 

where v = velocity of the wire relative to the magneticjield 

B = magnetic flux density vector 

I = length of conductor in the magnetic field 

(3-37b) 

( 1-45) 

However, this equation was derived for the case of a moving wire in a stationmy 
magnetic field. In this case, the wire is stationary and the magnetic field is mov
ing, so the equation does not directly apply. To use it, we must be in a frame of 
reference where the magnetic field appears to be stationary. If we "sit on the mag
netic field" so that the held appears to be stationary, the sides of the coil will ap
pear to go by at an apparent velocity v reI> and the equation can be applied. Figure 
3- 15b shows the vector magnetic fie ld and velocities from the point of view of a 
stationary magnetic field and a moving wire. 
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FIGURE 3-15 
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(a) A rotating rotor magnetic fie ld inside a stationary stator coil. Detail of coil. (b) The vector 
magnetic flux densities and velocities on the sides of the coil. The velocities shown are from a frame 
of reference in which the magnetic field is stationary. (c) The nux density distribution in the air gap. 
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The total voltage induced in the coil will be the sum of the voltages induced 
in each of its four sides. These voltages are determined below: 

1. Segment abo For segment ab, a = 180°, Assuming that B is directed radially 
outward from the rotor, the angle between v and B in segment ab is 90 0

, 

while the quantity v X B is in the direction ofl, so 

eb" = (v x B) ·1 

= vBI directed out of the page 

= -V[BM cos (w",t - 180")JI 

= -vBMI cos (will - 180°) (3- 38) 

where the minus sign comes from the fact that the voltage is built up with a 
polarity opposite to the assumed polarity. 

( 2. Segment be. The voltage on segment be is zero, since the vector quantity 
v x B is perpendicular to I, so 

eeb = (v x B) • I = 0 (3-39) 

3. Segment cd. For segment cd, the angle a = 0'. Assuming that B is directed 
radially outward from the rotor, the angle between v and B in segment cd is 
90 0

, while the quantity v x B is in the direction ofl , so 

ede = (v x B) • I 

= vEl directed out of the page 

= v(B/I1 cos wmt)L 

= vBMI cos w,) (3-40) 

4. Segment da. The voltage on segment da is zero, since the vector quantity 
v x B is perpendicular to I, so 

ead = (v x B) • I = 0 

Therefore, the total voltage on the coil will be 

Since cos 8 = --{;os (8 - 180'), 

eind = vBMI cos wmt + vBMI cos wmt 

= 2vBMI cos wmt 

(3-41) 

(3-42) 

(3-43) 

Since the velocity of the end conductors is given by v = rffi,m Equation 
(3-43) can be rewritten as 

eind = 2(rwm)BM I cos wmt 

= 2rlBMwm cos w,,/ 
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Finally, the flux passing through the coil can be expressed as '" ~ 2r1B", (see 
Problem 3-9), while Wm = W e = w for a two-pole stator, so the induced voltage 
can be expressed as 

eind = cpw cos wt I (3-44) 

Equation (3-44) describes the voltage induced in a single-turn coil. lfthe coil 
in the stator has N c turns of wire, then the total induced voltage of the coil will be 

I eind = NccPw cos wt I (3-45) 

Notice that the voltage produced in the stator of this simple ac machine 
winding is sinusoidal with an amplitude which depends on the flux 1> in the ma
chine, the angular velocity w of the rotor, and a constant depending on the COl1- ( 

stmction of the machine (Nc in this simple case). This is the same as the result that 
we obtained for the simple rotating loop in Section 3.1. 

Note that Equation (3-45) contains the term cos wt instead of the sin wt 
found in some of the other equations in this chapter. The cosine term has no spe
cial significance compared to the sine-it resulted from our choice of reference 
direction for ex in this derivation. If the reference direction for ex had been rotated 
by 90° we would have had a sin wt term. 

The Induced Voltage in a Three-Phase Set of Coils 

If three coils, each of Ne turns, are placed around the rotor magnetic field as 
shown in Figure 3-16, then the voltages induced in each of them wi1l be the same 
in magnitude but will differ in phase by 120". The resulting voltages in each of the 
three coils are 

FIGURE 3-16 
The production of three-phase voltages from 
three coils spaced 120G apart. 
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e"",(I) = NC <pw sin wI V 

ebb,(t) = Nc <pw sin (WI - 120°) 

e" ,(I) = Nc <pw sin (wI - 240°) 

V 

V 

(3-46a) 

(3-46b) 

(3-46c) 

Therefore, a three-phase set of currents can generate a uniform rotating 
magnetic field in a machine stator, and a uniform rotating magnetjc field can gen
erate a three-phase set of voltages in such a stator. 

The RMS Voltage in a Three-Phase Stator 

The peak voltage in any phase of a three-phase stator of this sort is 

EmM = Nc <Pw 

Since w = 27rf, this equation can also be wri tten as 

Em~ = 27rNc <pf 

Therefore, the rms voltage of any phase of this three-phase stator is 

27r 
EA = \72 Nc<pf 

lEA = V27rNc<pf I 

(3-47) 

(3-48) 

(3-49) 

(3-50) 

The rms voltage at the terminals of the machine will depend on whether the stator 
is Y- or a -connected. J f the machine is Y-connected, then the terminal vol tage will 
be v'3 times EA ; if the machine is fl.-con nected, then the terminal voltage will just 
be equal to EA-

Example 3-2. The following information is known about the simple two-pole 
generator in Figure 3-16. The peak flux density of the rotor magnelic field is 0.2 T, and the 
mechankal rate of rotation of the shaft is 3600 r/m in. The stator diameter of the machine is 
0.5 m, its coi l length is 0.3 m, and there are 15 turns per coil. The machine is Y-connected. 

(a) What are the three phase voltages of the generator as a function of time? 

(b) What is the rms phase voltage of this generator? 
(e) What is the rms terminal voltage of th is generator? 

Solution 
The flux in thi s machi ne is given by 

<p ~ 2rlB = dlB 

where d is the diameter and l is the length of the coi l. Therefore, the flux in the machine is 
given by 

<p ~ (0.5 m)(O.3 m)(0.2 T) = 0.03 Wb 

The speed of the rotor is given by 

w ~ (3600 r/min)(27r rad)(1 minl60 s) ~ 377 radls 
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(a) The magnitudes of the peak phase voltages are thus 

Ernax = N c<Pw 
= (15 turns)(0.03 Wb)(377 radls) = 169.7 V 

and the three phase voltages are 

eo".<t) = 169.7 sin 3771 V 

ebb, (t) = 169.7 sin (377/- 120°) V 

ea,(/) = 169.7 sin (377t - 240°) V 

(b) The rms phase voltage of this generator is 

EA = E;r = 1 6~V = 120V 

(c) Since the generator is V-connected, 

3.5 INDUCED TORQUE IN AN AC MACHINE 

In ac machines under nonnal operating conditions, there are two magnetic fields 
present- a magnetic fi eld from the rotor circuit and another magnetic field from 
the stator circuit. The interaction of these two magnetic fields produces the torque 
in the machine, just as two permanent magnets near each other wi ll experience a 
torque which causes them to line up. 

Figure 3- 17 shows a simplified ac machine with a sinusoidal stator flux dis
tribution that peaks in the upward direction and a single coil of wire mounted on 
the rotof. The stator flux distribution in this machine is 

Bs(a) = Bs sin" (3-51) 

where Bs is the magnitude of the peak flux density; Bs(a) is positive when the flux 
density vector points radially outward from the rotof surface to the stator surface. 
How much torque is produced in the rotor of this simplified ac machine? To find 
out, we will analyze the force and torque on each of the two conductors separately. 

The induced force on conductor 1 is 

F = i(1 x B) 

= ilBs sin ex 

The torque on the conductor is 

'Tind.1 = (r x F) 

= rilBs sin ex 

The induced force on conductor 2 is 

F = i(1 x B) 

= ilBs sin ex 

with direction as shown 

counterclockwise 

with direction as shown 

(1-43) 

(1-43) 

( 
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a 

IB.'J{a)i = BS sin a 

FIGURE 3-17 
A simplified ac machine with a sinusoidal stator flux distribution and a single coil of wire mounted 
in the rotor. 

The torque on the conductor is 

Tind.l = (r x F) 

= rilBs sin a counterclockwise 

Therefore, the torque on the rotor loop is 

I Tind = 2rilB s sin a counterclockwise I (3-52) 

Equation (3-52) can be expressed in a more convenient fmm by examining 
Figure 3-18 and noting two facts: 

1. The current i flowing in the rotor coil produces a magnetic field of its own. 
The direction of the peak of th is magnetic field is given by the right-hand 
rule, and the magnitude of its magnetizing intensity HR is directly propor
tional to the cunent flowing in the rotor: 

HR = Ci (3-53) 

where C is a constant of proportionali ty. 

2. The angle between the peak of the stator flux density Bs and the peak of the 
rotor magnetizing intensity HR is y. Furthermore, 

'Y = 180' - " (3-54) 
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FIGURE 3-18 
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I BR,HR 

r= 180°_ a 

The components magnetic fl ux density inside the machine of Figure 3- 17. 

sin l' ~ sin (1800 
- a) ~ sin '" (3-55) 

By combining these two observations, the torque on the loop can be expressed as 

counterclockwise (3-56) 

where K is a constant dependent on the construction of the machine. Note that both 
the magnitude and the direction of the torque can be expressed by the equation 

I Tin" ~ K HR X Bs l (3-57) 

Fi nal ly, since BR = j.LHR, this equation can be reexpressed as 

(3-58) 

where k = KIp. Note that in general k will not be constant, since the magnetic per
meability fJ varies with the amount of magnetic saturation in the machine. 

Equation (3- 58) is just the same as Equation (3-20), which we derived for d,e 
case of a single loop in a unifonn magnetic field. It can apply to any ac machine, not 
just to the simple one-loop rotor just described. Only the constant k will cliffer from 
machine to machine. This equation will be used only for a qualitative study of 
torque in ac machines, so the actual value of k is unimportant for our purposes. 

The net magnetic field in this machine is the vector sum of the rotor and sta
tor fields (assuming no saturation): 

(3-59) 

( 
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This fact can be used to produce an equivalent (and sometimes more useful) ex
pression for the induced torque in the machine. From Equation (3- 58) 

'Tind = kBR X Bs 

But from Equation (3- 59), Bs = Bo" - BR, so 

Tjnd = kBR x (Bnet - BR) 

Since the cross product of any vector with itself is zero, this reduces to 

! Tind = kBR X Bne!! 

(3-58) 

(3-60) 

so the induced torque can also be expressed as a cross product of BR and Bner with 
the same constant k as before. The magnitude of this expression is 

(3- 61) 

where 0 is the angle between BR and Bnc, -

Equations (3-58) to (3--{)1 ) will be used to help develop a qualitative un
derstanding of the torque in ac machines. For example, look at the simple syn
chronous machine in Figure 3-19. Its magnetic fields are rotating in a counter
clockwise direction. What is the direction of the torque on the shaft of the 
machine 's rotor? By applying the right-hand rule to Equation (3-58) or (3--{)0), 
the induced torque is found to be clockwise, or opposite the direction of rotation 
of the rotor. Therefore, this machine must be acting as a generator. 

o 

FIGURE 3-19 
A sim pli fied synchronous machine showing 
its rotor and stator magnetic fields. 
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3.6 WINDING INSULATION IN AN 
ACMACHINE 

One of the most critical patts of an ac machine design is the insulation of its wind
ings. If the insulation of a motor or generator breaks down, the machine shorts 
out. The repair of a machine with shOlted insulation is quite expensive, if it is even 
possible. To prevent the winding insulation from breaking down as a result of 
overheating, it is necessary to limit the temperature of the windings. This can be 
partially done by providing a cooling air circulation over them, but ultimately the 
maximum winding temperature limits the maximum power that can be supplied 
continuously by the machine. 

Insulation rarely fails from immediate breakdown at some critical tempera
ture. Instead, the increase in temperature produces a gradual degradation of the in
sulation, making it subject to failure from another cause such as shock, vibration, 
or electrical stress. There was an old rule of thumb that said that the life ex
pectancy of a motor with a given type of insulation is halved for each 10 percent ( 
rise in temperature above the rated temperature of the winding. This rule still ap
plies to some extent today. 

To standardize the temperature limits of machine insulation, the National 
Electrical Manufacturers Association (NEMA) in the United States has defined a 
series of insulation system classes. Each insulation system class specifies the 
maximum temperature rise permissible for that class of insulation. There are three 
common NEMA insulation classes for integral-horsepower ac motors: E, F, and H. 
Each class represents a higher permissible winding temperature than the one be
fore it. For example, the armature winding temperature rise above ambient tem
perature in one type of continuously operating ac induction motor must be limited 
to 80'e for class B, 1 os'e for class F, and 12S'e for class H insulation. 

The effect of operating temperature on insulation life for a typical machine 
can be quite dramatic. A typical curve is shown in Figure 3-20. This curve shows 
the mean life of a machine in thousands of hours versus the temperature of the 
windings, for several different insulation classes. 

The specific temperature specifications for each type of ac motor and gen
erator are set out in great detail in NEMA Standard MG 1-1993, Motors and Gen
erators. Similar standards have been defi ned by the International Electrotechnical 
Commission (lEe) and by various national standards organizations in other 
countries. 

3.7 AC MACHINE POWER FLOWS 
AND LOSSES 

AC generators take in mechanical power and produce electric power, while ac 
motors take in electric power and produce mechanical power. In either case, not 
all the power input to the machine appears in useful form at the other end- there 
is always some loss associated with the process. 
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The efficiency of an ac machine is defined by the equation 

~ut 
7J = I' x 100% 

m 
(3- 62) 

The difference between the input power and the output power of a machine is the 
losses that occur inside it. Therefore, 

p. - P 
17 = m loss X 100% 

Fin 
(3-63) 

The Losses in AC Machines 

The losses that occur in ac machines can be divided into four basic categories: 

1. Electrical or copper losses (l2R losses) 

2. Core losses 

3. Mechanical losses 

4. Stray load losses 

ELECTRICAL OR COPPER LOSSES. Copper losses are the resistive heating losses 
that occur in the stator (armature) and rotor (field) windings of the machine. The sta
tor copper losses (SCL) in a three-phase ac machine are given by the equation 

(3-64) 

where fA is the eunent flowing in each armature phase and RA is the resistance of 
each armature phase. 

The rotor copper losses (RCL) of a synchronous ac machine (induction ma
chines will be considered separately in Chapter 7) are given by 

(3- 65) 

where IF is the current flowing in the field winding on the rotor and RF is the re
sistance of the field winding. The resistance used in these calculations is usually 
the winding resistance at normal operating temperature. 

CORE LOSSES. The core losses are the hysteres is losses and eddy current losses 
occurring in the metal of the motor. These losses were described in Chapter 1. 
These losses vary as the square of the flux density CB2) and, for the stator, as the 
1.5th power of the speed of rotation of the magnetic fields (n U ). 

MECHANICAL LOSSES. The mechanical losses in an ac machine are the losses 
associated with mechanical effects. There are two basic types of mechanical 
losses: friction and windage. Friction losses are losses caused by the friction of the 
bearings in the machine, while windage losses are caused by the friction between 

( 
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the moving parts of the machine and the air inside the motor's casing. These 
losses vary as the cube of the speed of rotation of the machine. 

The mechanical and core losses of a machine are often lumped together and 
called the no-load rotational loss of the machine. At no load, all the input power 
must be used to overcome these losses. Therefore, measuring the input power to 
the stator of an ac machine acting as a motor at no load will give an approximate 
value for these losses. 

STRAY LOSSES (OR MISCELLANEOUS LOSSES). Stray losses are losses that 
cannot be placed in one of the previous categories. No matter how carefully losses 
are accounted for, some always escape inclusion in one of the above categories. 
All such losses are lumped into stray losses. For most machines, stray losses are 
taken by convention to be I percent of full load. 

The Power-Flow Diagram 

One of the most convenient techniques for accounting for power losses in a ma
chine is the power-flow diagram. A power-flow diagram for an ac generator is 
shown in Figure 3-21a. In this figure, mechanical power is input into the machine, 
and then the stray losses, mechanical losses, and core losses are subtracted. After 

Stray 
losses losses 

Pin = 3V¢IA cos e 
= y3VLiL cos e 

J 

PR losses 

FIGURE 3-21 

Peony 

Peony 

losses 
(a) 

losses losses 

(b) 

POUl = 3V¢'A cos Bor 
,f3VLiL cosB 

(a) The power-flow diagram of a three-phase ac generator. (b) The power-flow diagram of a three
phase ac motor. 
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they have been subtracted, the remaining power is ideally converted from me
chanical to electrical form at the point labeled p con\" The mechanical power that is 
converted is given by 

(3-66) 

and the same amount of electrical power is produced. However, this is not the 
power that appears at the machine's terminals. Before the terminals are reached, 
the electrical / 2R losses must be subtracted. 

In the case of ac motors, this power-flow diagram is simply reversed. The 
power-flow diagram for a motor is shown in Figure 3-21b. 

Example problems involving the calculation of ac motor and generator effi
ciencies will be given in the next three chapters. 

3.8 VOLTAGE REGULATION AND SPEED 
REGULATION 

Generators are often compared to each other using a figure of merit called voltage 
regulation. Voltage regulation (VR) is a measure of the ability of a generator to 
keep a constant voltage at its terminals as load varies. It is defined by the equation 

l' - V, 
VR = "'v. fl x lOO% 

fl 
(3- 67) 

where Vn1 is the no-load terminal voltage of the generator and Vfl is the full-load 
terminal voltage of the generator. It is a rough measure of the shape of the gener
ator's voltage-current characteristic~a positive voltage regulation means a 
drooping characteristic, and a negative voltage regul ation means a rising charac
teristic. A small VR is "better" in the sense that the voltage at the terminals of the 
generator is more constant with variations in load. 

Similarly, motors are often compared to each other by using a figure of 
merit called speed regulation. Speed regulation (SR) is a measure of the ability of 
a motor to keep a constant shaft speed as load varies. It is defined by the equation 

(3- 68) 

or I We' Wfl SR = X 
Wfl 

(3-69) 

It is a rough measure of the shape of a motor 's torque-speed characteristic-a 
positive speed regulation means that a motor's speed drops with increasing load, 
and a negative speed regulation means a motor's speed increases with increasing 
load. The magnitude of the speed regulation tells approximately how steep the 
slope of the torque-speed curve is. 

( 

I 
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3.9 SUMMARY 

There are two major types of ac machines: synchronous machines and induction 
machines. The principal difference between the two types is that synchronous 
machines require a dc field CUlTent to be supplied to their rotors, while induction ma
chines have the field current induced in their rotors by transformer action. They 
will be explored in detail in the next three chapters. 

A three-phase system of currents supplied to a system of three coils spaced 
120 electrical degrees apart on a stator will produce a uniform rotating magnetic 
field within the stator. The direction of rotation of the magnetic field can be re
versed by simply swapping the connections to any two of the three phases. Con
versely, a rotating magnetic field will produce a three-phase set of voltages within 
such a set of coils. 

In stators of more than two poles, one complete mechanical rotation of the 
magnetic fields produces more than one complete electrical cycle. For such a sta
tor, one mechanical rotation produces PI2 electrical cycles. Therefore, the elecui
cal angle of the voltages and currents in such a machine is related to the mechan
ical angle of the magnetic fields by 

The relationship between the electrical frequency of the stator and the mechanical 
rate of rotation of the magnetic fields is 

The types of losses that occur in ac machines are electrical or copper losses 
(PR losses), core losses, mechanical losses, and stray losses. Each of these losses 
was described in this chapter, along with the definition of overall machine effi
ciency. Finally, voltage regulation was defined for generators as 

VR = 100% 

and speed regulation was defined for motors as 

QUESTIONS 

( 3-1. What is the principal di fference between a synchronous machine and an induction 
machine? 

3- 2. Why does switching the current flows in any two phases reverse the direction of ro
tation of a stator 's magnetic field? 
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3-3. What is the relationship between electri cal frequency and magnetic field speed for 
an ac machine? 

3-4. What is the equation for the induced torque in an ac machine? 

PROBLEMS 

3- 1. The simple loop rotating in a uniform magnetic field shown in Figure 3~ 1 has the 
fo llowing characteristics: 

B = 1.0 T to the right r = 0.1 m 
I = 0.3 m w'" = 377 radls 

(a) Calculate the voltage eto/t) induced in this rotating loop. 
(b) What is the frequency of the voltage produced in this loop? 
(c) Suppose that a 10 D resistor is connected as a load across the terminals of the 

loop. Calculate the current that would flow through the resistor. 
(d) Calculate the magnitude and direction of the induced torque on the loop for 

the conditions in (e) . ( 

(e) Calculate the instantaneous and average electric power being generated by the 
loop for the conditions in (e) . 

(j) Calculate the mechanical power being consumed by the loop for the conditions 
in (c) . How does this number compare to tbe amount of electric power being 
generated by the loop? 

3- 2. Develop a table showing the speed of magnetic field rotation in ac machines of 2, 4, 
6, 8, 10, 12, and 14 poles operating at frequencies of 50, 60, and 400 Hz. 

3-3. The fi rst ac power system in the United States ran at a frequency of 133 Hz. If the 
ac power for this system were produced by a four-pole generator, how fas t would 
the shaft of the generator have to rotate? 

3-4. A three-phase, V-connected, four-pole winding is installed in 24 slots on a stator. 
There are 40 turns of wire in each slot of the windings. All coils in each phase are 
connected in series. The flux per pole in the machine is 0.060 Wb, and the speed of 
rotation of the magnetic field is 1800 rimill. 
(a) What is the frequency of the voltage produced in this winding? 
(b) What are the resulting phase and terminal voltages of this stator? 

3-5. A three-phase, L\.-connected, six-pole winding is installed in 36 slots on a stator. 
There are ISO turns of wire in each slot of the windings. All coils in each phase are 
connected in series. The flux per pole in the machine is 0.060 Wb, and the speed of 
rotation of the magnetic field is 1000 r/min. 
(a) What is the frequency of the voltage produced in this wi nd ing? 
(b) What are the resulting phase and terminal voltages of this stator? 

3-6. A three-phase, Y-connected, 60 Hz, two-pole synchronous machine has a stator with 
5000 turns of wire per phase. What rotor fl ux would be required to produce a tenni
na l (l ine-to-Ii ne) vol tage of 13.2 kV? 

3-7. Modify the MATLAB in Example 3-1 by swapping the curren ts fl owing in any two 
phases. What happens to the resulting net magnetic field? 

3-8. If an ac machi ne has the rotor and stator magnetic fie lds shown in Figure P3-1, what 
is the direction of the induced torque in the machine? ]s the machine acting as a mo
tor or generator? 
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FIGURE P3-1 
The ftC machine of Problem 3-8. 

The flu x densi ty distri bution over the surface of a two-pole stator of radius r and 
length I is given by 

B = BM cos (W",I- a) 

Prove thaL the total flux under each pole face is 

(3-37b) 

3-10. In the early days of ac motor deve lopment, mach ine designers had great difficulty 

controlling the core losses (hysteresis and eddy currents) in machines . They had not 
yet developed steels with low hysteres is, and were not making laminations as th in 
as the ones used today. To help control these losses, early ac motors in the Uni ted 
States were run from a 25 Hz ac power supply, whi le lighting systems were run from 
a separate 60 H z ac power supply. 

(a) Develop a table showing the speed of magnetic fie ld rotation in ac machines of 
2, 4, 6, 8, 10, 12, and 14 poles operating at 25 Hz. W hat was the fastest rota
tional speed available to these early motors? 

(b) For a given motor operating at a constant fl ux density B, how would the core 
losses of the motor ru nning at 25 Hz compare to the core losses of the motor 
running at 60 Hz? 

(c) Why did the early engineers provide a separate 60-Hz power system for lighting? 

3- 11. In later years, motors improved and could be r lln directly from a 60 Hz power sup
ply. As a result, 25 H z power systems shrank and disappeared. However, there were 
many perfectly good working 25 Hz moto rs in facto ries around the country that 
owners were not ready to discard. To keep them ru nni ng, some llsers created their 
own 25 Hz power in the plant using motor-generator seTS. A motor-generator set 
consists of two machjnes connected on a common shaft, one acting as a motor and 
the other acting as a generator. Jf the two machi nes have different numbers of poles 
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bUl exactly the same shaft speed, then the electrical frequency of the two machines 
will be different due to Equation (3- 34). What combination of poles on the two ma

chines could convert 60 Hz power to 25 Hz power? 

(3- 34) 
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CHAPTER 

4 
SYNCHRONOUS 

GENERATORS 

LEARNING OBJECTIVES 

Understand the equivalent circuit of a synchronous generator. 

Be able to sketch phasor diagrams for a synchronous generator. 

Know the equations for power and torque in a synchronous generator. 

Know how to derive the characteristics of a synchronous machine from 
measurements (OCC and SCC). 

Understand how terminal voltage varies with load in a synchronous genera
tor operating alone. Be able to calculate the terminal voltage at various load 
conditions. 

Understand the conditions required to parallel two or more synchronous 
generators. 

Understand the procedure for paralleling synchronous generators. 

Understand the operation of synchronous generators in parallel with a very 
large power system (or infinite bus). 

Understand the static stability limit of a synchronous generator, and why the 
transient stability limit is less than the static stability limit. 

Understand the transient currents that flow under fault (short-circuit) conditions. 

Understand synchronous generator ratings, and what condition limits each 
rating value. 

Synchronous generators or alternators are synchronous machines used to convert 
mechanical power to ac electric power. This chapter explores the operation of 

191 
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synchronous generators, both when operating alone and when operating together 
with other generators. 

4.1 SYNCHRONOUS GENERATOR 
CONSTRUCTION 

In a synchronous generator, a rotor magnetic field is produced either by designing 
the rotor as a permanent magnet or by applying a dc current to a rotor winding to 
create an electromagnet. The rotor of the generator is then turned by a prime mover, 
producing a rotating magnetic field within the machine. This rotating magnetic field 
induces a three-phase set of voltages within the stator windings of the generator. 

Two terms commonly used to describe the windings on a machine are field 
windings and armature windings. In general, the term field windings applies to the 
windings that produce the main magnetic field in a machine, and the term arma
ture windings applies to the windings where the main voltage is induced. For syn
chronous machines, the field windings are on the rotor, so the terms rotor wind- ( 
ings and field windings are used interchangeably. Sintilarly, the terms stator 
windings and armature windings are used interchangeably. 

The rotor of a synchronous generator is essentially a large electromagnet. The 
magnetic poles on the rotor can be of either salient or nonsalient construction. The 
term salient means "protruding" or "sticking out," and a salient pole is a magnetic 
pole that sticks out radially from the shaft of the rotor. On the other hand. a nOll

salient pole is a magnetic pole with windings embedded flush with the surface of the 
rotor. A nonsalient-pole rotor is shown in Figure 4-1. Note that the windings of the 
electromagnet are embedded in notches on the surface of the rotor. A sal ient-pole 
rotor is shown in Figure 4-2. Note that here the windings of the electromagnet are 
wrapped around the pole itself, instead of being embedded in notches on the surface 
of the rotor. Nonsalient-pole rotors are normally used for two- and four-pole rotors, 
while salient-pole rotors are normally used for rotors with four or more poles. 

Because the rotor is subjected to changing magnetic fields, it is constructed 
of thin laminations to reduce eddy current losses. 

A dc CUlTent must be supplied to the field circuit on the rotor if it is an elec
tromagnet. Since the rotor is rotating, a special arrangement is required to get the 

End View Side View 

FIGURE 4-1 
A nonsalient two-pole rotor for a synchronous machine. 
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FIGURE 4-2 
(a) A salient six-pole rotor for a synchronous 
machine. (b) Photograph of a salient eight-pole 
synchronous machine rotor showing the windings 
on the individual rotor poles. (Courtesy of 
General Electric Company.) (c) Photograph of 
a single salient pole from a rotor with the field 
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(bJ 

(dJ 

windings not yet in place. (Courtesy afGeneral Electric Company.) (d) A single salient pole shown 
after the field windings are installed but before it is mounted on the rotor. (Courtesy of Westinghouse 
Electric Company.) 

de power to its field windings. There are two common approaches to supplying 
this de power: 

1. Supply the de power from an external de source to the rotor by means of slip 
rings and brushes. 

2. Supply the dc power from a special dc power source mounted directly on the 
shaft of the synchronous generator. 

Slip rings are metal rings completely encircling the shaft of a machine but in
sulated from it. One end of the dc rotor winding is tied to each of the two slip rings 
on the shaft of the synchronous machine, and a stationary bmsh rides on each slip 
ring. A "bmsh" is a block of graphitelike carbon compound that conducts electric
ity freely but has very low fdctjon, so that it doesn't wear down the sl ip ring. If the 



194 ELECTRIC MACHINERY FUNDAMENTALS 

positive end of a de voltage source is connected to one brush and the negati ve end 
is connected to the other, then the same de voltage will be applied to the field wind
ing at all times regardless of the angular position or speed of the rotor. 

Slip rings and brushes create a few problems when they are used to supply 
de power to the field windings of a synchronous machine. They increase the 
amount of maintenance required on the machine, since the brushes must be 
checked for wear regularly. In addition, brush voltage drop can be the cause of 
significant power losses on machines with larger field currents. Despite these 
problems, slip rings and brushes are used on all smaller synchronous machines, 
because no other method of supplying the de field current is cost-effective. 

On larger generators and motors, brushless exciters are used to supply 
the de field current to the machine. A brushless exciter is a small ac generator 
with its field circuit mounted on the stator and its armature circuit mounted on 
the rotor shaft. The three-phase output of the exciter generator is rectified to di
rect current by a three-phase rectifier circuit also mounted on the shaft of the ( 
generator, and is then fed into the main de field circuit. By controlling the 
small de field current of the exciter generator (located on the stator), it is 
possible to adjust the field current on the main machine without slip rings 
and brushes. This arrangement is shown schematically in Figure 4-3, and a 
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A brushless exciter circuit. A small three-phase current is rectified and used to supply the field circuit 
of the exciter, which is located on the stator. The output of the armature circui t of the exciter (on the 
rotor) is then rectified and used to supply the field current of the main machine. 
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synchronous machine rotor with a brushless exciter mounted on the same shaft 
is shown in Figure 4--4. Since no mechanical contacts ever occur between the 
rotor and the stator, a brushless exciter requires much less maintenance than 
slip rings and brushes. 

To make the excitation of a generator completely independent of any exter
nal power sources, a small pilot exciter is often included in the system. A pilot ex
citer is a small ac generator with permanent magnets mounted on the rotor shaft 
and a three-phase winding on the stator. It produces the power for the field circuit 
of the exciter, which in turn controls the field circuit of the main machine. If a 
pilot exciter is included on the generator shaft, then no external electric power is 
required to run the generator (see Figure 4-5). 

Many synchronous generators that include brushless exciters also have slip 
rings and brushes, so that an auxiliary source of dc field current is available in 
emergencies. 

The stator of a synchronous generator has already been described in Chap
ter 3, and more details of stator construction are found in Appendix B. Syn
chronous generator stators are normally made of preformed stator coils in a 
double-layer winding. The winding itself is distributed and chorded in order to 
reduce the harmonic content of the output voltages and currents, as described in 
Appendix B. 

A cutaway diagram of a complete large synchronous machine is shown in 
Figure 4-6. This drawing shows an eight-pole salient-pole rotor, a stator with dis
tributed double-layer windings, and a brushless exci ter. 

FIGURE 4-4 
Photograph of a synchronous machine rotor with a brushless exciter mounted on the same shaft. 
Notice the rectifying electronics visible next to the armature of the exciter. (Courtesy of 
Westinghouse Electric Company.) 
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A brush less excitation scheme that includes a pilot exciter. The permanent magnets of the pilot exciter 
produce the field current of the exciter, which in turn produces the field current of the main machine . 

FIGURE 4--6 
A cutaway diagram of a large synchronous machine. Note the salient-pole construction and the 
on-shaft exciter. (Courtesy of General Elecrric Company.) 

~ 



( 

SYNCHRONOUS GENERATORS 197 

4.2 THE SPEED OF ROTATION OF A 
SYNCHRONOUS GENERATOR 

Synchronous generators are by definition synchronous, meaning that the electrical 
frequency produced is locked in or synchronized with the mechanical rate of 
rotation of the generator. A synchronous generator 's rotor consists of an electro
magnet to which direct current is supplied. The rotor's magnetic field points in 
whatever direction the rotor is turned. Now, the rate of rotation of the magnetic 
fields in the machine is related to the stator electrical frequency by Equation (3-34): 

(3- 34) 

where f~e = electrical frequency, in Hz 

nm = mechanical speed of magnetic field, in rfmin (equals speed of 
rotor for synchronous machines) 

P = number of poles 

Since the rotor turns at the same speed as the magnetic field, this equation relates 
the speed a/rotor rotation to the resulting electricaljrequellcy, Electric power is 
generated at 50 or 60 Hz, so the generator must turn at a fixed speed depending on 
the number of poles on the machine. For example. to generate 60-Hz power in a 
two-pole machine, the rotor must turn at 3600 r/min. To generate 50-Hz power in 
a four-pole machine, the rotor must turn at 1500 r/min. The required rate of rota
tion for a given frequency can always be calculated from Equation (3- 34). 

4.3 THE INTERNAL GENERATED VOLTAGE 
OFASYNCHRONOUSGENERATOR 

In Chapter 3, the magnitude of the voltage induced in a given stator phase was 
fo und to be 

(3-50) 

This voltage depends on the flux <I> in the machine, the frequency or speed of ro
tation, and the machine's construction. In solving problems with synchronous ma
chines, this equation is sometimes rewritten in a simpler form that emphasizes the 
quantities that are va riable during machine operation. This simpler form is 

(4-1) 

where K is a constant representing the construction of the machine. If w is ex
pressed in electrical radians per second, then 

N, 
K = V2 (4-2) 

while if w is expressed in mechanical radians per second, then 

N'p 
K = V2 (4-3) 
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W = w sync (constant) 

(a) (b) 

FIGURE 4-7 
(a) Plot of flux versus field current for a synchronous generator. (b) The magnetization curve for the 
synchronous generator. 

The internal generated voltage EA is directly proportional to the flux and to 
the speed, but the flux itself depends on the current flowing in the rotor field 
circuit. The field circui t IF is related to the flux ¢ in the manner shown in 
Figure 4-7a. Since EA is directly proportional to the flux, the internal generated 
voltage EA is related to the field current as shown in Figure 4-7b. This plot is 
called the magnetization curve or the open-circuit characteristic of the machine. 

4,4 THE EQUIVALENT CIRCUIT OF A 
SYNCHRONOUS GENERATOR 

The voltage EA is the internal generated voltage produced in one phase of a syn
chronous generator. However, this voltage EA is not usually the voltage that ap
pears at the terminals of the generator. In fact, the only time the internal voltage 
Ei\ is the same as the output voltage V¢ of a phase is when there is no armature 
current flowing in the machine. Why is the output voltage V,p from a phase not 
equal to EA , and what is the relationship between the two voltages? The answer to 
these questions yields the equivalent circuit model of a synchronous generator. 

There are a number of factors that cause the difference between EA and V,p: 

L The distortion of the air-gap magnetic field by the current flowing in the sta-
tor, called armature reaction. 

2. The self-inductance of the armature coils. 

3. The resistance of the armature coils. 

4. The effect of salient-pole rotor shapes. 

We will explore the effects of the first three factors and derive a machine model 
from them. In this chapter, the effects of a salient-pole shape on the operation of a 
synchronous machine will be ignored; in other words, all the machines in this 

( 
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chapter are assumed to have nonsalient or cylindrical rotors. Making this assump
tion will cause the calculated answers to be slightly inaccurate if a machine does 
indeed have salient-pole rotors, but the errors are relatively minor. A discussion of 
the effects of rotor pole saliency is included in Appendix C. 

The first effect mentioned, and normally the largest one, is armature reac
tion. When a synchronous generator's rotor is spun, a voltage Ell is induced in the 
generator's stator windings. If a load is attached to the terminals of the generator, 
a current flows. But a three-phase stator current flow will produce a magnetic 
field of its own in the machine. This stator magnetic field distorts the original ro
tor magnetic field, changing the resulting phase voltage. This effect is called 
armature reaction because the armature (stator) current affects the magnetic field 
which produced it in the first place. 

To understand armature reaction, refer to Figure 4-8. Figure 4- 8a shows 
a two-pole rotor spinning inside a three-phase stator. There is no load con
nected to the stator. The rotor magnetic field BR produces an internal generated 
voltage EA whose peak value coincides with the direction of BR• As was shown 
in the last chapter, the voltage will be positi ve out of the conductors at the top 
and negative into the conductors at the bottom of the figure. With no load on 
the generator, there is no armature current flow, and EA will be equal to the 
phase voltage V". 

Now suppose that the generator is connected to a lagging load. Because the 
load is lagging, the peak cunent will occur at an angle behind the peak voltage. 
This effect is shown in Figure 4-8b. 

The current flowing in the stator windings produces a magnetic field of its 
own. This stator magnetic field is called Bs and its direction is given by the right
hand rule to be as shown in Figure 4--8c. The stator magnetic field Bs produces a 
voltage of its own in the stator, and this voltage is called EWll on the figure. 

With two voltages present in the stator windings, the total voltage in a phase 
is just the sum of the internal generated voltage EA and the armature reaction 
voltage ES!al: 

(4-4) 

The net magnetic field Bnet is just the sum of the rotor and stator magnetic fields: 

(4- 5) 

Since the angles of Ell and BR are the same and the angles of E stat and Bs are the 
same, the resulting magnetic field Bnel will coincide with the net voltage V<;b. The 
resulting voltages and CUlTents are shown in Figure 4-8d. 

The angle between BR and Bne! is known as the internal angle or torque an
gle 6. (gr 6.) for the machine. This angle is proportional to the amount of power 
being supplied by the generator, as we shall see in Section 4 .6. 

How can the effects of armature reaction on the phase voltage be modeled? 
First, note that the voltage Estat lies at an angle of 90° behind the plane of maxi
mum current IA- Second, the voltage Estat is directly proportional to the current IA-
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The development of a model for amlature reaction: (a) A rotating magnetic field produces the 
internal generated voltage E,l< (b) The resulting voltage produces a lagging clIrrentjlow when 
connected to a lagging load . (c) The stator current produces its own magnetic field Bs, which 
produces its own voltage E .,tal in the strltor windings of the machine. Cd) The field Bs adds to BR, 

distorting it in to B]I< I" The voltage EstJ! adds to EA, producing Vq, fit the output of the phase. 

If X is a constant of proportionality, then the armature reaction voltage can be 
expressed as 

(4-6) 

The voltage on a phase is thus 

"I VC:-¢-~-:E=-A---J-"X-:CIA---'I (4-7) 

Look at the circuit shown in Figure 4-9. The Kirchhoff's voltage law equa
tion for this circuit is 

(4-8) 

( 
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FIGURE 4-9 
A simple circuit (see text). 

This is exactly the same equation as the one describing the armature reaction volt
age. Therefore, the armature reaction voltage can be modeled as an inductor in 
series with the internal generated voltage. 

In addition to the effects of armature reaction, the stator coils have a self
inductance and a resistance. If the stator self-inductance is called LA (and its cor
responding reactance is called XA ) while the stator resistance is called RA , then the 
total difference between EA and V. is given by 

(4-9) 

The armature reaction effects and the self-inductance in the machine are both 
represented by reactances, and it is customary to combine them into a single reac
tance, called the synchronous reactance of the machine: 

Xs = X + XA (4-10) 

Therefore, the final equation describing V¢ is 

I V¢ = EA - jXsIA - RAIA I (4-11) 

It is now possible to sketch the equivalent circuit of a three-phase synchro
nous generator. The full equ ivalent circuit of such a generator is shown in 
Figure 4- 10. This figure shows a de power source supplying the roto r fie ld circuit, 
which is modeled by the coil's inductance and resistance in series. In series with 
Rr is an adjustable resistor R adj which controls the flow of fi eld current. The rest 
of the equivalent circuit consists of the models for each phase. Each phase has an 
internal generated vol tage with a series inductance Xs (consisting of the sum of 
the armature reactance and the coil's self-inductance) and a series resistance RA
The voltages and currents of the three phases are 1200 apart in angle, but other
wise the tluee phases are identicaL 

These three pha...:;es can be either Y- or 6.-connected as shown in Figure 4-1 1. 
If they are Y-connected, then the terminal voltage VT (which is the same as the 
time-to-line voltage VL is related to the phase voltage by 

(4-12) 

If they are Ll.-connected, then 
(4-13) 
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FIGURE 4-10 
The full equivalent circuit of a three-phase synchronous genemtor. 

The fact that the three phases of a synchronous generator are identical in 
all respects except for phase angle normally leads to the use of a per-phase equiv
alent circuit. The per-phase equivalent circuit of this machine is shown in 
Figure 4--12. One imp011ant fact must be kept in mind when the per-phase equiv
alent circuit is used: The three phases have the same voltages and currents only 
when the loads attached to them are balanced. If the generator's loads are not bal
anced, more sophisticated techniques of analysis are required. These techniques 
are beyond the s,cope of this book, 

4,5 THE PHASOR DIAGRAM OF A 
SYNCHRONOUS GENERATOR 

Because the voltages in a synchronous generator are ac voltages, they are usually 
expressed as phasors. Since phasors have boih a magnitude and an angle, the 

( 
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jXs 

+ o-----==----~+ 

(b) 

FIGURE 4-11 
The generator equivalent circuit connected in (a) Y and (b)~. 

relationship between them must be expressed by a two-dimensional plot. When 
the voltages within a phase (EA> V q" jXSJA, and RAJA) and the current JA in the 
phase are plotted in such a fashion as to show the relationships among them, the 
resulting plot is called a phasor diagram. 
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+ 

V, 

FIGURE 4-12 
The per-phase equivalent circuit of a synchronous generator. The internal field circuit resistance and 
the external variable resistance have been combined into a single resistor RF. 

FIGURE 4-13 
The phasor diagram of a synchronous generator at unity power factor. 

For example, Figure 4-13 shows these relationships when the generator is 
supplying a load at unity power factor (a purely resistive load). From Equation 
(4-11), the total voltage EA differs from the terminal voltage of the phase V. by 
the resistive and inductive voltage drops. All voltages and currents are referenced 
to Vq" which is arbitrarily assumed to be at an angle of 0°, 

This phasor diagram can be compared to the phasor diagrams of generators 
operating at lagging and leading power factors. These phasor diagrams are shown 
in Figure 4-14. Notice that, for a given phase voltage and armature current, a 
larger internal generated voltage EA is needed for Jagging loads than for leading 
loads. Therefore, a larger field current is needed with lagging loads to get the 
same terminal voltage, because 

(4-1) 

and w must be constant to keep a constant frequency. 
Alternatively, for a given field current and magnitude of load current, the 

terminal voltage is lower for lagging loads and higher for leading loads. 
In real synchronous machines, the synchronous reactance is normally much 

larger than the winding resistance RA, so RA is often neglected in the qualitative 
study of voltage variations. For accurate numerical results, RA must of course be 
considered. 

( 
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FIGURE 4-14 
The phasor diagram of a synchronous generator at (a) lagging and (b) leading power factor. 

4.6 POWER AND TORQUE IN 
SYNCHRONOUS GENERATORS 

A synchronous generator is a synchronous machine used as a generator. It con
verts mechanical power to three-phase electrical power. The source of mechanical 
power, the prime mover, may be a diesel engine, a steam turbine, a water turbine, 
or any similar device. Whatever the source, it must have the basic property that its 
speed is almost constant regardless of the power demand. If that were not so, then 
the resulting power system's frequency would wander. 

Not all the mechanical power going into a synchronous generator becomes 
electrical power out of the machine. The difference between input power and output 
power represents the losses of the machine. A power-flow diagram for a synchro
nous generator is shown in Figure 4--15. The input mechanical power is the shaft 
power in the generator lin = TappW m, while the power converted from mechanical 
to electrical form internally is given by 

(4-14) 

(4-15) 

where 'Y is the angle between EA and Ik The difference between the input power 
to the generator and the power converted in the generator represents the mechan-

( ical. core, and stray losses of the machine. 
The real electrical output power of the synchronous generator can be ex

pressed in line quantities as 

(4-16) 
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The power-flow diagram of a synchronous generator. 

and in phase quantities as 

Pout = 3V..pIA cos () 

POll! 

=/3 vLhcose 

The reactive power output can be expressed in line quantities as 

Q,,,, = V3VJL sin e 
or in phase quantities as 

(4-17) 

(4-18) 

(4- 19) 

If the armature resistance RA is ignored (since Xs» RA ), then a very useful 
equation can be derived to approximate the output power of the generator. To de
rive this equation, examine the phasor diagram in Figure 4-16. Figure 4--16 shows 
a simplified phasor diagram of a generator with the stator res istance ignored. No
tice that the vertical segment be can be expressed as either EA sin 8 or XsIA cos e. 
Therefore, 

EA sin 8 
fA cos e = X 

s 

and substituting this expression into Equation (4- 17) gives 

= 3V¢EA sin 8 
Peonv X 

s 
(4-20) 

Since the resistances are assumed to be zero in Equation (4-20), there are no elec
tricallosses in this generator, and this equation is both Peony and Pout. 

Equation (4-20) shows that the power produced by a synchronous genera
tor depends on the angle 8 between Vq, and EA. The angle 8 is known as the inter
nal angle or torque angle of the machine. Notice also that the maximum power 
that the generator can supply occurs when 8 = 900

• At 8 = 900
, sin 8 = 1, and 

_ 3 "tEA 
Pmax - X 

s 
(4- 21) 

( 
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FIGURE 4-16 
Simplified phasor diagram with armature resistance ignored. 

The maximum power indicated by this equation is caJIed the static stability limit 
of the generator. Normally, real generators never even come close to that limit. 
Full-load torque angles of 20 to 30 degrees are more typical of real machines. 

Now take another look at Equations (4-17), (4-19), and (4-20). If V. is as
sumed constant, then the real power output is directly proportional to the quanti
ties 1A cos e and EA sin 0, and the reactive power output is directly proportional to 
the quantity fA sin fl. These facts are useful in plotting pbasor diagrams of syn
chronous generators as loads change. 

From Chapter 3, the induced torque in this generator can be expressed as 

Tind = kBR X Bs (3-58) 
or as 

(3-60) 

The magnitude of Equation (3-60) can be expressed as 

(3-61) 

where 0 is the angle between the rotor and net magnetic fields (the so-called 
torque angle). Since BR produces the voltage EA and Bnct produces the voltage V.p. 
the angle 8 between EA and V.p is the same as the angle 8 between Bu and Bnet. 

An alternative expression for the induced torque in a synchronous generator 
can be derived from Equation (4-20). Because Peony = TindWlI1' the induced torque 
can be expressed as 

(4- 22) 
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This expression describes the induced torque in terms of electrical quantities, 
whereas Equation (3-60) gives the same information in terms of magnetic 
quantities. 

Note that both the power converted from mechanical form to electrical form 
Peony in a synchronous generator and the torque induced Tind in the rotor of the gen
erator are dependent on the torque angle D. 

P eony 
3V~EA . 

= -X-- smD 
s (4-20) 

3V",EA . 
Tind = --X- sm 8 

Will S 
(4-22) 

Both of these quantities reach their maximum values when the torque angle 8 
reaches 90°, The generator is not capable of exceeding those limi ts even instanta- ( 
neously. Real generators typically have full- load torque angles of 20-30°, so the ab
solute maximum instantaneous power and torque that they can supply is at least 
twice their full-load values. This reserve of power and torque is essential for the sta
bility of power systems containing these generators, as we will see in Section 4 .10. 

4.7 MEASURING SYNCHRONOUS 
GENERATOR MODEL PARAMETERS 

The equivalent circuit of a synchronous generator that has been derived contains 
three quantities that must be determined in order to completely describe the be
havior of a real synchronous generator: 

1. The relationship between field current and flux (and therefore between the 
field current and EA ) 

2. The synchronous reactance 

3. The armature resistance 

This section describes a simple technique for determining these quantities in a 
synchronous generator. 

The first step in the process is to perform the open-circuit test on the gener
ator. To perform this test, the generator is turned at the rated speed, the terminals 
are disconnected from all loads, and the field current is set to zero. Then the tleld 
current is gradually increased in steps, and the terminal voltage is measured at each 
step along the way. With the terminals open, fA = 0, so EA is equal to ~. It is thus 
possible to constlUct a plot of EA (or VT) versus IF from this information. This plot 
is the so-called open-circllit characteristic· (OCC) of a generator. With this charac
teristic, it is possible to find the internal generated voltage of the generator for any 
given field current. A typical open-circuit characteristic is shown in Figure 4-17a. 
Notice that at first the curve is almost pelfectly linear, until some saturation is ob
served at high field currents. The unsaturated iron in the frame of the synchronous 
machine has a reluctance severa] thousand times lower than the air-gap reluctance, 
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FIGURE 4- 17 
(a) The open-ci rcuit 
characteristic (OCe) of a 
synchronous generator. (b) 

The short-ci rcuit 
characteristic (SeC) of a 
synchronous generator. 

so at first almost all the magnetomotive force js across the air gap, and the result
ing flux increase is linear. When the iron finally saturates, the reluctance of the iron 
increases dramatically, and the flux increases much more slowly wi th an increase 
in magnetomotive force. The linear portion of an acc is called the air-gap line of 
the characteristic. 

The second step in the process is to conduct the short-circuit test. To per
form the short-circuit test, adjust the fie ld CUiTent to zero again and short-circuit 
the terminals of the generator through a set of mruneters. Then the armature cur
rent IA or the line current IL is measured as the field current is increased. Such a 
plot is called a short-circuit characteristic (SCC) and is shown in Figure 4---17b. It 
is essentially a straight line. To understand why this characteristic is a straight line, 
look at the equivalent circuit in Figure 4-12 when the terminals of the machine 
are short-circuited. Such a circuit is shown in Figure 4--18a. Notice that when the 
terminals are short-circuited, the armature current III is given by 

EA 
IA = R + ·X (4- 23) 

A J s 
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(b) 

FIGURE 4-18 
(a) The equivalenl circuit of a synchronous generator during the short-circuit test. (b) The resulting 
phasor diagram. (c) The magnetic fie lds during the 5hOit-circuiL tesL. 

and its magnitude is just given by 

EA 
IA = -,-;=~===. 

VRl + xl 
(4--24) 

The resulting phasor diagram is shown in Figure 4-18b. and the corresponding 
magnetic fields are shown in Figure 4~18c. Since Bs almost cancels B R• the 
net magnetic field Bnet is very small (corresponding to internal resistive and in
ductive drops only). Since the net magnetic field in the machine is so small, the 
machine is unsaturated and the sec is linear. 

To understand what information these two characteristics yield, notice that, 
with Vq> equal to zero in Figure 4-18, the internal machine impedance is given by 

EA 
Z = VR2 + X' = - (4--25) 

S A S f A 

Since Xs» RA • this equation reduces to 

X = EA = Vf .oc 

S IA IA 
(4--26) 

If E A and f A are known for a given situation, then the synchronous reactance Xs 
can be fou nd . 

Therefore, an approximate method for determining the synchronous reac
tance Xs at a given field current is 

1. Get tlle internal generated voltage EA from the oee at that field current. 

2. Get the short-circuit current flow lAse at that field current from the Sec. 
3. Find Xs by applying Equation (4-26). 

( 
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FIGURE 4-19 
A sketch of the approximate synchronous reactance of a synchronous generator as a function of the 
field current in the machine. The constant value of reactance fou nd at low values of field cun'ent is 
the unsaturated synchronous reactance of the machine. 

There is a problem with this approach, however. The internal generated 
voltage EA comes from the aee, where the machine is partially saturated for 
large field currents, while fA is taken from the sec, where the machine is unsatu
rated at all field currents. Therefore, at higher field currents, the EA taken from the 
OCC at a given field current is not the same as the EA at the same field current UD

der short-circuit conditions, and this difference makes the resulting value of Xs 
only approximate. 

However, the answer given by this approach is accurate up to the point of 
saturation, so the unsaturated synchronous reactance XS.u of the machine can be 
found simply by applying Equation (4--26) at any field current in the linear por
tion (on the air-gap line) of the aee curve. 

The approximate value of synchronous reactance varies with the degree of 
saturation of the ace, so the value of the synchronous reactance to be used in a 
given problem should be one calculated at the approximate load on the machine. 
A plot of approximate synchronous reactance as a function of field current is 
shown in Figure 4-19. 

To get a more accurate estimation of the saturated synchronous reactance, 
refer to Section 5- 3 of Reference 2. 

If it is important to know a winding's resistance as well as its synchronous 
reactance, the resistance can be approx imated by applying a dc voltage to the 
windings while the machine is stationary and measuring the resulting current 
flow. The use of dc voltage means that the reactance of the windings will be zero 
during the measurement process. 
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This technique is not perfectly accurate, since the ac resistance will be 
slightly larger than the dc resistance (as a resul t of the skin effect at higher fre
quencies). The measured value of the resistance can even be plugged into Equa
tion (4-26) to improve the estimate of Xs, if desired. (Such an improvement is not 
much help in the approximate approach-saturation causes a much larger error in 
the Xs calculation than ignoring RA does .) 

The Short-Circuit Ratio 

Another parameter used to describe synchronous generators is the short-circuit 
ratio. The short-circuit ratio of a generator is defined as the ratio of the field cur
rent required for the rated voltage at open circuit to the field current required for 
the rated armature current at short circuit. It can be shown that this quantity is 
just the reciprocal of the per-unit value of the approximate saturated synchronous 
reactance calculated by Equation (4-26) . 

Although the short-circuit ratio adds no new information about the genera- ( 
tor that is not already known from the saturated synchronous reactance, it is im
portant to know what it is, since the term is occasionally encountered in industry. 

Example 4- 1. A 200-kVA, 480-V, 50-Hz, Y-connected synchronous generator 
with a rated fie ld current of 5 A was tested, and the fo llowing data were taken: 

1. Vr.oc at the rated IF was measured to be 540 V. 
2. iL.sC at the rated IF was found to be 300 A. 
3. When a de vohage of 10 V was applied to two of the terminals, a current of25 A 

was measured. 

Find the values of the armature resistance and the approximate synchronous reactance in 
ohms that would be used in the generator model at the rated conditions. 

Solution 
The generator described above is Y-connected, so the direct current in the resistance test 
flows through two windings. Therefore, the resistance is given by 

2R ~ Voc 
A loc 

Voc 10 V 
RA ~ 2Ioe ~ (2)(25 A) ~ 0.2 n 

The intemal generated voltage at the rated field current is equal to 

VT 
EA ~ V •. oc ~ v'3 

~ 5~V ~ 31 1.8 V 

The short-circuit current fA is just equal to the line current, since the generator is 
Y-connected: 

IA.SC ~ I ~sc ~ 300 A 

J 
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FIGURE 4-20 
The per-phase equivalent circuil of the generator in Bxample 4-1. 

Therefore, the synchronous reactance at the rated field cunent can be calcul ated from 
Equation (4-25): 

1(0211)' + Xl = 31 1.8 V , . s 300 A 

J(O.2 11), + Xl = 1.039 n 

0.04 + Xl = 1.08 

xl = 1.04 

Xs= 1.0211 

(4-25) 

How much effect did the inclusion of RA have on the estimate of Xs? Not much. If Xs 
is evaluated by Equation (4-26), the result is 

X = EA = 31 1.8 V = 1 04 n 
s fA 300 A . 

Since the error in Xs due to ignoring RA is much less than the error due to saturation effects, 
approximate calculations are normally done wi th Equation (4-26). 

The resulting per-phase equivalent circuit is shown in Figure 4-20. 

4.8 THE SYNCHRONOUS GENERATOR 
OPERATING ALONE 

The behavior of a synchronous generator under load varies greatly depending on 
the power factor of the load and on whether the generator is operating alone or in 
parallel with other synchronous generators. In this section, we will study the be
havior of synchronous generators operating alone. We will study the behavior of 
synchronous generators operating in parallel in Section 4.9. 

Throughout this section, concepts will be illustrated with simplified phasor 
diagrams ignoring the effect of RA . In some of the numerical examples the resis
tance RA will be included. 

Unless otherwise stated in this section, the speed of the generators will be 
assumed constant, and all terminal characteristics are drawn assuming constant 
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FIGURE 4-21 
A single generator supplying a load. 

speed. Also, the rotor flux in the generators is assumed constant unless their field 
cunent is explicitly changed. 

The Effect of Load Changes on a Synchronous 
Generator Operating Alone 

To understand the operating characteristics of a synchronous generator operating ( 
alone, examine a generator supplying a load. A diagram of a single generator sup
plying a load is shown in Figure 4-21. What happens when we increase the load 
on this generator? 

An increase in the load is an increase in the real and/or reactive power 
drawn from the generator. Such a load increase increases the load current drawn 
from the generator. Because the field resistor has 11 0 t been changed, the field cur
rent is constant, and therefore the flux cJ> is constant. Since the prime mover also 
keeps a constant speed w, the magnitu.de of the internal generated voltage EA = 
Kc/>w is constant. 

If EA is constant, just what does vary with a changing load? The way to find 
out is to construct phasor diagrams showing an increase in the load, keeping the 
constraints on the generator in mind. 

First, examine a generator operating at a lagging power factor. If more load 
is added at the same power factor, then I IA I increases but remains at the same an
gie e with respect to V. as before. Therefore, the armature reaction voltage j Xs IA 
is larger than before but at the same angle. Now since 

EA ~ Vq. + jXsIA 

j XsIA must stretch between V.p at an angle of 00 and EA' which is constrained to be 
of the same magnitude as before the load increase. If these constraints are plotted 
on a phasor diagram, there is one and only one point at which the armature reac
tion voltage can be parallel to its original position while increasing in size. The re
sulting plot is shown in Figure 4-22a. 

If the constraints are observed, then it is seen that as the load increases, the 
voltage V. decreases rather sharply. 

Now suppose the generator is loaded with unity-power-factor loads. What I 

happens if new loads are added at the same power factor? With the same con
straints as before, it can be seen that this time V,~ decreases only slightly (see 
Figure 4-22b). 
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(b) 

(c) 

FIGURE 4-22 
The effect of an increase in generator loads at constant power factor upon ils terminal voltage. 
(a) Lagging power factor; (b) unity power factor; (c) leading power faclor. 

Finally, let the generator be loaded with leading-power-factor loads. If new 
loads are added at the same power factor th is time, the armature reaction voltage 
lies outside its previous value, and V" actually rises (see Figure 4--22c) . In this last 
case, an increase in the load in the generator produced an increase in the tenninal 
voltage. Such a result is not something one would expect on the basis of intuition 
alone. 

General conclusions from this discussion of synchronous generator behav
ior are 

1. If lagging loads (+ Q or inductive reactive power loads) are added to a gen
erator, V,p and the terminal voltage Vr decrease significantly. 

2. If unity-power-factor loads (no reactive power) are added to a generator, there 
is a slight decrease jn Vep and the term inal voltage. 

3. If leading loads (-Q or capacitive reactive power loads) are added to a gener
ator, Vep and the terminal voltage will rise. 

A convenient way to compare the voltage behavior of two generators is by 
their voltage regulation. The voltage regulation (VR) of a generator is defined by 
the equation 



216 ELECTRIC MACHINERY FUNDAMENTALS 

(3- 67) 

where Vol is the no-load voltage of the generator and Vfl is the full-load voltage of 
the generator. A synchronous generator operating at a lagging power factor has a 
fairly large positive voltage regulation, a synchronous generator operating at a 
unity power factor has a small positive voltage regulation, and a synchronous gen
erator operating at a leading power factor often has a negative voltage regulation. 

Normally, it is desirable to keep the voltage supplied to a load constant, even 
though the load itself varies. How can terminal voltage variations be corrected for? 
The obvious approach is to vary the magnitude of EA to compensate for changes in 
the load. Recall that EA = Kq,w. Since the frequency should not be changed in a 
normal system, EA must be controlled by varying the flux in the machine. 

For example, suppose that a lagging load is added to a generator. Then the 
terminal voltage will fall, as was previously shown. To restore it to its previous 
level, decrease the field resistor Rp. If RF decreases, the field current will increase. ( 
An increase in IF increases the flux, which in turn increases EA , and an increase in 
EA increases the phase and terminal voltage. This idea can be summarized as 
follows: 

1. Decreasing the field resistance in the generator increases its field current. 

2. An increase in the field current increases the flux in the machine. 

3. An increase in the flux increases the internal generated voltage EA = Ko/w. 

4. An increase in EA increases V</> and the terminal voltage of the generator. 

The process can be reversed to decrease the terminal voltage. It is possible 
to regulate the terminal voltage of a generator throughout a series of load changes 
simply by adjusting the field current. 

Example Problems 

The following three problems illustrate simple calculations involving voltages, 
currents, and power flows in synchronous generators. The first problem is an ex
ample that includes the armature resistance in its calculations, while the next two 
ignore Rk Part of the first example problem addresses the question: How must a 
generator'sfield current be adjusted to keep Vr constant as the load changes? On 
the other hand, part of the second example problem asks the question: If the load 
changes and the field is left alone, what happells to the terminal voltage? You 
should compare the calculated behavior of the generators in these two problems 
to see if it agrees with the qualitative arguments of this section. Finally, the third 
example illustrates the use of a MATLAB program to derive the terminal charac
teristics of synchronous generator. 

Example 4-2. A 480-V, 60-Hz, A-connected, four-pole synchronous generator has 
the aee shown in Figure 4-23a. This generator has a synchronous reactance of 0.1 nand 
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(a) Open-circuit characteristic of the generator in Example 4-2. (b) Phasor diagram of the generator 
in Example 4-2. 

an armature resistance of 0.0 15 n, At full load, the machine supplies'] 200 A at 0.8 PF Jag
ging. Under fu ll-load conditions, the fricti on and wi ndage losses are 40 kW, and the core 
losses are 30 kW. Ignore any field circuit losses. 
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(a) What is the speed of rotation of this generator? 
(b) How much field cunent must be supplied to the generator to make the terminal 

voltage 480 V at no load? 
(c) If the generator is now connected to a load and the load draws 1200 A at 0.8 PF 

lagging, how much field current will be required to keep the terminal voltage 
equal to 480 V? 

(d) How much power is tile generator now supplying? How much power is supplied 
to the generator by the prime mover? What is this machine's overall efficiency? 

(e) If the generator 's load were suddenly disconnected from the line, what would 
happen to its terminal voltage? 

(j) Finally, suppose that the generator is connected to a load drawing 1200 A at 0.8 
PF leading. How much field current would be required to keep Vr at 480 V? 

Solution 
This syncluonous generator is A-connected, so its phase voltage is equal to its line voltage 
V4> = V,., while its phase current is related to its line current by the equation IL = V314>. 

(a) The relationship between the electrical frequency produced by a synchronous( 
generator and the mechanical rate of shaft rotation is given by Equation (3- 34): 

(3-34) 

Therefore, 

120f~ 
llm =-p-

120(60 Hz) - 1800 / . 
4 poles - r mm 

(b) In th is machine, Vr = V¢>. Since the generator is at no load, III = 0 and Ell = V<t>. 
Therefore, Vr = Vq., = Ell = 480 V, and from the open-circuit characteristic, 
fF=4.5A. 

(c) If the generator is supp lying 1200 A, then the armature current in the machine is 

I = 1200 A = 692 8 A 
A v3 . 

The phasor diagram for this generator is shown in Figure 4- 23b. If the terminal 
voltage is adjusted to be 480 V, the size of the internal generated voltage EA is 
given by 

Ell = Vq, + Ril lA + jXsII\ 

= 480 LO" V + (0.0 15 0 )(692.8 L - 36.87" A) + (j0. 1 0)(692.8 L - 36.87" A) 

= 480 LO" V + 10.39 L - 36.87" V + 69.28 L53.13" V 

= 529.9 + j49.2 V = 532 L5.3" V 

To keep the terminal voltage at 480 V, EA must be adjusted to 532 V. From 
Figure 4- 23, the required field current is 5.7 A. 

(d) The power that the generator is now supplying can be found from Equation 
(4-16): 

(4-16) 
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~ V3(480 Y)(l200 A) cos 36.87' 

~ 798 kW 

To determine the power input to the generator, use the power-flow diagram (Fig
ure 4-]5). From the power-flow diagram, the mechanical input power is given by 

Rn = Pout + Pelee loss + Pcore loss + F;nech loss + Pstray loss 

The stray losses were not specified here, so they will be ignored. In this genera
tor, the electrical losses are 

Peleclo" = 311RA 

~ 3(692.8 A)2(0.0l5 !1) ~ 21.6 kW 

The core losses are 30 kW, and the friction and windage losses are 40 kW, so the 
total input power to the generator is 

Pi" ~ 798 kW + 21.6 kW + 30 kW + 40 kW ~ 889.6 kW 

Therefore, the machine's overall efficiency is 

Po", oom 798 kW oom 89 
TJ = ~n X I -10 = 889.6 kW x 1 YO = .75% 

(e) If the generator's load were suddenly disconnected from the line, the current IA 
would drop to zero, making EA = Vq) . Since the field current has not changed, IE) 
has not changed and V", and VT must rise to equal EA- Therefore, if the load were 
suddenly dropped, the terminal voltage of the generator would rise to 532 V. 

(J) If the generator were loaded down with 1200 A at 0.8 PF leading while the ter
minal voltage was 480 V, then the internal generated voltage would have to be 

EA = V<jJ + RAJA + jXs IA 

~ 480 LaO Y + (0.015 fl)(692.8 L36.87' A) + (jO. 1 fl)(692.8 L36.87° A) 
~ 480LO'Y + IO.39L36.87°Y + 69.28L126.87°Y 
~ 446.7 + j61.7 Y ~ 451 L7.1° Y 

Therefore, the internal generated voltage EA must be adjusted to provide 451 V if VT 
is to remain 480 V. Using the open-circuit characteristic, the field current would 
have to be adjusted to 4.1 A. 

Which type of load (leading or lagging) needed a larger field current to 
maintain the rated voltage? Which type of load (leading or lagging) placed more 
thermal stress on the generator? VYhy? 

Example 4-3. A 480-V, 50-Hz, Y-connected, six-pole synchronous genera
tor has a per-phase synchronous reactance of 1.0 D. Its full-load armature current is 
60 A at 0.8 PF lagging. This generator has friction and windage losses of 1.5 kW and 
core losses of 1.0 kW at 60 Hz at full load. Since the armature resistance is being ig
nored, assume that the j2R losses are negligible. The field current has been adjusted 
so that the terminal voltage is 480 V at no load. 

(a) What is the speed of rotation of this generator? 
(b) What is the tenninal voltage of this generator if the following are true? 
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1. It is loaded with the rated current at 0.8 PF lagging. 
2. It is loaded with the rated current at 1.0 PF. 
3. It is loaded with the rated current at 0.8 PF leading. 

(c) What is the efficiency of this generator (ignoring the unknown electrical losses) 
when it is operating at the rated current and 0.8 PF lagging? 

(d) How much shaft torque must be applied by the prime mover at full load? How 
large is the induced countertorque? 

(e) What is the voltage regulation of this generator at 0.8 PF lagging? At 1.0 PF? At 
0.8 PF leading? 

Solution 
This generator is Y-connected, so its phase voltage is given by V<,b = Vrl yj . That means 
that when Vr is adjusted to 480 Y, V40 = 277 V. The fie ld current has been adjusted so that 
Vr ,nl = 480 V, so V<t> = 277 V. At no load, the armature current is zero, so the armature re
action voltage and the lARA drops are zero. Since IA = 0, the internal generated voltage 
EA = V<t> = 277 V. The internal generated voltage EA(= K¢w) varies only when the fie ld 
current changes. Since the problem states that the field current is adjusted initially and then ( 
left alone, the magnitude of the internal generated voltage is EA = 277 V and will not 
change in this example. 

(a) The speed of rotation of a synchronous generator in revolutions per minute is 
given by Equation (3-34): 

Therefore, 

120(50 Hz) - 1000 rfmin 
6 poles -

Alternatively, the speed expressed in radians per second is 

Wm = (1000 r/min)(16~~n )(2~~ad) 
~ 104.7 radls 

(3-34) 

(b) 1. If the generator is loaded down with rated current at 0.8 PF lagging, the re
su lting phasor diagram looks like the one shown in Figure 4-24a. In this 
phasor diagram, we know that Vq, is at an angle of 0°, that the magnitude of 
E;\ is 277 V, and that the quantity jXsI;l is 

)XsIA ~ )( 1.0 0,)(60 L -36.87 0 A) ~ 60 L53. 13° V 

The two quantities not known on the voltage diagram are the magnitude of 
VJ, and the angle 8 of EA' To find these values, the easiest approach is to con
struct a right triangle on the phasor diagram, as shown in the figure . From 
Figure 4- 24a, the right triangle gives 

E~ = (V<jJ + XSI;j sin e)2 + (Xslj\ cos e)2 

Therefore, the phase voltage at the rated load and 0.8 PF lagging is 
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60 L 53.13° 

jXsIA EA 

Y, 
(b) 

(e) 

FIGURE 4-24 
Generator phasor diagrams for Example 4-3 . (a) Lagging power factor; (b) unity power factor; 
(c) leading power factor. 

(277 V)' ~ [V~ + (1.00)(60 A) sin 36.87']' + [(1.00)(60 A) cos 36.87']' 

76,729 ~ (V. + 36)2 + 2304 

74,425 ~ (V. + 36)' 

272.8 ~ V. + 36 

V~ ~ 236.8 V 

Since the generator is Y-connected, VT = V3Vo;/> = 410 V. 
2. If the generator is loaded with the rated current at unity power factor, then 

the phasor diagram will look like Figure 4-24b. To find Vd> here the right 
triangle is 
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E1 = Vi + eXSfA)2 

(277 V)' ~ VI + [(1.011)(60 A)l' 

76,729 ~ Vel + 3600 

VI ~ 73, 129 

V. ~ 270.4 V 

Therefore, VT ~ \flY. ~ 468.4 Y. 
3. When the generator is loaded with the rated current at 0.8 PF leading, the re

sulting phasor diagram is the one shown in Figure 4- 24c. To find Vd> in this 
si tuation, we construct the triangle GAB shown in the figure. The resulting 
equation is 

E1 = (V<t> - XsfA sin e)2 + (XSIA cos fI) 

Therefore, the phase voltage at the rated load and 0.8 PF leading is 

(277 V)' ~ [V. - (1.011)(60 A) sin 36.87°]' + [(1.0 l1)(60 A) cos 36.87°]2 ( 

76,729 ~ (V. - 36)2 + 2304 

74,425 ~ (V. - 36)' 

272.8 ~ V. - 36 

V. ~ 308.8 V 

Since the generator is Y-connected, VT = V3V", = 535 V. 
(c) The output power of this generator at 60 A and 0.8 PF lagging is 

Pout = 3 V<t> fA cos 8 

~ 3(2368 V)(60 A)(0.8) ~ 34. 1 kW 

The mechanical input power is given by 

Rn = Pout + Peke loss + Pcorc loss + ~nech loss 

~ 34.1 kW + 0 + 1.0 kW + 1.5 kW ~ 36.6 kW 

The etficiency of the generator is thus 

POllt oom 34.1 kW 
"I ~ P x 1 'm ~ 366 kW x 100% ~ 93.2% 

I II . 

(d) The input torque to this generator is given by the equation 

so 
P" 36.6 kW 

Tapp = tum = 125.7 rad/s = 291.2 N· m 

The induced countertorque is given by 

so 
34.1 kW 

125.7 radls ~ 271 .3 N· m 

(e) The voltage regulation of a generator is defined as 
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Vn1 - Vfl 
VR = x 100% 

Vn 
(3- 67) 

By this defin ition, the voltage regu lation for the lagging, unity, and leading 
power-factor cases are 

. 480V-41OV 
1. Lagging case: VR = 4 10 V x 100% = 17. 1 % 

. 480V -468V 
2. Umty case: VR = 468 V x 100% = 2.6% 

. 480 V - 535 V 
3. Leading case: VR = 535 V x 100% = - 10.3% 

In Example 4-3, lagging loads resulted in a drop in terminal voltage, unity
power-factor loads caused little effect on Vr. and leading loads resulted in an 
increase in terminal voltage. 

Exnmple 4-4. Assume that the generator of Example 4-3 is operating at no load 
with a terminal voltage of 480 V. Plot the terminal characteristic (terminal voltage versus 
li ne current) of th is generator as its armature current varies from no-load to fu1l load at a 
power factor of (0) 0.8 lagging and (b ) 0.8 leading. Assume tbat tbe field current remains 
constant at all times. 

Solution 
T he terminal characteristi c of a generator is a plot of its terminal voltage versus line cur
rent. Since this generator is Y-connected, its phase voltage is given by V.,. = VTIV3 . If VT 
is adjusted to 480 V at no-load conditions, then VJ, = EA = 277 V. Because the field current 
remains constant, EA will remain 277 V at all times. The outpUl current /L from this gener
ator will be the same ac; its armature current ' A, because it is Y-connected. 

(a.) If the generator is loaded with a 0.8 PF lagging current, the resu lting phasor di
agram looks like the one shown in Figure 4-24a. In thi s phasor diagram, we 
Imow that V<b is at an angle of 0°, that the magnitude of EA, is 277 V, and that the 
quantity jXsIA stretches between V<t> and EA as shown. The two quantities not 
known on the phasor diagram are the magnitude of Vq, and the angle a of EA- To 
find V<I> ' the easiest approach is to constmct a right triangle on the pbasor dia
gram, as shown in the figure. From Figure 4-24a, the right triangle gives 

E~ = (V q, + XsfA sin 6)2 + (XsfA cos fJ)2 

This equation can be used to solve for Vot> as a function of the current IA: 

V q, = /E1 - (XslA cos 8)2 - XsIA sin 6 

A simple MATLAB M-file can be used to calculate V.z, (and hence VT) as a func
tion of current. Such an M-file is shown below: 

% M-file : ter~char_a . m 

% M-f i le to p l ot the terminal characteristics of the 
% generator of Example 4- 4 wi t h an 0 . 8 PF lagging load . 

% First, i nitialize the current amplitudes (21 values 
% in the range 0-6 0 A) 
i _a = (0 : 1 : 20 ) * 3 i 
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% Now i ni tialize a l l other values 
v _ phas e = z e r 0 8 (1,21 ) i 
e a = 277.0; 
x_s = 1.0; 
theta = 36.B7 * (pi/1BO) ; % Conve rted to radi ans 

% No", ca l c ulat e v-pnase f o r each c urrent leve l 
f or i i = 1:21 

v-phase{ii ) cos (th eta) )"' 2 ) 

end 

% Calculate terminal voltage f rom the phase vol t age 
v_t = v-phase * sqrt(3); 

% Plot the terminal c h aracteristi c, remembering the 
% t h e line c u rrent is t he same as i a 
p l ot (i_ a , v _ t, 'Co l or' , 'k' , 'L i newidth ' , 2 .0) i 

x l abel ( ' Li ne Cur r en t (A) ' , ' Fontwei ght' , 'Sold') i 

y l a be l ('Terminal Vo l tage (V )', 'Font weight ', 'Sold') i 

t i tle ('Te r minal Character is ti c for 0 . 8 PF lagg ing load' , 
' Fontweight ' , ' Bold I ) ; 

grid on; 
axis ( {O 60 4 00 55 0 ]); 

The plot resulting when this M-file is executed is shown in Figure 4-25a. 
(b) If the generator is loaded with a 0.8 PF leading current, the resulting phasor di

agram looks like the one shown in Figure 4-24c. To find V¢, the easiest ap
proach is to construct a right triangle on the phasor diagram, as shown in the 
figure. From Figure 4-24c, the right triangle gives 

E.~ = (V </J - XsfA sin 8)2 + (XiiI cos 8)2 

This equation can be used to solve for V ¢ as a function of the current f A: 

V </J = ~/El - (XsIA cos 8)2 + XslA sin e 
This equation can be used to calculate and plot (he terminal characteristic in a 
manner similar to that in part a above. The resulting terminal characteristic is 
shown in Figure 4-25b. 

4.9 PARALLEL OPERATION OF 
AC GENERATORS 

In taday's world, an isolated synchronous generator supplying its awn load inde
pendently of other generators is very rare. Such a situation is found in only a few 
out-of-the-way applications such as emergency generators. For all usual genera
tor applications, there is more than one generator operating in paralJel to supply 
the power demanded by the loads. An extreme example of this situation is the U.S. 
power grid, in which literally thousands of generators share the load on the 
system. 

( 
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(a) Terminal characteristic for the generator of Example 4-4 when loaded wi th a 0.8 PF lagging load. 
(b) Terminal characteristic for the generator when loaded with a 0.8 PF lead ing load. 

Why are synchronous generators operated in parallel? There are several ma
jor advantages to such operation: 

1. Several generators can supply a bigger load than one machine by itself. 

2. Having many generators increases the reliability of the power system, since 
the failure of anyone of them does not cause a total power loss to the load. 

3. Having many generators operating in parallel allows one or more of them to 
be removed for shutdown and preventive maintenance . 
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Generator I 1-----+-,,------1 Load 

Generator 2 '--/ 

FIGURE 4-26 
A generator being parall eled with a mooing power system. 

4. If only one generator is used and it is not operating at near fun load, then it ( 
will be relatively inefficient. With several smaller machines in parallel, it is 
possible to operate only a fraction of them. The ones that do operate are op
erating near full load and thus more efficiently. 

This section explores the requirements for paral1eli ng ac generators, and 
then looks at the behavior of synchronous generators operated in parallel. 

The Conditions Required for Paralleling 

Figure 4- 26 shows a synchronous generator G I supplying power to a load, with 
another generalOr G, about to be paralleled with G, by closing the switch 51' What 
conditions must be met before the switch can be closed and the two generators 
connected? 

If the switch is closed arbitrarily at some moment, the generators are liable 
to be severely damaged, and the load may lose power. If the vo ltages are not ex
actly the same in each conductor being tied together, there will be a very large cur
rent flow when the switch is closed. To avoid this problem, each of the three 
phases must have exactly the same voltage magnitude and phase angle as the con
ductor to which it is connected. In other words, the voltage in phase a must be ex
actly the same as the voltage in phase a', and so forth for phases b-b' and c-c'. To 
achieve this match, the following paralleling conditions must be met: 

1. The rms line voltages of the two generators must be equal. 

2. The two generators must have the same phase sequence. 

3, The phase angles of the two a phases must be equal. 

4. The frequency of the new generator, called the oncoming generator, must be 
slightly higher than the frequency of the running system. 

These paralleling conditions require some explanation. Condition 1 is 
obvious- in order for two sets of voltages to be identical, they 111ust of course 
have the same rms magnitude of voltage. The voltage in phases a and a' will be 
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FIGURE 4- 27 
(a) The two possible phase sequences of a three-phase system. (b) The three-l ight-bu lb method for 
checking phase sequence. 

completely identical at all times if both thei r magni tudes and thei r angles are the 
same, which explains condition 3. 

Condition 2 ensures that the sequence in which the phase voltages peak in 
the two generators is the same. If the phase sequence is different (as shown in 
Figure 4-27a), then even though one pair of voltages (the a phases) are in phase, 
the other two pairs of voltages are 1200 out of phase. If the generators were con
nected in this manner, there would be no problem with phase a, but huge currents 
would fl ow in phases band c, damaging both machines. To correct a phase se
quence problem, simply swap the connections on any two of the three phases on 
one of the machines. 

If the frequencies of the generators are not very nearly equal when they are 
connected together, large power transients will occur until the generators stabilize 
at a common frequency. The frequencies of the two machines must be very nearly 
equal, but they cannot be exactly equal. They must differ by a small amount so 
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that the phase angles of the oncoming machine will change slowly with respect to 
the phase angles of the running system. In that way, the angles between the volt
ages can be observed and switch Sl can be closed when the systems are exactly in 
phase. 

The General Procedure for Paralleling Generators 

Suppose that generator G2 is to be connected to the running system shown in 
Figure 4-27. The following steps should be taken to accomplish the paralleling. 

First, using voltmeters, the field CUlTent of the oncoming generator should be 
adjusted until its terminal voltage is equal to the line voltage of the running system. 

Second, the phase sequence of the oncoming generator must be compared to 
the phase sequence of the running system. The phase sequence can be checked in 
a number of different ways. One way is to alternately connect a small induction 
motor to the terminals of each of the two generators. If the motor rotates in the ( 
same direction each time, then the phase sequence is the same for both generators. 
If the motor rotates in opposite directions, then the phase sequences differ, and 
two of the conductors on the incoming generator must be reversed. 

Another way to check the phase sequence is the three-light-bulb method. In 
this approach, three light bulbs are stretched across the open terminals of the 
switch connecting the generator to the system as shown in Figure 4-27b. As the 
phase changes between the two systems, the light bulbs first get bright (large 
phase difference) and then get dim (small phase difference).!! all three bulbs get 
bright and dark together, then the systems have the same phase sequence. If the 
bulbs brighten in succession, then the systems have the opposite phase sequence, 
and one of the sequences must be reversed. 

Next, the frequency of the oncoming generator is adjusted to be slightly 
higher than the frequency of the running system. This is done first by watching a 
frequency meter until the frequencies are close and then by observing changes in 
phase between the systems. The oncoming generator is adjusted to a slightly 
higher frequency so that when it is connected, it will come on the line supplying 
power as a generator, instead of consuming it as a motor would (this point will be 
explained later) . 

Once the frequencies are very nearly equal, the voltages in the two systems 
will change phase with respect to each other very slowly. The phase changes are 
observed, and when the phase angles are equal, the switch connecting the two sys
tems together is shut. 

How can one tell when the two systems are finally in phase? A simple way 
is to watch the three light bulbs described above in connection with the discussion 
of phase sequence. When the three light bulbs all go out, the voltage difference 
across them is zero and the systems are in phase. This simple scheme works, but 
it is not very accurate. A better approach is to employ a synchroscope. A synchro
scope is a meter that measures the difference in phase angle between the a phases 
of the two systems. The face of a synchroscope is shown in Figure 4--28. The dial 
shows the phase difference between the two a phases, with 0 (meaning in phase) 
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Synchroscope 

o FIGURE 4-28 
A syncbroscope. 

at the top and 180' at the bottom. Si nce the frequencies of the two systems are 
sl ightly different, the phase angle on the meter changes slowly. If the oncoming 
generator or system is faster than the running system (the desired situation), then 
the phase angle advances and the synchroscope needle rotates clockwise. If the 
oncoming machine is slower, the needle rotates counterclockwise. When the syn
chroscope needle is in the vertical position, the voltages are in phase, and the 
switch can be shut to connect the systems. 

Notice, though, that a synchroscope checks the relationships on only one 
phase. It gives no information about phase sequence. 

In large generators belonging to power systems, thi s whole process of par
alleling a new generator to the line is automated, and a computer does thi s job. For 
smaller generators, though, the operator manually goes through the paraJIellng 
steps j ust described. 

Frequency-Power and Voltage-Reactive Power 
Characteristics of a Synchronous Generator 

All generators are dri ven by a prime mover, which is the generator's source of 
mechanical power. The most common type of pr.i me mover is a steam turbine, but 
other types include diesel engines, gas turbines, water turbines, and even wind 
turbines. 

Regardless of the original power source, all prime movers tend (0 behave in 
a similar fashion-as the power drawn from them increases, the speed at which 
they turn decreases. The decrease in speed is in general nonlinear, but some form 
of governor mechanism is usually included to make the decrease in speed linear 
with an increase in power demand. 

Whatever governor mechanism is present on a prime mover, it will always 
be adjusted to provide a slight drooping characteristic wi th increasing load. The 
speed droop (SD) of a prime mover is defined by the equation 

I SD ~ no, no no x 100% I (4-27) 

where nnl is the no- load prime-mover speed and nfl is the full -load prime-mover 
speed. Most generator prime movers have a speed droop of 2 to 4 percent, as de
fi ned in Equation (4-27). In addition, most governors have some type of set point 
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adjustment to allow the no-load speed of the turbine to be varied. A typical speed
versus-power plot is shown in Figure 4-29. 

Since the shaft speed is related to the resulting electrical frequency by 
Equation (3-34), 

(3-34) 

the power output of a synchronous generator is related to its frequency. An exam
ple plot of frequency versus power is shown in Figure 4-29b. Frequency-power 
characteristics of this sort play an essential role in the parallel operation of syn
chronous generators. 

The relationship between frequency and power can be described quantita
tively by the equation 

where P = power output of the generator 

1.,1 = no-load frequency of the generator 

j~ys = operating frequency of system 

sp = slope of curve, in kWlHz or MW/Hz 

(4-28) 

A similar relationship can be derived for the reactive power Q and terminal 
voltage VT . As previously seen, when a lagging load is added to a synchronous 

( 
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Qn Q (reactive power), 
kY AR supplied 

The curve of termina l voltage (VT) versus reactive power CQ) for a synchronous generator. 

generator, its term inal voltage drops. Likewise, when a leading load is added to a 
synchronous generator, its terminal voltage increases. It is possible to make a plot 
of terminal voltage versus reactive power, and such a plot has a drooping charac
teristic like the one shown in Figure 4-30. This characteristic is not intrinsicalIy 
linear, but many generator voltage regulators include a feature to make it so. The 
characteristic curve can be moved up and down by changing the no-load terminal 
voltage set point on the voltage regulator. As with the frequency-power charac
teristic, this curve plays an important role in the parallel operation of synchronous 
generators. 

The relationship between the terminal voltage and reactive power can be 
expressed by an equation similar to the frequency- power relationship [Equation 
(4-28)] if the voltage regulator produces an output that is linear with changes in 
reactive power. 

It is important to realize that when a single generator is operating alone, the 
real power P and reacti ve power Q supplied by the generator will be the amount 
demanded by the load attached to the generator- the P and Q supplied cannot be 
controlled by the generator 's controls. Therefore, for any given real power, the 
governor set points control the generator's operating frequency f e and for any given 
reactive power, the field current controls the generator's terminal voltage VT. 

Example 4-5. Figure 4-31 shows a generator supplying a load. A second load is 
to be connected in parallel with the first one. The generator has a no-load frequency of 

( 61.0 Hz and a slope sp of 1 MWIHz .. Load 1 consumes a real power of 1000 kWatO.8 PF 
lagging, while load 2 consumes a real power of 800 kW at 0.707 PF lagging. 

(a) Before the switch is closed, what is the operat ing frequency of the system? 
(b) After load 2 is connected, what is the operating frequency of the system? 
(c) After load 2 is connected, what action could an operator take to restore the sys

tem frequency to 60 Hz? 
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Turbine generator 
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FI GURE 4-31 
The power system in Example 4-5. 

Solution ( 
This problem states that the slope of the generator 's characteristic is 1 MW 1Hz and that its 
no-load frequency is 61 Hz. Therefore, the power produced by the generator is given by 

so 
p 

hys = Inl - SF 

(a) The in itial system frequency is given by 

~ 61 Hz - 1000 kW ~ 61 Hz - I Hz ~ 60 Hz 
I MW/Hz 

(h ) After load 2 is connected, 

1800 kW 
~ 61 Hz - I MW/Hz ~ 61 Hz - 1.8 Hz ~ 59.2 Hz 

(4-28) 

(c) After the load is connected , the system frequency falls to 59.2 Hz. To restore the 
system to its proper operating frequency, the operator should increase the gov
ernor no-load set points by 0.8 Hz, to 61.8 Hz. This action wi ll restore the sys
tem frequency to 60 Hz. 

To summarize, when a generator is operating by itself supplying the system 
loads, then 

1, The real aod reactive power supplied by the generator will be the amount de- ( 
maoded by the attached load. 

2. The governor set points of the generator will control the operating frequency 
of the power system. 

) 



( 

SYNCHRONOUS GENERATORS 233 

- p 0 
Consumed 

FIGURE 4-32 

(a) 

p, 

kW 
supplied 

_ Q 0 
Consumed 

(b) 

Q, 
kVAR 
supplied 

Curves for an infinite bus: (a) frequency versus power and (b) terminal voltage versus reactive power. 

3. The field current (or the field regulator set points) controls the terminal volt
age of the power system. 

This is the situation found in isolated generators in remote field environments. 

Operation of Generators in Parallel with Large 
Power Systems 

When a synchronous generator is connected to a power system, the power system 
is often so large that nothing the operator of the generator does will have much of 
an effect on the power system. An example of this situation is the connection of a 
single generator to the U.S. power grid. The U.S. power grid is so large that no 
reasonable action on the pat1 of the one generator can cause an observable change 
in overall grid frequency. 

This idea is idealized in the concept of an infinite bus. An infinite bus is a 
power system so large that its voltage and trequency do not vary regardless of 
how 'much real and reactive power is drawn from or supplied to it. The power
frequency characteristic of such a system is shown in Figure 4- 32a, and the reac
tive power-voltage characteris tic is shown in Figure 4- 32b. 

To understand the behavior of a generator connected to such a large system, 
examine a system consisting of a generator and an infinite bus in parallel supply
ing a load. Assume that the generator's prime mover has a governor mechanism, 
but that the field is controlled manually by a resistor. It is easier to explain gener
ator operation without considering an automatic field current regulator, so this dis
cussion will ignore the slight differences caused by the field regulator when one 
is present. Such a system is shown in Figure 4-33a. 

When a generator is connected in parallel with another generator or a large 
system, the j i-equency and terminal voltage of all the machines must be the same, 
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FIGURE 4-33 
(a) A synchronous generator operating in parallel with an infinite bus. (b) The frequency~versus
power diagram (or house diagram) for a synchronous generaLor in parallel with an infinite bus. 

since their output conductors are tied together. Therefore, their real power
frequency and reactive power- voltage characteri stics can be plotted back to back, 
with a com mon vertical axis. Such a sketch, sometimes informally called a house 
diagram, is shown in Figure 4.-33b. 

Assume that the generator has just been paralleled with the infinite bus ac
cording to the procedure described previously. Then the generator will be essen
tially "floating" on the line, supplying a small amount of real power and little or 
no reactive power. This situation is shown in Figure 4-34. 

Suppose the generator had been paral leled to the line but, instead of being at 
a slightly higher frequency than the running system, it was at a slightly lower fre
quency. In this case, when paralleling is completed, the resulting situation is shown 
in Figure 4.-35 . Notice that here the no-load frequency of the generator is less than 
the system's operating frequency. At this frequency, the power supplied by the gen
erator is actually negative. In other words, when the generator's no-load frequency 
is less than the system's operating frequency, the generator actual ly consumes elec
tric power and runs as a motor. It is to ensure that a generator comes on line sup
plying power instead of consuming it that the oncoming machine's frequency is 
adjusted higher than the running system's frequency. Many real generators have a 

( 
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FIGURE 4-34 
The frequency-versus-power diagram at the moment just after paralleling. 

fe,Hz 
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(consuming) 

FIGURE 4-35 
The frequency-versus-power diagram if the no-load frequency of the generator were slightly less 
than system freq uency before paralleling. 

reverse-power trip connected to them, so it is imperative that they be paralleled 
with their frequency higher than that oj the running system. If such a generator 
ever starts to consume power, it will be automatically disconnected from the line. 

Once the generator has been connected, what happens when its governor set 
points are increased? The effect of this increase is to shift the no-load frequency 
of the generator upward. Since the frequency of the system is unchanged (the fre
quency of an infinite bus cannot change), the power supplied by the generator 
increases. This is shown by the house diagram in Figure 4-36a and by the phasor 
diagram in Figure 4-36b. Notice in the phasor diagram that EA sin 8 (which is pro
portional to the power supplied as long as Vr is constant) has increased, while the 
magnitude of EA (= Kq,w) remains constant, since both the field current IF and the 
speed of rotation ware unchanged. As the governor set points are further in
creased, the no-load frequency increases and the power supplied by the generator 
increases. As the power output increases, EA remains at constant magnitude while 
EA sin 8 is fUlther increased. 
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FIGURE 4--36 
The effect of increasing the governor's set poin ts on (a) the house diagram; (b) the phasor diagram. 

What happens in this system if the power output of the generator is in
creased until it exceeds the power consumed by the load? If this occurs, the extra 
power generated flows back into the infinite bus. The infinite bus, by definition, 
can supply or consume any amount of power without a change in frequency, so 
the extra power is consumed. 

After the real power oftlle generator has been adjusted to the desired value, 
the phasor diagram of the generator looks like Figure 4-36b. Notice that at this 
time the generator is actually operating at a slightly leading power factor, supply
ing negative reactive power. Alternatively, the generator can be said to be con
suming reactive power. How can the generator be adjusted so that it will supply 
some reactive power Q to the system? This can be done by adjusting the field cur
rent of the machine. To understand why this is true, it is necessary to consider the 
constraints on the generator's operation under these circumstances. 

The first constraint on the generator is that the power must remain constant 
when IF is changed. The power into a generator (ignoring losses) is given by the 
equation Pin = TindW/li . Now, the prime mover of a synchronous generator has a 

( 
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FIGURE 4-37 
The effect of increa~jng the generator's field current on the phasor diagram of the machine. 

fixed torque-speed characteristic for any given governor setting. This curve 
changes only when the governor set points are changed. Since the generator is tied 
to an infinite bus, its speed cannot change. If the generator's speed does not 
change and the governor set points have not been changed, the power supplied by 
the generator must remain constant. 

If the power supplied is constant as the field current is changed, then the 
distances proportional to the power in the phasor diagram (fA cos 0 and EA sin 8) 
cannot change. When the field current is increased, the flux cJ> increases, and 
therefore EA (= K<ptw) increases. If EA increases, but EA, sin 8 must remain con
stant, then the phasor EA must "slide" along the line of constant power, as shown 
in Figure 4-37. Since V" is constant, the angle of jXsIA changes as shown, and 
therefore the angle and magnitude of IA change. Notice that as a result the distance 
proportional to Q (fA sin 0) increases. In other words, increasing the field current 
in a synchronous generator operating in parallel with an infinite bus increases the 
reactive power output o/the generator. 

To summarize, when a generator is operating in parallel with an infinite bus: 

1. The frequency and terminal voltage of the generator are controlled by the sys
tem to which it is connected. 

2. The governor set points of the generator control the real power supplied by 
the generator to the system. 

3. The field current in the generator controls the reactive power supplied by the 
generator to the system. 

This situation is much (he way rea1 generators operate when connected to a very 
large power system. 

Operation of Generators in Parallel with Other 
( Generators of the Same Size 

When a single generator operated alone, the real and reacti ve powers (P and Q) 
supplied by the generator were fixed, constrained to be equal to the power de
manded by the load, and the frequency and terminal voltage were val'ied by the 
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governor set points and the field current. When a generator operated in parallel 
with an infinite bus, the frequency and terminal voltage were constrained to be 
constant by the infinite bus, and the real and reactive powers were varied by the 
governor set points and the field current. What happens when a synchronous gen
erator is connected in parallel not with an infinite bus, but rather with another 
generator of the same size? What will be the effect of changing governor set 
points and field currents? 

If a generator is connected in parallel with another one of the same size, the 
resulting system is as shown in Figure 4-38a. In this system, the basic constraint 
is that the sum of the real and reactive powers supplied by the two generators 
must equal the P and Q demanded by the load. The system frequency is not con
strained to be constant, and neither is the power of a given generator constrained 
to be constant. The power-frequency diagram for such a system immediately af
ter G2 has been paralleled to the line is shown in Figure 4-38b. Here, the total 
power Ptot (which is equal to Pload) is given by 

Ptot = Pload = PCI + PC2 (4-29a) 

and the total reactive power is given by 

(4-29b) 

What happens if the governor set points of G2 are increased? When the gov
ernor set points of G2 are increased, the power-frequency curve of G2 shifts up
ward, as shown in Figure 4-38c. Remember, the total power supplied to the load 
must not change. At the original frequency j" the power supplied by G J and G2 

will now be larger than the load demand, so the system cannot continue to oper
ate at the same frequency as before. In fact, there is only one frequency at which 
the sum of the powers out of the two generators is equal to P load' That frequency 12 
is higher than the original system operating frequency. At that frequency, G, sup
plies more power than before, and GJ supplies less power than before. 

Therefore, when two generators are operating together, an increase in gov
ernor set points on one of them 

1. Increases the system frequency. 

2. Increases the power supplied by that generator, while reducing the power 
supplied by the other one. 

What happens if the field CUlTent of G2 is increased? The resulting behavior 
is analogous to the real-power situation and is shown in Figure 4-38d. When two 
generators are operating together and the field current of G2 is increased, 

1. The system terminal voltage is increased. 

2. The reactive power Q supplied by that generator is increased, while the re
active power supplied by the other generator is decreased. 

( 
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FIGURE 4-39 
The house diagram for the system in Example 4-6. 

If the slopes and no-load frequencies of the generator's speed droop 
(frequency-power) curves are known, then the powers supplied by each generator 
and the resulting system frequency can be determined quantitatively. Example 
4-6 shows how this can be done, 

Example 4-6. Figure 4-38a shows two generators supplying a load. Generator 1 
has a no-load frequency of 6 [.5 Hz and a slope S!'l of 1 MWlHz. Generator 2 has a no-load 
freq uency of 61.0 Hz and a slope !iP2 of 1 MWlHz. The two generators are supplying a real 
load totaling 2. 5 MW at 0.8 PF lagging. The resulting system power-frequency or house 
diagram is shown in Figure 4-39. 

(a) At what fi'equency is this system operating, and how much power is supplied by 
each of the two generators? 

(b) Suppose an additional l -MW load were attached to this power system. What 
would the new system frequency be, and how much power would G1 and G2 

supply now? 
(c) With the system in the configuration described in part b, what will the system 

frequency and generator powers be if the governor set points on G2 are in
creased by 0.5 Hz? 

Solution 
The power produced by a synchronous generator with a given slope and no-load frequency 
is given by Equation (4-28): 

PI = SPIUnl,1 - /,;y) 

P 2 = S nUnl,2 -.isy,,) 

Since the total power supplied by the generators must equal the power consumed by the 
loads, 

Pload = PI + P2 

These equations can be used to answer all the questions asked, 

( 
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(a) In the first case, both generators have a slope of 1 MW/Hz, and G 1 has a no-load 
frequency of 61.5 Hz, while Gz has a no-load frequency of 61.0 Hz. The total 
load is 2.5 MW. Therefore, the system frequency can be found as follows: 

therefore 

Pload = PI + P2 

= SPI(f;11,J - !SYs) + Sn(fnl,2 - hyJ 
2.5 MW ~ (1 MWIHz)(6L5 Hz - h,) + (l MW/Hz)(61 Hz - h y) 

~ 61.5 MW - (l MWIHz)hy• + 61 MW - (l MWIHz)h" 

~ 122.5 MW - (2 MWIHz)h,. 

f, ~ 122.5 MW - 2.5 MW 60.0 Hz 
'Y' (2MW 1Hz) 

The resulting powers supplied by the two generators are 

PI = sPICfnl,I - fsys) 

~ (1 MWIHz)(61.S Hz - 60.0 Hz) ~ 1.5 MW 

Pz = SnC!,1i,2 - !sys) 

~ (1 MWIHz)(61.0 Hz - 60.0 Hz) ~ 1 MW 

(b) When the load is increased by 1 MW, the total load becomes 3.5 MW. The new 
system frequency is now given by 

therefore 

Pload = Spl(j~l,1 - hys) + SP2(fnl,2 - hys) 

3.5 MW ~ (1 MWIHz)(61.S Hz - j".) + (l MWIHz)(61 Hz - h,,) 
~ 61.5 MW - (l MWIHz)hy• + 61 MW - (1 MWIHz)f.~yy 

~ 122.5 MW - (2 MWIHz)h,. 

f, ~ 122.5 MW - 3.5 MW 59.5 Hz 
'Y' (2MW/Hz) 

The resulting powers are 

PI = SPlCt;li,l - isy) 

~ (1 MW/Hz)(61.S Hz - 59.5 Hz) ~ 2.0 MW 

Pz = Sn(fnl,2 - hys) 

~ (l MWIHz)(61.0 Hz - 59.5 Hz) ~ 1.5 MW 

(c) If the no-load govemor set points of G2 are increased by 0.5 Hz, the new system 
frequency becomes 

P]oad = sPl(fnLl - fsy) + SP2(fnl.2 - fsy) 

3.5 MW ~ (l MWIHz)(61.5 Hz - h,,) + (l MWIHz)(61.5 Hz -!;y) 

~ 123 MW - (2 MWIHz)J,y; 

123 MW - 3.5 MW 
h,. ~ (2MWIHz) ~ 59.75 Hz 

The resulting powers are 

PI = P2 = SP1(fnl,l - isyJ 
~ (l MW/Hz)(61.5 Hz - 59.75 Hz) ~ 1.75 MW 
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Notice that the system frequency rose, the power supplied by G2 rose, and the power 
supplied by G[ fell. 

When two generators of similar size are operating in parallel, a change in 
the governor set points of one of them changes both the system frequency and the 
power sharing between them. It would normally be desired to adjust only one of 
these quantities at a time. How can the power sharing of the power system be ad
justed independently of the system frequency, and vice versa? 

The answer is very simple. An increase in govelTIOr set points on one gen
erator increases that machine's power and increases system frequency. A decrease 
in governor set points on the other generator decreases that machine's power and 
decreases the system frequency. Therefore, to adjust power sharing without 
changing the system frequency, increase the governor set points of one generator 
and simultaneously decrease the governor set points of the other generator (see 
Figure 4-40a). Similarly, to adjust the system frequency without changing the 
power sharing, simultaneously increase or decrease both governor set points (see ( 
Figure 4-40b). 

Reactive power and terminal voltage adjustments work in an analogous 
fashion. To shift the reactive power sharing without changing VT , simultaneously 
increase the field current on one generator and decrease the field current on the 
other (see Figure 4-40c). To change the terminal voltage without affecting the re
active power sharing, simultaneously increase or decrease both field currents (see 
Figure 4-40d). 

To summarize, in the case of two generators operating together: 

1. The system is constrained in that the total power supplied by the two genera
tors together must equal the amount consumed by the load. Neitherfys nor VT 

is constrained to be constant. 

2. To adjust the real power sharing between generators without changing fys' 
simultaneously increase the governor set points on one generator while de
creasing the governor set points on the other. The machine whose governor 
set point was increased will assume more of the load. 

3. To adjust fys without changing the real power sharing, simultaneously in
crease or decrease both generators' governor set points. 

4. To adjust the reactive power sharing between generators without changing 
VT , simultaneously increase the field current on one generator while decreas
ing the field current on the other. The machine whose field current was in
creased will assume more of the reactive load. 

5. To adjust Vr without changing the reactive power sharing, simultaneously in
crease or decrease both generators' field currents. 

It is very important that any synchronous generator intended to operate in par
allel with other machines have a drooping frequency-power characteristic. If two 
generators have flat or nearly flat characteristics, then the power sharing between 
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FIGURE 4-41 
Two synchronous generators with flat frequency-power characteristics. A very tiny change in the no- ( 
load frequency of either of these machines could cause huge shifts in the power sharing . 

them can vary widely with only the tiniest changes in no-load speed. This problem 
is illustrated by Figure 4-41. Notice that even very tiny changes in.f.'l in one of the 
generators would cause wild shifts in power sharing. To ensure good control of 
power sharing between generators, they should have speed droops in the range 
of 2 to 5 percent. 

4.10 SYNCHRONOUS 
GENERATOR TRANSIENTS 

When the shaft torque applied to a generator or the output load on a generator 
changes suddenly, there is always a transient lasting for a finite period of time be
fore the generator returns to steady state. For example, when a synchronous gen
erator is paralleled with a running power system, it is initially turning faster and 
has a higher frequency than the power system does. Once it is paralleled, there is 
a transient period before the generator steadies down on the line and runs at line 
frequency while supplying a small amount of power to the load. 

To illustrate this situation, refer to Figure 4-42. Figure 4- 42a shows the 
magnetic fields and the phasor diagram of the generator at the moment just before 
it is paralleled with the power system. Here, the oncoming generator is supplying 
no load, its stator current is zero, EA = V4>' and BR = Bnct. 

At exactly time t = 0, the switch connecting the generator to the power sys
tem is shut, causing a stator current to flow. Since the generator's rotor is still 
turning faster than the system speed, it continues to move out ahead of the sys
tem's voltage V". The induced torque on the shaft of the generator is given by 

(3- 60) 

The direction of this torque is opposite to the direction of motion, and it increases as 
the phase angle between BR and Bnet (or EA and Vq, ) increases. This torque opposite 
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(a) The phasor diagram and magnetic fields of a generator at the moment of paralleling with a large 
power system. (b) The phasor diagram and house diagram shortly after (a). Here, the rotor has 
moved on ahead of the net magnetic fields, producing a clockwise torque. Thi s torque is slowing the 
rotor down to the synchronous speed of the power system. 

the direction of motion slows down the generator until it finally tums at synchronous 
speed with the rest of the power system. 

Similarly, if the generator were turning at a speed lower than synchronous 
speed when it was paralleled with the power system, then the rotor would fall be, 
hind the net magnetic fields, and an induced torque in the direction of motion 
would be induced on the shaft of the machine. This torque would speed up the 
rotor until it again began tuming at synchronous speed. 

Transient Stability of Synchronous Generators 

We learned earlier that the static stability limit of a synchronous generator is the 
maximum power that the generator can supply under any circumstances. The 
maximum power that the generator can supply is given by Equation (4-21): 

_ 3\.¢EA 
~nax - X 

s 

and the corresponding maximum torque is 

_ 3\.¢EA 
Truax - w,x 

" s 

(4- 21) 

(4-30) 

In theory, a generator should be able to supply up to this amount of power and 
torque before becoming unstable. In practice, however, the maximum load that 
can be supplied by the generator is limited to a much lower level by its dynamic 
stability limit. 

To understand the reason for this limitation, consider the generator in Figure 
4-42 again. If the torque applied by the prime mover (To,,) is suddenly increased, 
the shaft of the generator will begin to speed up, and the torque angle (; will increase 
as described. As the angle (; increases, the induced torque Tind of the generator will 
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FIGURE 4-43 
The dynamic response when an applied torque equal to 50% of '1'= is suddenly added to a 
synchronous generator. 

increase until an angle {) js reached at which Tin(! is equal and opposite to Tapp . This is 
the steady-state operating point of the generator with the new load. However, the ro
tor of the generator has a great deal of inertia, so its torque angle 8 actually over
shoots the steady-state position, and gradually settles out in a damped oscillation, as 
shown in Figure 4-43. The exact shape of this damped oscillation can be determined 
by solving a nonlinear differential equation, which is beyond the scope of this book. 
For more information, see Reference 4 , p. 345. 

The important point about Figure 4-43 is that if at any point in the transient 
response the instantaneous torque exceeds Tmllx , the synchronous generator will be 
unstable. The size of the oscillations depends on how suddenly the additional 
torque is applied to the synchronous generator. If it is added very gradually, the 
machine should be able to almost reach the static stability limil. On the other 
hand, if the load is added sharply, the machine will be stable only up to a much 
lower limit, which is very complicated to calculate. For very abrupt changes in 
torque or load, the dynamic stability limit may be less than half of the static sta
bility limit. 

Short-Circuit Transients 
in Synchronous Generators 

By far the severest transient condition that can occur in a synchronous generator 
is the situation where the three terminals of the generator are suddenly shorted 
out. Such a short on a power system is called afault. There are several compo
nents of current present in a shorted synchronous generator, which will be de
scribed below. The same effects occur in less severe transients like load changes, 
but they are much more obvious in the extreme case of a short circuit. 

( 
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The total fault currents as a function of time duri ng a three-phase fault at the terminals of a 
synchronous generator. 

When a fault occurs on a synchronous generator, the resulting cunent flow 
in the phases of the generator can appear as shown in Figure 4--44. The current in 
each phase shown in Figure 4-42 can be represented as a de transient component 
added on top of a symmetIical ac component. The symmetrical ac component by 
itself is shown in Figure 4-45. 

Before the fault, only ac voltages and currents were present within the gen
erator, while after the fault, both ac and dc currents are present. Where did the 
de currents come from? Remember that the synchronous generator is basically 
inductive~it is modeled by an internal generated voltage in series with the syn
chronous reactance. Also, recall that a current cannot change instantaneously in 
an inductor. When the fault occurs, the ac component of current jumps to a very 
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FIGURE 4-45 
The symmetric ae component of the fau lt current. 

large value, but the total cutTent cannot change at that instant. The de component 
of current is just large enough that the sum of the ac and de components just after 
the fault equals the ac current flowing just before the fault . Since the instanta
neous values of current at the moment of the fault afe different in each phase, the 
magnitude of the dc component of current wi ll be different in each phase. 

These dc components of CUlTent decay fairly quickly, but they initially av
erage about 50 or 60 percent of the ac current flo w the instant after the fault 
occurs. The total ini tial current is therefore typically 1.5 or 1.6 times the ac com
ponent taken alone. 

The ac symmetrical component of current is shown in Figure 4--45. It can be 
divided into roughly th ree periods. During the first cycle or so after the fault oc
curs, the ac current is very large and fal1s very rapidly. This period of time is 
called the subtransient period. After it is over, the ClllTent continues to fall at a 
slower rate, until at last it reaches a steady state. The period of time during which 
it falls at a slower rate is called the transient period, and the time after it reaches 
steady state is known as the steady-state period. 

If the rms magnitude of the ac component of current is plotted as a function 
of time on a semilogarithmic scale, it is possible to observe the three periods of 
fault current. Such a plot is shown in Figure 4-46. It is possib1e to detemline the 
time constants of the decays in each period from such a plot. 

The ac rms current flowing in the generator during the subtransient period 
is called the subtransient current and is denoted by the symbol !". This current is 
caused by the damper windings on synchronous generators (see Chapter 5 for a 
discussion of damper windings). The time constant of the subtransient current is 

( 
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A semi logarithmic plm of the magnitude of the ac component of faull current as a function of lime. 
The subtransient and transient time constants of the generator can be determined from such a plot. 

given the symbol T", and it can be determined from the slope of the subtransient 
current in the plot in F igure 4-46. This current can often be 10 times the size of 
the steady-s tate fault current. 

The fms current flowing in the generator during the transient period is 
called the transient current and is denoted by the symbol 1'. It is caused by a de 
component of current induced in the field circuit at the time of the ShOll . This field 
current increases the internal generated voltage and causes an increased fau lt cur
rent. Since the time constant of the dc f ield circuit is much longer than the time 
constant of the damper windings, the transient period lasts much longer than the 
subtranslent period . This time constant is given the symbol ['. The average rms 
cun-ent during the transient period is often as much as 5 times the steady-state 
fault current. 

After the transient period, the fault current reaches a steady-state condition. 
The steady-state current during a fault is denoted by the symboll ... It is given ap
proximately by the fundamental frequency component of the internal generated 
voltage EA within the machine divided by its synchronous reactance: 

EA 
Iss = X 

s 
steady state (4-31) 

The rms magni tude of the ac fault current in a synchronous generator varies 
continuously as a funct.ion of time. If r is the subtransient component of current 
at the instant of the fault, J' is the transient component of current at the instant of 
the fault, and Iss is the steady~state fault cunent, then the rms magnitude of the 
current at any time after a fault occurs at the terminals of the generator is 

(4-32) 
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It is customary to define subtransient and transient reactances for a syn
chronous machine as a convenient way to describe the subtransient and transient 
components of fault current. The subtransient reactance of a synchronous gener
ator is defined as the ratio of the fundamental component of the internal generated 
voltage to the subtransient component of current at the beginning of the fault. It is 
given by 

X II = EA 
r subtransient (4-33) 

Similarly. the transient reactance of a synchronous generator is defined as the ra
tio of the fundamental component of EA to the transient component of current I' at 
the beginning of the fault. This value of current is found by extrapolating the sub
transient region in Figure 4-46 back to time zero: 

EA 
X' = l' transient (4-34) 

For the purposes of sizing protective equipment. the subtransient current is ( 
often assumed to be EAIX". and the transient current is assumed to be EAIX'. since 
these are the maximum values that the respective currents take on. 

Note that the preceding discussion of faults assumes that all three phases were 
shorted out simultaneously. If the fault does not involve all three phases equally, 
then more complex methods of analysis are required to understand it. These meth
ods (known as symmetrical components) are beyond the scope of this book. 

Example 4-7. A 100·MVA, 13.5-kV, Y·connected, three-phase. 6O-Hz synchro· 
nous generator is operating at the rated voltage and no load when a three-phase fault 
develops at its terminals. Its reactances per unit to the machine's own base are 

Xs = l.0 X ' = 0.25 X" = 0.1 2 

and its time constants are 

T' = 1.1 0s TI/= O.04 s 

The initial dc component in this machine averages 50 percent of the initial ac component. 

(aJ What is the ac component of current in this generator the instant after the fault 
occurs? 

(b) What is the total current (ae plus dc) flowing in the generator right after the fault 
occurs? 

(c) What will the ac component of the current be after two cycles? After 5 s? 

Solution 
The base current of this generator is given by the equation 

...."S;:!b"'",,~~ 
IL,base = v'3 VL,base 

IOOMVA 
= V3( 13.8 kV) = 4184 A 

(2- 95) 
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The subtransient, transient, and steady-state currents, per unit and in amperes, are 

I " EA 1.0 8333 
= X" = 0.12 = . 

~ (8.333)(4184 A) ~ 34,900 A 

I' ~ ~~ ~ 012~ ~ 4.00 

~ (4.00)(4184 A) ~ 16.700 A 

EA 1.0 
I" ~ X' ~ T.O ~ 1.00 

~ (1.00)(4184 A) ~ 4184 A 

(a) The initial ac component of current is I" = 34,900 A. 
(b) The total current (ac plus dc) at the beginning of the fault is 

I,", ~ LSI" ~ 52,350 A 

(c) The ac component of current as a function of time is given by Equation (4-32): 

J(t) = (III - t)e-IIT" + (t -I,<s)e-1IT' + iss (4-32) 

= 18,200e-IIO.04s + 12,516e-1I 1.1 s + 4184 A 

At two cycles, t = 1/30 s, the total current is 

I(3~) ~ 7910 A + 12,142 A + 4184 A ~ 24,236 A 

After two cycles, the transient component of CUlTent is clearly the largest one 
and this time is in the transient period of the short circuit. At 5 s, the current is 
down to 

1(5) ~ OA + 133 A + 4184A ~ 4317A 

This is part of the steady-state period of the short circuit. 

4.11 SYNCHRONOUS GENERATOR RATINGS 

There are certain basic limits to the speed and power that may be obtained from a 
synchronous generator. These limits are expressed as ratings on the machine. The 
purpose of the ratings is to protect the generator from damage due to improper op
eration. To this end, each machine has a number of ratings listed on a nameplate 
attached to it. 

Typical ratings on a synchronous machine are voltage, frequency, speed, ap
parent power (kilovoltamperes), power factor, field current, and service factor. 
These ratings, and the interrelationships among them, will be discussed in the fol
lowing sections. 

The Voltage, Speed, and Frequency Ratings 

The rated frequency of a synchronous generator depends on the power system to 
which it is connected. The commonly used power system frequencies today are 
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50 Hz (in Europe, Asia, etc.), 60 Hz (in the Americas), and 400 Hz (in special
purpose and control applications). Once the operating frequency is known, there 
is only one possible rotational speed for a given number of poles. The fixed rela
tionship between frequency and speed is given by Equation (3-34) : 

as previously described. 

n17l 
!" = 120 (3-34) 

Perhaps the most obvious rating is the voltage at which a generator is de
signed to operate. A generator 's voltage depends on the flux, the speed of rotation, 
and the mechanical construction of the machine. For a given mechanical frame 
size and speed, the higher the desired voltage, the higher the machine's required 
flux. However, flux cannot be increased forever, since there is always a maximum 
allowable field current. 

Another consideration in setting the maximum allowable vo ltage is the 
breakdown value of the winding insulation-normal operating vo ltages must not ( 
approach breakdown too closely. 

Is it possible to operate a generator rated for one frequency at a different fre
quency? For example, is it possible to operate a 60-Hz generator at 50 Hz? The 
answer is a qualified yes, as long as certain conditions are met. Basically, the 
problem is that there is a maximum flux achievable in any given machine , and 
since EA = Kq,w, the maximum allowable EA changes when the speed is changed. 
Specifically, if a 60-Hz generator is to be operated at 50 Hz, then the operating 
voltage must be derated to 50160, or 83.3 percent, of its original value. Just the 
opposi te effect happens when a 50-Hz generator is operated at 60 Hz. 

Apparent Power and Power-Factor Ratings 

There are two factors that determine the power limits of electric machines. One is 
the mechanical torque on the shaft of the machine, and the other is the heating of 
the machine's windings. In all practical synchronous motors and generators, the 
shaft is strong enough mechanically to handle a much larger steady-state power 
than the machine is rated for, so the practical steady-state limits are set by heating 
in the machine's windings. 

There are two windings in a synchronous generator, and each one must be 
protected from overheating. These two windings are the armature winding and the 
fi eld winding. The max imum acceptable armature current sets the apparent power 
rating for a generator, since the apparent power S is given by 

(4-35) 

If the rated voltage is known, then the maximum acceptable armature current de
termines the rated kilovoltamperes of the generator: 

or 

S tated = 3 "¢"fated IA,mar.. 

S cated = v'3VL.rnted I L,mnx 

(4-36) 

(4-37) 
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How the rotor field current limit sets the rated power factor of a generator. 

It is important to realize that, for heating the armature windings, the power factor 
of the armature current is irrelevant. The heating effect of the stator copper losses 
is given by 

(4-38) 

and is independent of the angle of the current with respect to V¢. Because the 
current angle is irrelevant to the annature heating, these machines are rated in 
kilovoltamperes instead of kilowatts. 

The other winding of concern is the field winding. The field copper losses 
are given by 

(4-39) 

so the maximum allowable heating sets a maximum field current for the machine. 
Since EA = K4;w this sets the maximum acceptable size for EA' 

The effect of having a maximum IF' and a maximum EA translates directly 
into a restriction on the lowest acceptable power factor of the generator when it is 
operating at the rated kilovoltamperes. Figure 4-47 shows the phasor diagram of 
a synchronous generator with the rated voltage and armature current. The current 
can assume many different angles, as shown. The internal generated voltage EA is 
the sum of V" andjXs IA- Notice that for some possible current angles the required 
EA exceeds EA,max ' If the generator were operated at the rated armature cun'ent and 
these power factors, the field winding would burn up. 

The angle of IA that requires the maximum possible EA while V¢ remains at 
the rated value gives the rated power factor of the generator. It is possible to op
erate the generator at a lower (more lagging) power factor than the rated value, but 
only by cutting back on the kilovoltamperes supplied by the generator. 
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Synchronous Generator Capability Curves 

The stator and rotor heat limits, together with any external limits on a synchro
nous generator, can be expressed in graphical form by a generator capability dia
gram. A capability illagram is a plot of complex power S = P + jQ. It is derived 
from the phasor diagram of the generator, assuming that V" is constant at the ma
chine's rated voltage. 

Figure 4-48a shows the phasor diagram of a synchronous generator operat
ing at a lagging power factor and its rated voltage. An orthogonal set of axes is 
drawn on the diagram with its origin at the tip of V" and with uni ts of volts. On 
this diagram, vertical segment AB has a length XiA cos e, and horizontal segment ' 
OA has a length XsIA sin e. 

The real power output of the generator is given by 

P = 3Vq,IA cos e (4-17) 

( 



( 

SYNCHRONOUS GENERATORS :l!)':' 

the reactive power output is given by 

Q ~ 3V"IA sin e 
and the apparent power output is given by 

S ~ 3V"IA 

(4-19) 

(4-35) 

so the veltical and horizontal axes of this figure can be recalibrated in terms of 
real and reactive power (Figure ~8b). The conversion factor needed to change 
the scale of the axes from volts to voltamperes (power units) is 3V"IXs: 

and 

3V" 
p ~ 3V"IA cos e ~ X (XsIA cos e) (4-40) 

s 

. 3V" . Q ~ 3V"IA sm e ~ X(XsIA sm e) 
s 

(4-41) 

On the voltage axes, the origin of the phasor diagram is at -V</> on the hori
zontal axis, so the origin on the power diagram is at 

3V 
Q ~ ---..p.(-v) 

Xs " 
3V2 

~ _ ::.:....f 
Xs 

(4-42) 

The field current is proportional to the machine's flux, and the flux is proportional 
to EA ~ Kcpw. The length corresponding to EA on the power diagram is 

_ _ 3EA V", 
DE - X 

s 
(4-43) 

The annature current lA is proportional to XSfA' and the length corresponding to 
XslA on the power diagram is 3V</>IA-

The final synchronous generator capability curve is shown in Figure 4-49. 
It is a plot of P versus Q, with real power P on the horizontal axis and reactive 
power Q on the vertical axis. Lines of constant armature current fA appear as lines 
of constant S = 3VIjI lA' which are concentric circles around the origin. Lines of 
constant field current correspond to lines of constant EA , which are shown as cir
cles of magnitude 3EA V. IXs centered on the point 

3V2 
Q ~_::.:....f 

Xs 
(4-42) 

The armature current limit appears as the circle corresponding to the rated 
fA or rated kilovoltamperes, and the field current limit appears as a circle corre
sponding to the rated IF or Ek Any point that lies within both circles is a safe op
erating point for the generator. 

It is also possible to show other constraints on the diagram, such as the max
imum prime-mover power and the static stability limit. A capability curve that 
also reflects the maximum prime-mover power is shown in Figure 4-50. 
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FIGURE 4-49 
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The resulting generator capability curve. 

FIGURE 4- 50 
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A capability diagram showing the prime-mover power limit. 
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Example 4- 8. A 480-V, 50-Hz, Y-connected, six-pole synchronous generator is 
rated at 50 kVA at 0.8 PF lagging. It has a synchronous reactance of 1.0 n per phase. 

Assume (hat this generator is connected to a steam turbine capable of supplying up to 
45 kW. The friction and windage losses are 1.5 kW. and the core losses are 1.0 kW. 

(a) Sketch the capability curve for this generator, including the prime-mover power 

limit. 

(b) Can this generator supply a line current of 56 A at 0.7 PF lagging? Why or why not? 

(e) What is the maximum amount ofreactive power this generator can produce? 

(d) If the generator supplies 30 kW of real power, what is the maximum amount of 
reactive power that can be simultaneously supplied? 

Solution 
The maximum current in this generator can be found from Equation (4-36): 

The voltage V,p of thi s machine is 

V - VT - 480 V - 277 V "'-'13 - '13 -

so the maximum armature current is 

[ Srntcd 50 kVA 
A.m~ = 3V", = 3(277 V ) = 60 A 

With this information, it is now possible to answer the questions. 

(4-36) 

(a) The maximum permissible apparent power is 50 kVA, which specifies the max
imum safe armature current. The center of the E;\ circles is at 

3V' 
Q = - ----"'

Xs 

3(277 vJ' 
1.0 fl 

The max imum size of EA is given by 

EA = V. + jXsIA 

- 230 kVAR 

= 277 La" V + (j 1.0 fl)(60 L -36.87" A) 

= 313 + j48 V = 317 L8.7" V 

Therefore, the magnihlde of the distance propOitional to EA is 

3EAV", 
DE = - -

Xs 

= 3(3 17 V)(277 V) = 263 kVAR 
1.0 fl 

(4-42) 

(4-43) 

The maximum output power available with a prime-mover power of 45 kW is 
approximately 

P max,out = P max,in - P mcch 10" - Peme loss 

= 45 kW - 1.5 kW - 1.0 kW = 42.5 kW 



258 ELECTR[C MACHtNERY FUNDAMENTALS 

Q, kVAR 

Stator current -.......... 
limit ____ '-- - 50 

- - .... " ~ Field current limit 

- 25 

FIGURE 4-51 
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The capabili ty diagram for the generator in Example 4-8. 

(This value is approximate because the [2R loss and the stray load loss were not 
considered.) The resulting capability diagram is shown in Figure 4-5l. 

(b) A CUlTent of 56 A at 0.7 PF lagging produces a real power of 

p ~ 3V4,!A cos e 
~ 3(277 V)(56 A)(O,?) ~ 32,6 kW 

and a reactive power of 

Q~3V. IAsine 

~ 3(277 V)(56 A)(O,714) ~ 33,2 kVAR 

Plotting this point on the capability diagram shows that it is safely within the 
maximum 1A curve but outside the maximum IF curve. Therefore, this point is 
not a safe operating condition. 
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FIGURE 4-52 
Capability curve for a real synchronous generator rated at 470 kVA. (Courtesy of Marathon Electric 
Company.) 

(c) When the real power supplied by the generator is zero, the reactive power that 
the generator can supply will be maximum. This point is right at the peak of the 
capability curve. The Q that the generator can supply there is 

Q = 263 kVAR - 230 kVAR = 33 kVAR 

(d) If the generator is supplying 30 kW of real power. the maximum reactive power 
that the generator can supply is 3 1.5 kVAR This value can be found by entering 
the capability diagram at 30 kW and going up the constant-ki lowatt line until a 
limit is reached. The limiting factor in this case is the field current- the anna
ture will be safe up to 39.8 kVAR. 

Figure 4-52 shows a typical capability for a real synchronous generator. 
Note that the capability boundaries are not a perfect circle for a real generator. 
This is true because real synchronous generators with salient poles have additional 
effects that we have not modeled. These effects are described in Appendix C. 
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Short· Time Operation and Service Factor 

The most important limit in the steady-state operation of a synchronous generator 
is the heating of its armature and field windings. However, the heating limit usu
ally occurs at a point much less than the maximum power that the generator is 
magnetically and mechanically able to supply. In fact , a typical synchronous gen
erator is often able to supply up to 300 percent of its rated power for a while (until 
its windings burn up). This ability to supply power above the rated amount is 
used to supply momentary power surges during motor starting and similar load 
transients. 

It is also possible to use a generator at powers exceeding the rated values for 
longer periods of time, as long as the windings do not have time to heat up too much 
before the excess load is removed. For example, a generator that could supply 
I MW indefinitely might be able to supply 1.5 MW for a couple of minutes without 
serious harm, and for progressively longer periods at lower power levels. However, 
the load must finally be removed, or the windings will overheat. The higher the ( 
power over the rated value, the shorter the time a machine can tolerate it. 

Figure 4-53 illustrates this effect. This figure shows the time in seconds re
quired for an overload to cause thermal damage to a typical electrical machine, 
whose windings were at normal operating temperature before the overload oc
curred. In this particular machine, a 20 percent overload can be tolerated for 1000 
seconds, a 100 percent overload can be tolerated for about 30 seconds, and a 200 
percent overload can be tolerated for about 10 seconds before damage occurs. 

The maximum temperature rise that a machine can stand depends on the in
sulation. class of its windings. There are four standard insulation classes: A, B. F, 
and H. While there is some variation in acceptable temperature depending on a 
machine 's particular construction and the method of temperature measurement, 
these classes generally cOlTespond to temperature ri ses of 60, 80, 105, and l2SOC, 
respectively, above ambient temperature. The higher the insulation class of a 
given machine, the greater the power that can be drawn out of it without over
heating its windings. 

Overheating of windings is a very serious problem in a motor or generator. 
It was an old rule of thumb that for each 10'C temperature rise above the rated 
windings temperature, the average lifetime of a machine is cut in half (see Figure 
3-20). Modern insulating materials are less susceptible to breakdown than that, 
but temperature rises still drastically shorten the ir li ves. For this reason, a syn
chronous machine should not be overloaded unless absolutely necessary. 

A question related to the overheating problem is: Just how well is the power 
requirement of a machine known? Before installation, there are often only ap
proximate estimates of load. Because of this, general-purpose machines usually 
have a sen /ice facto r. The service factor is defined as the ratio of the actual max
imum power of the machine to its nameplate rating. A generator with a service I 

factor of 1.15 can actually be operated at US percent of the rated load indefinitely 
without harm. The service factor on a machine provides a margin of error in case 
the loads were improperly estimated. 



oi 
E ." 
E 

" E 
X 
" ~ 

( 

( 

SYNCHRONOUS GENERATORS 261 

103~ .•.. \ 

102 

10 ' 

IO°L-__ ~~ __ -L ____ -L ____ ~ ____ l-__ ~~ __ ~~ __ ~~ __ -L ____ ~ 
o 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 

Per-unit current 

FIGURE 4-53 
Thermal damage curve for a typical synchronous machine, assuming that the windings were already 
at operational temperature when the overload is applied . (Courtesy of Marathon Electric Company.) 

4.12 SUMMARY 

A synchronous generator is a device for converting mechanical power from a prime 
mover to ac electric power at a specific voltage and frequency. The term synchro
nous refers to the fact that this machine's electrical frequency is locked in or syn
chronized with its mechanical rate of shaft rotation. The synchronous generator is 
tised to produce the vast majority of electric power used throughout the world. 

The internal generated voltage of this machine depends on the rate of shaft 
rotation and on the magnitude of the field fInx. The phase voltage of the machine 
differs from the internal generated voltage by the effects of armature reaction in the 
generator and also by the internal resistance and reactance of the armature wind
ings. The terminal voltage of the generator will either equal the phase voltage or be 
related to it by \13, depending on whether the machine is Ll- or Y-connected. 

The way in which a synchronous generator operates in a real power system 
depends on the constraints on it. When a generator operates alone, the real and 
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reactive powers that must be supplied are determined by the load attached to it, 
and the governor set points and field current control the frequency and terminal 
voltage, respectively. When the generator is connected to an infinite bus, its fre
quency and voltage are fixed, so the governor set points and field current control 
the real and reactive power flow from the generator. In real systems containing 
generators of approximately equal size, the governor set points affect both fre
quency and power flow, and the field current affects both terminal voltage and re
active power flow. 

A synchronous generator's ability to produce electric power is primarily 
limited by heating within the machine. When the generator's windings overheat, 
the life of the machine can be severely shOltened. Since there are two different 
windings (armature and field), there are two separate constraints on the generator. 
The maximum allowable heating in the armature windings sets the maximum 
kilovoltamperes allowable from the machine, and the maximum allowable heat
ing in the field windings sets the maximum size of Ek The maximum size of EA ( 
and the maximum size of fA together set the rated power factor of the generator. 

QUESTIONS 

4-1. Why is the frequency of a synchronous generator locked into its rate of shaft 
rotation? 

4-2. Why does an alternator's voltage drop sharply when it is loaded down with a lag
ging load? 

4-3. Why does an alternator's voltage rise when it is loaded down with a leading load? 
4-4. Sketch the phasor diagrams and magnetic field relationships for a synchronous gen

erator operating at (a) unity power factor, (b) lagging power factor, (c) leading 
power factor. 

4-5. Explain just how the synchronous impedance and armature resistance can be deter
mined in a synchronous generator. 

4-6. Why must a 60-Hz generator be derated if it is to be operated at 50 Hz? How much 
derating must be done? 

4-7. Would you expect a 400-Hz generator to be larger or smaller than a 60-Hz genera
tor of the same power and voltage rating? Why? 

4-8. What conditions are necessary for paralleling two synchronous generators? 
4-9. Why must the oncoming generator on a power system be paralleled at a higher fre

quency than that of the running system? 
4-10. What is an infinite bus? What constraints does it impose on a generator paralleled 

with it? 
4-11. How can the real power sharing between two generators be controlled without af

fecting the system's frequency? How can the reactive power sharing between two 
generators be controlled without affecting the system's terminal voltage? 

4-12. How can the system frequency of a large power system be adjusted without affect
ing the power sharing among the system's generators? 

4-13. How can the concepts of Section 4.9 be expanded to calculate the system frequency 
and power sharing among three or more generators operating in parallel? 

4-14. Why is overheating such a serious matter for a generator? 
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4-15. Explain in detail the concept behind capability curves. 

4-16. What are short-time ratings? \Vhy are they important in regular generator operation? 

PROBLEMS 

> 
C 

" " " "0 
> 
'3 

.~ 
" "-
0 

4-1. At a location in Europe, it is necessary to supply 1000 kW of60-Hz power. The only 
power sources available operate at 50 Hz. It is decided to generate the power by 
means of a motor-generator set consisting of a synchronous motor driving a syn
chronous generator. How many poles should each of the two machines have in or
der to convert 50-Hz power to 60-Hz power? 

4-2. A 13 .8-kV, 50-MVA, O.9-power-factor-lagging, 60-Hz, four-pole Y-connected syn
chronous generator has a synchronous reactance of 2.5 n and an armature resis
tance of 0.2 n. At 60 Hz, its friction and windage losses are 1 MW, and its core 
losses are 1.5 MW. The field circuit has a dc voltage of 120 V, and the maximum 
IF is 10 A. The current of the field circuit is adjustable over the range from 0 to 
10 A. The acc of this generator is shown in Figure P4-1. 

Open-circuit characteristic 
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/ 
/ 

~ 

II 

2 3 4 5 6 7 8 9 
Field current (A) 

FI GUREP4- 1 
Open-circuit characteristic curve for the generator in Problem 4-2. 

(a) How much field current is required to make the terminal voltage VT (or line 
voltage VL) equal to 13 .8 kV when the generator is mnning at no load? 

(b) What is the internal generated voltage EA of this machine at rated conditions? 

10 
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4-3. 

(c) What is the phase voltage Vq, of this generator at rated conditions? 
(d) How much field current is required to make the terminal voltage VT equal to 

13.8 kV when the generator is running at rated conditions? 
(e ) Suppose that this generator is running at rated conditions, and then the load is 

removed without changing the field current. What would the terminal voltage of 
the generator be? 

(f) How much steady-state power and torque must the generator's prime mover be 
capable of supplying to handle the rated conditions? 

(g) Construct a capability curve for this generator. 

Assume that the field current of the generator in Problem 4-2 has been adjusted to 
a value of 5 A 
(a) What will the terminal voltage of this generator be if it is connected to a 

Ll-connected load with an impedance of 24 L 25°!1? 
(b) Sketch the phasor diagram of this generator. 
(c) What is the efficiency of the generator at these conditions? 
(d) Now assume that another identical Ll-connected load is to be paralleled with the 

first one. What happens to the phasor diagram for the generator? 
(e) What is the new terminal voltage after the load has been added? 
(f) What must be done to restore the terminal voltage to its original value? 

4-4. Assume that the field current of the generator in Problem 4-2 is adjusted to achieve 
rated voltage (13.8 kV) at full-load conditions in each of the following questions. 
(a) What is the efficiency of the generator at rated load? 
(b) What is the voltage regulation of the generator if it is loaded to rated kilo

voltamperes with O.9-PF-lagging loads? 
(c) What is the voltage regulation of the generator if it is loaded to rated kilo

vo]tamperes with O.9-PF-Ieading loads? 
(d) What is the voltage regulation of the generator if it is loaded to rated kilo

voltamperes with unity-power-factor loads? 
(e) Use MATLAB to plot the terminal voltage of the generator as a function of load 

for all three power factors. 

4-5. Assume that the field cmTenl of the generator in Problem 4-2 has been adjusted so 
that it supplies rated voltage when loaded with rated current at unity power factor. 
(a) What is the torque angle 8 of the generator when supplying rated current at 

unity power factor? 
(b) What is the maximum power that this generator can deliver to a unity power 

factor load when the field current is adjusted to the current value? 
(c) When this generator is running at full load with unity power factor, how close 

is it to the static stabil ity limit of the machine? 

4-6. The internal generated voltage EA of a Y-connected, three-phase synchronous gen
erator is 14.4 kV, and the temtinal voltage VT is 12.8 kY. The synchronous reactance 
of this machine is 4 fl, and the armature resistance can be ignored. 
(a) If the torque angle of the generator 0 = 18°, how much power is being supplied 

by this generator at the current time? 
(b) What is the power factor of the generator at this time? 
(c) Sketch the phasor diagram under these circumstances. 
(d) Ignoring losses in this generator, what torque must be applied to its shaft by the 

prime mover at these conditions? 

r 
\ 
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4-7. A lOO-MVA, 14.4-kV, O.8-PF-lagging, 50-Hz, two-pole, Y-connected synchronous 
generator has a per-unit synchronous reactance of 1.1 and a per-unit armature resis
tance of 0.0 11. 
(a) What are its synchronous reactance and armature resistance in ohms? 
(b) What is the magnitude of the internal generated voltage EA at the rated condi

tions? What is its torque angle 8 at these conditions? 
(c) Ignoring losses in this generator, what torque must be applied to its shaft by the 

prime mover at fu ll load? 

4-8. A 200-MYA, 12-kV, O.85-PF-Iagging, 50-Hz, 20-pole, Y-connected water turbine 
generator has a per-unit synchronous reactance of 0.9 and a per-unit armature resis
tance of 0.1. This generator is operating in parallel with a large power system 
(infinite bus). 
(a) What is the speed of rotation of this generator's shaft? 
(b) What is the magnitude of the internal generated voltage EA at rated conditions? 
(c) What is the torque angle of the generator at rated conditions? 
(d) What are the values of the generator's synchronous reactance and armature 

resistance in ohms? 
(e) If the field current is held constant, what is the maximum power possible out of 

this generator? How much reserve power or torque does this generator have at 
full load? 

(j) At the absolute maximum power possible, how much reactive power will this 
generator be supplying or consuming? Sketch the corresponding phasor dia
gram. (Assume IF is still unchanged.) 

4-9. A 480-V, 250-kVA, 0.8-PF-lagging, two-pole, three-phase, 60-Hz synchronous gen
erator's prime mover has a no-load speed of 3650 rlmin and a full-load speed of 
3570 r/min. It is operating in parallel with a 480-V, 250-kVA, 0.85-PF-Iagging, four
pole, 60-Hz synchronous generator whose prime mover has a no-load speed of 
1800 rlmin and a full-load speed of 1780 rlmin. The loads supplied by the two gen
erators consist of 300 kW at 0.8 PF lagging. 
(a) Calculate the speed droops of generator 1 and generator 2. 
(b) Find the operating frequency of the power system. 
(e) Find the power being supplied by each of the generators in this system. 
(d) Vlhat must the generator's operators do to adjust the operating frequency to 60 Hz? 
(e) If the current line voltage is 460 V, what must the generator's operators do to 

correct for the low terminal voltage? 

4-10. Three physically identical synchronous generators are operating in parallel. They 
are all rated for a full load of 100 MW at 0.8 PF lagging. The no-load frequency 
of generator A is 61 Hz, and its speed droop is 3 percent. The no-load frequency of 
generator B is 61.5 Hz, and its speed droop is 3.4 percent. The no-load frequency 
of generator C is 60.5 Hz, and its speed droop is 2.6 percent. 
(a) If a total load consisting of 230 MW is being supplied by this power system, 

what will the system frequency be, and how will the power be shared among the 
three generators? 

(b) Create a plot showing the power supplied by each generator as a function of the 
total power supplied to all loads (you may use MATLAB to create this plot). At 
what load does one of the generators exceed its ratings? Which generator ex
ceeds its ratings first? 
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(c) Is this power sharing in (aJ acceptable? \\Thy or why not? 
(d) What actions could an operator take to improve the real power sharing among 

these generators? 
4-11. A paper mill has installed three steam generators (boilers) to provide process steam 

and also to use some its waste products as an energy source. Since there is extra ca
pacity, the mill has installed three 10-MW turbine generators to take advantage of 
the situation. Each generator is a 4 160-V, 12.5 MVA, 60 Hz, O.8-PF-Iagging, two
pole, Y-connected synchronous generator with a synchronous reactance of 1.10 n 
and an armature resistance of 0.03 n. Generators 1 and 2 have a characteristic 
power-frequency slope Sp of 5 MW/Hz, and generators 3 has a slope of 6 MWlHz. 
(a) If the no-load frequency of each of the three generators is adjusted to 61 Hz, 

how much power will the three machines be supplying when the actual system 
frequency is 60 Hz? 

(b) What is the maximum power the three generators can supply in this condition 
without the ratings of one of them being exceeded? At what frequency does this 
limit occur? How much power does each generator supply at that point? 

(c) What would have to be done to get all three generators to supply their rated real 
and reactive powers at an overall operating frequency of 60 Hz? 

(d) What would the internal generated voltages of the three generators be under this 
condi tion? 

4-12. Suppose that you were an engineer planning a new electric co-generation facility for 
a plant with excess process steam. You have a choice of either two 10-MW turbine
generators or a single 20-MW turbine-generator. What would be the advantages and 
disadvantages of each choice? 

4-13. A 25·MVA. 12.2·kV. O.9·PF·lagging. three·phase. two-pole, Y-connected, 60-Hz 
synchronous generator was tested by the open-circuit test, and its air-gap voltage 
was extrapolated with the following results: 

Open-circuit test 

Field current, A 

Line voltage, kV 

Extrapolated air-gap voltage, kV 

320 

13.0 

15.4 

365 

13.8 

17.5 

380 

14. 1 

18.3 

475 

15.2 

22.8 

The short-circuit test was then performed with the following results: 

Short-circuit test 

Field current, A 

Armature current, A 

320 

1040 

The armature resistance is 0.6 n per phase. 

365 

1190 

380 

1240 

475 

1550 

570 

16.0 

27.4 

570 

1885 

(a) Find the unsaturated synchronous reactance of this generator in ohms per phase 
and ohms per unit. 

(b) Find the approximate saturated synchronous reactance Xs at a field current of 
380 A. Express the answer both in ohms per phase and per unit. 
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(e) Find the approximate saturated synchronous reactance at a field current of 
475 A. Express the answer both in ohms per phase and in per lInit. 

(d) Find the short-circuit ratio for this generator. 
(e) What is tJle intemal generated voltage of this generator at rated conditions? 
(f) What field current is required to achieve rated voltage at rated load? 

4-14. During a short-circuit test, a Y-connected synchronous generator produces 100 A of 
short-circuit armature current per phase at a field current of2.S A. At the same field 
current, the open-circuit line voltage is measured to be 440 V. 
(a) Calculate the saturated synchronous reactance under these conditions. 
(b) If the armature resistance is 0.3 fl per phase, and the generator supplies 60 A to 

a purely resistive Y-connected load of 3 n. per phase at this field current seuing, 
determine the voltage regulation under these load conditions. 

4-15. A three-phase, Y-connected synchronous generator is rated 120 MVA, 13.8 kY, 0.8-
PF-Iagging, and 60 Hz. Its synchronous reactance is 1.2 n. per phase, and its arma
ture res istance is 0.1 n. per phase. 
(a) What is its voltage regulation? 
(b) What would the voltage and apparent power rating of this generator be if it were 

operated at 50 Hz with the same armature and field losses as it had at 60 Hz? 
(c) What would the voltage regulation of the generator be at 50 Hz? 

Problems 4-16 to 4-26 refer to a six-pole, Y-connected synchronous generator rated 
at 1 MVA, 3.2 kV, 0.9 PF lagging, and 60 Hz. Its armature resistance RA is 0.7 O. 
The core losses of this generator at rated conditions are 8 kW, and the friction and 
windage losses are 10 kW. The open-circuit and short-circui t characteristics are 
shown in Figure P4-Z. 

4-16. (a) What is the saturated synchronous reactance of this generator at the rated 
conditions? 

(b) What is the unsaturated synchronous reactance of this generator? 
(c) Plot the saturated synchronous reactance of this generator as a function of load. 

4- 17. (a) What are the rated current and internal generated voltage of this generator? 
(b) What field cuo·eut does this generator require to operate at the rated voltage, 

current, and power factor? 

4-18. What is the voltage regulation of this generator at the rated current and power 
factor? 

4-19. If this generator is operating at the rated conditions and the load is suddenly re
moved, what will the tetminal voltage be? 

4-20. What are the electrical losses in this generator at rated conditions? 

4-21. If this machine is operating at rated conditions, what input torque must be applied to 
the shaft of th is generator? Express your answer both in newton-meters and in 
pound-feet. 

4-22. What is the torque angle 8 of this generator at rated conditions? 

4-23. Assume that the generator field current is adjusted to supply 3200 V under rated 
conditions. Wbat is the static stability limit of this generator? (Note: You may ignore 

( RA to make this calculation easier.) How close is the fu ll-load condition of this gen
erator to the static stability limit? 

4-24. Assume that the generator field current is adjusted to supply 3200 Y under rated 
conditions. Plot the power supplied by the generator as a function of the torque 
angle 8. 
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FIGURE P4-2 
(a) Open-circuil characteristic curve for the generator in Problems 4-16 to 4-26. (b) Short-circuit 
characteristic curve for the generator in Problems 4- 16 to 4-26. 
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4- 25. Assume that the generator's field current is adjusted so that the generator supplies 
rated voltage at the rated load current and power factor. If the field current and the 
magnitude of the load current are held constant, how will the terminal voltage 
change as the load power factor varies from 0.9 PF lagging to 0.9 PF leading? Make 
a plot of the terminal voltage versus the load power factor. 

4-26. Assume that the generator is connected to a 3200-V infinite bus, and that its field cur
rent has been adjusted so that it is supplying rated power and power factor to the bus. 
You may ignore the armature resistance RA when answering the following questions. 
(a) What will happen to the real and reactive power supplied by this generator if the 

field flux (and therefore EA) is reduced by 5 percent? 
(b) Plot the real power supplied by this generator as a function of the flux 4> as the 

flux is varied from 80 percent to 100 percent of the flux at rated conditions. 
(c) Plot the reactive power supplied by this generator as a function of the flux 4> as 

the flux is varied from 80 percent to 100 percent of the flux at rated conditions. 
(d) Plot the line current supplied by this generator as a func tion of the fl ux 4> as the 

flux is varied from 80 percent to 100 percent of the flux at rated conditions. 
4-27. Two iden tical 2.5-MVA, l200-V 0.8-PF-Iagging, 60-Hz, three-phase synchronous 

generators are connected in parallel to supply a load. The prime movers of the two 
generators happen to have different speed droop characteIistics. When the field cur
rents of the two generators are equal, one delivers 1200 A at 0.9 PF lagging, while 
the other delivers 900 A at 0.75 PF Jagging. 
(a) What are the real power and the reactive power supplied by each generator to 

the load? 
(b) What is the overall power fac tor of the load? 
(c) In what direction must the field current on each generator be adjusted in order 

fo r them to operate at the same power factor? 
4- 28. A generating station for a power system consists of four 300-MVA, J5-kV, 0.85-PF

lagging synchronous generators with identical speed droop characteristics operating 
in paralleL The governors on the generators' prime movers are adjusted to produce 
a 3-Hz drop from no load to full load. Three of these generators are each supplying 
a steady 200 MW at a frequency of 60 Hz, whi le the fou rth generator (called the 
swing generator) handles all incremental load changes on the system while main
taining the system's frequency at 60 Hz. 

4- 29. 

(a) At a given instant, the total system loads are 650 MW at a frequency of 60 Hz. 
What are the no-load frequencies of each of the system's generators? 

(b) If the system load rises to 725 MW and the generator's governor set points do 
not change, what will the new system frequency be? 

(c) To what frequency must the no-load frequency of the swing generator be ad
justed in order to restore the system frequency to 60 Hz? 

(d) If the system is operating at the conditions described in part (c), what would 
happen if the swing generator were tripped off the line (disconnected from the 
power 1ine)? 

A 100-MVA, 14.4-kV, 0.8-PF-Iagging, Y-connected synchronous generator has a 
negligible armature resistance and a synchronous reactance of 1.0 per unit. The gen
erator is connected in parallel with a 60-Hz, 14.4-kV infinite bus that is capable of 
supplying or consuming any amount of real or reactive power with no change in 
frequency or terminal voltage. 
(a) What is the synchronous reactance of the generator in ohms? 
(b) What is the internal generated voltage EA of this generator under rated conditions? 
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(c) What is the armature current IA in this machine at rated conditions? 
(d) Suppose that the generator is initially operating at rated conditions. If the inter

nal generated voltage EA is decreased by 5 percent, what will the new armature 
current IA be? 

(e) Repeat part (d) for 10, 15,20, and 25 percent reductions in EA-

(!) Plot the magnitude of the armature CutTentIA as a function of EA" (You may wish 
to use MATLAB to create this plot.) 
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CHAPTER 

5 
SYNCHRONOUS 

MOTORS 

LEARNING OBJECTIVES 

Understand the equivalent circuit of a synchronous motor. 

Be able to sketch phasor diagrams for a synchronous motor. 

Know the equations for power and torque in a synchronous motor. 

Understand how and why power factor varies as synchronous motor load in
creases. 
Understand how and why power factor vades as synchronous motor field CUtTent 

varies-the "V" curve. 

Understand how synchronous motors can be started. 

Be able to tell whether a synchronous machine is acting as a motor or a gen
erator and whether it is supplying or consuming reactive power by examining 
its phasor diagram. 

Understand synchronous motor ratings. 

Synchronous motors are synchronous machines used to convert electrical power 
to mechanical power. This chapter explores the basic operation of synchronous 
motors and relates their behavior to that of synchronous generators. 

5.1 BASIC PRINCIPLES OF 
MOTOR OPERATION 

( To understand the basic concept of a synchronous motor, look at Figure 5- 1, which 
shows a two-pole synchronous motor. The field CUlTent IF of the motor produces a 
steady-state magnetic field B R. A three-phase set of voltages is applied to the stator 
of the machine, which produces a three-phase current flow in the windings. 

271 
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'r ind = k B RXBS 

= counterclockwise 

FIGURE 5-1 
A two-pole synchronous motor. 

As was shown in Chapter 3, a three-phase set of currents in an armature 
winding produces a uni form rotating magnetic field Bs. Therefore, there are two 
magnetic fields present in the machine, and the rotor field will tend to line up with 
the statar field, just as two bar magnets will tend to line up if placed near each 
other. Since the stator magnetic field is rotating, the rotor magnetic field (and the 
rotor itself) will constantly try to catch up. The larger the angle between the two 
magnetic fields (up to a certain maximum), the greater the torque on the rotor of 
the machine. The basic principle of synchronous motor operation is that the rotor 
"chases" the rotating stator magnetic field around in a circle, never quite catching 
up with it. 

Since a synchronous motor is the same physical machine as a synchronous 
generator, all of the basic speed, power, and torque equations of Chapters 3 and 4 
apply to synchronous motors also. 

The Equivalent Circuit of a Synchronous Motor 

A synchronous motor is the same in all respects as a synchronous generator, except 
that the direction of power flow is reversed. Since the dlrection of power flow in the 
machine is reversed, the direction of current flow in the stator of the motor may be 
expected to reverse also. Therefore, the equivalent circuit of a synchronous motor is 
exactly the same as the equivalent circuit of a synchronous generator, except that the 
reference direction oflA is reversed. The resulting full equivalent circuit is shown in 
Figure 5- 2a, and the per-phase equivalent circuit is shown in Figure 5-2b. As be
fore, the three phases of the equivalent circuit may be either Y- or .6. -connected. 

Because of the change in direction of lA' the Kirchhoff's voltage law equa
tion for the equivalent circuit changes, too . Writing a Kirchhoff's voltage law 
equation for the new equivalent circuit yields 

( 
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(5-1 ) 

or (5-2) 

This is exactly the same as the equation for a generator, except that the sign on the 
current term has been reversed. 

The Synchronous Motor from a Magnetic 
Field Perspective 

To begin to understand synchronous motor operation, take another look at a syn~ 
chronous generator connected to aD infinite bus. The generator has a prime mover 
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turning its shaft, causing it to rotate. The direction of the applied torque Tapp from 
the prime mover is in the direction of motion, because the prime mover makes the 
generator rotate in the first place. 

The phasor diagram of the generator operating with a large field current is 
shown in Figure 5-3a, and the corresponding magnetic field diagram is shown in 
Figure 5-3 b. As described before, BR corresponds to (produces) EA , Bo" corre
sponds to (produces) V~, and Bs corresponds to E,,", (~ -jXsIA) ' The rotation of 
both the phasor diagram and magnetic field diagram is counterclockwise in the 
figure, following the standard mathematical convention of increasing angle. 

The induced torque in the generator can be found from the magnetic field 
diagram. From Equations (3- 60) and (3-61) the induced torque is given by 

(3-60) 

or (3-61) 

Notice that from the magnetic field diagram the induced torque in this machine is 
clockwise, opposing the direction of rotation. In other words, the induced torque 
in the generator is a countertorque, opposing the rotation caused by the external 
applied torque Tapp. 

Suppose that, instead of turning the shaft in the direction of motion, the 
prime mover suddenly loses power and starts to drag on the machine's shaft. What 
happens to the machine now? The rotor slows down because of the drag on its shaft 
and falls behind the net magnetic field in the machine (see Figure 5-4a). As the ro
tor, and therefore BR, slows down and falls behind Bnet the operation of the machine 
suddenly changes. By Equation (3- 60), when BR is behind B"", the induced 
torque 's direction reverses and becomes counterclockwise. In other words, the 
machine's torque is now in the direction of motion, and the machine is acting as a 
motor. The increasing torque angle 8 results in a larger and larger torque in the di
rection of rotation, until eventually the motor's induced torque equals the load 

~'f-l:i5--------- Bnet 

(a) (b) 

FIGURE 5-3 
(a) Phasor diagram of a synchronous generator operating at a lagging power factor. (b) The 
cOlTesponding magnetic field diagram. 

( 
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e ' V; 
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(a) (b) 

FIGURE 5-4 
(a) Phasor diagram of a synchronous motor. (b) The corresponding magnetic field diagram. 

torque on its shaft. At that point, the machine will be operating at steady state and 
synchronous speed again. but now as a motor. 

The phasor diagram corresponding to generator operation is shown in Fig
ure 5-3a, and the phasor diagram corresponding to motor operation is shown in 
Figure 5-4a. The reason that the quantity jXsIA points from V.' to EA in the gen
erator and from EA to V.p in the motor is that the reference direction of IA was re
versed in the definition of the motor equivalent circuit. The basic difference be
tween motor and generator operation in synchronous machines can be seen 
either in the magnetic field diagram or in the phasor diagram. In a generator, EA 
lies ahead of V. ' and BR lies ahead of B,,,. In a motor, EA lies behind V.' and BR 
lies behind Bnet. In a motor the induced torque is in the direction of motion, and 
in a generator the induced torque is a countertorque opposing the direction of 
motion. 

5.2 STEADY-STATE SYNCHRONOUS 
MOTOR OPERATION 

This section explores the behavior of synchronous motors under varying condi
tions of load and field current as well as the question of power-factor correction 
with synchronous motors. The following discussions will generally ignore the ar
mature resistance of the motors for simplicity. However, RA will be considered in 
some of the worked numerical calculations. 

The Synchronous Motor Torque-Speed 
( Characteristic Curve 

Synchronous motors supply power to loads that are basically constant-speed devices. 
They are usually connected to power systems very much larger than the individual 
motors, so the power systems appear as infinite buses to the motors. This means that 
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FIGURE 5-5 
The torque-speed characteristic of a synchronous motor. Since the speed of the motor is constant, its ( 
speed regulation is zero. 

the terminal voltage and the system frequency will be constant regardless of the amount 
of power drawn by the motor. The speed of rotation of the motor is locked to the rate of 
rotation of the magnetic fields. and the rate of rotation of the applied mechanical fields 
is locked to the applied elecuical frequency. so the speed of the synchronous motor will 
be constant regardless o/the load. This fixed rate of rotation is given 

120/" 
nm = -p-- (5-3) 

where nm is the mechanical rate of rotation, f~e is the stator electrical frequency, 
and P is the number of poles in the motor. 

The resulting torque-speed characteristic curve is shown in Figure 5- 5. The 
steady-state speed of the motor is constan t from no load all the way up to the max
imum torque that the motor can supply (called the pullout torque). so the speed 
regulation of this motor [Equation (3-68)] is 0%. The torque equation is 

(3-61) 

or (4-22) 

The maximum or pullout torque occurs when 8 = 90°. Normal full-load torques 
are much less than that. however. In fact. the pullout torque may typically be three 
times the full-load torque of the machine. ( 

When the torque on the shaft of a synchronous motor exceeds the pullout 
torque, the rotor can no longer remain locked to the stator and net magnetic fields. 
Instead. the rotor starts to slip behind them. As the rotor slows down. the stator 
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magnetic field "laps" it repeatedly, and the direction of the induced torque in the 
rotor reverses with each pass. The resulting huge torque surges, first one way and 
then the other way, cause the whole motor to vibrate severely. The loss of syn
chronization after the pullout torque is exceeded is known as slipping poles. 

The maximum or pullout torque of the motor is given by 

(5-40) 

or (5-4b) 

These equations indicate that the larger the field current (and hence EA ), the greater 
the maximum torque a/the motor. There is therefore a stability advantage in operat
ing the motor with a large field current or a large EA' 

( The Effect of Load Changes on a 
Synchronous Motor 

If a load is attached to the shaft of a synchronous motor, the motor will develop 
enough torque to keep the motor and its load turning at a synchronous speed. 
What happens when the load is changed on a synchronous motor? 

To find out, examine a synchronous motor operating initially with a leading 
power factor, as shown in Figure 5- 6. If the load on the shaft of the motor is in
creased, the rotor will initially slow down. As it does, the torque angle 8 becomes 
larger, and the induced torque increases. The increase in induced torque eventu
ally speeds the rotor back up, and the motor again turns at synchronous speed but 
with a larger torque angle 8 . 

What does the phasor diagram look like during this process? To find out, ex
amine the constraints on the machine during a load change. Figure 5- 6a shows the 
motor's phasor diagram before the loads are increased. The internal generated volt
age EA is equal to Kq,w and so depends on only the field current in the machine and 
the speed of the machine. The speed is constrained to be constant by the input 
power supply, and since no one has touched the field circuit, the fi eld current is 
constant as well. Therefore, lEAl must be constant as the load changes. The dis
tances propOltional to power (EA sin a and IA cos 8) will increase, but the magni
tude of EA must remain constant. As the load increases, EA swings down in the 
manner shown in Figure 5-6b. As EA swings down further and flllther, the quantity 
jXSIA has to increase to reach from the tip of EA to V.' and therefore the 31mature 
current IA also increases. Notice that the power-factor angle () changes too, becom
ing less and less leading and then more and more lagging. 

Example 5-1. A 208-V, 4S-hp, O.8-PF-leading, D.-connected, 60-Hz synchronous 
machine has a synchronous reactance of 2.5 n and a negligible armature res istance. Its 
friction and windage losses are 1.5 kW, and its core losses are 1.0 kW. Initially, the shaft is 
supplying a 15-hp load, and the motor's power factor is 0.80 leading. 
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FIGURE 5-6 
(a) Phasor diagram of a motor operating at a leading power factor. (b) The effect of an increase in 
load on the operation of a synchronous motor. 

(a) Sketch the phasor diagram of this motor, and find the values of lA, Iv and EA
(b) Assume that the shaft load is now increased to 30 hp. Sketch the behavior of the 

phasor diagram in response to this change. 
(c) Find lA' 1[> ffild EA after the load change. What is the new motor power factor? 

Solution 
(a) Initially, the motor's output power is 15 hp. This corresponds to an output of 

Pc" ~ (15 hp)(0.746 KW/hp) ~ 11.19 kW 

Therefore, the electric power supplied to the machine is 

~n = Pout + Prncch loss + PeoTe lm;s + Pe1ee loss 

~ 11.19 kW + 1.5 kW + 1.0 kW + 0 kW ~ 13.69 kW 

Since the motor's power factor is 0.80 leading, the resulting line current flow is 

_
""""P.!IiO'----:: I -

L - Y3V
T

cos e 
13.69 kW 

~ Y3(20S V)(O.SO) ~ 47.5 A 

( 
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and the armature current is h/yj , with 0.8 Jeading power factor, which gives 
the result 

I, ~ 27.4 L. 36.87' A 

To find EA , apply Kirchhoff's voltage law [Equation (5-2)]: 

EA = V,p - jXsIA 

~ 208 L. 0' V - (j2.5 il)(27.4 L. 36.87' A) 

~ 208 L. 0' V - 68.5 L. 126.87' V 

~ 249.1 - )54.8 V ~ 255 L. - 12.4' V 

The resulting phasor diagram is shown in Figure 5-7a. 
(b) As the power on the shaft is increased to 30 hp, the shaft slows momentarily, and 

the internal generated voltage EA swings out to a larger angle a while maintain
ing a constant magnitude. The resulting phasor diagram is shown in Figure 5-7b. 

(c) After the load changes, the electric input power of the machine becomes 

FIGURE 5-7 

~ (30 hp)(0.746 kW/hp) + 1.5 kW + 1.0 kW + 0 kW 

~ 24.88 kW 

(a) 

(b) 

(a) The mator phasar diagram far Example 5- la. (b) The mator phasor diagram for Example 5-lb. 

• 



280 ELECTRIC MACHINERY FUNDAMENTALS 

From the equation for power in terms oftOl'que angle [Equation (4-20)], it is pos
sible to find the magnitude of the angle 8 (remember that the magnitude of EA is 
constant): 

so 

p = 3VpEA sin /5 
Xs 

_ . _ I XsP 
8 - SIO 3V E 

f A 

_ . -1 (2.5 !1)(24.88 kW) 
- SIO 3(208 V)(255 V) 

= sin- 1 0.391 = 23° 

(4-20) 

The internal generated voltage thus becomes EA = 355 L _23° V. Therefore, IA 
will be given by 

and IL will become 

208 LO° V - 255 L - 230 V 
j2 .5 J1 

103.);~ lg5°V ~ 41.2LI50 A 

The final power factor will be cos (- 15°) or 0.966 leading. 

The Effect of Field Current Changes on a 
Synchronous Motor 

We have seen how a change in shaft load on a synchronous motor affects the 
motor. There is one other quantity on a synchronous motor that can be readily 
adjusted-its field current. What effect does a change in field current have on a 
synchronous motor? 

To find Ollt, look at Figure 5-S. Figure 5-Sa shows a synchronous motor ini
tially operating at a lagging power factor. Now, increase its field current and see 
what happens to the motor. Note that an increase in field current increases the 
magnitude ofEA but does not affect the real power supplied by the motor. The 
power supplied by the motor changes only when the shaft load torque changes. 
Since a change in IF does not affect the shaft speed n,JI' and since the load attached 

( 

to the shaft is unchanged, the real power supplied is unchanged. Of course, VT is 
also constant, since it is kept constant by the power source supplying the motor. 
The distances proportional to power on the phasor diagram (EA sin 8 and fA cos fJ) ( 
must therefore be constant. When the field cunent is increased, EA must increase, 
but it can only do so by sliding out along the line of constant power. This effect is 
shown in Figure 5-8b. 
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(b) 

(a) A sy nchronous motor operating at a lagging power factor. (b) The effecl of an increase in field 
cunent on the operation of this motor. 

Notice that as the value of EA increases, the magnitude of the armature cur
rent IA first decreases and then increases again. At low EA' the armature current is 
lagging, and the motor is an inductive load. It is acting like an inductor-resistor 
combination, consuming reactive power Q. As the fie ld current is increased, the 
annature ClIlTent eventual1y lines up with V¢. and the motor looks purely resistive. 
As the field current is increased further, the armature current becomes leading, 
and the motor becomes a capacitive load. It is now acting like a capacitor-resistor 
combination, consuming negative reactive power -Q or, alternatively, supplying 
reactive power Q to the system. 

A plot of IA versus IF for a synchronous motor is shown in Figure 5-9. Such 
a plot is called a synchronous motor V curve, for the obvious reason that it is 
sbaped like the letter V. There are several V curves drawn, corresponding to dif
ferent real power levels. For each curve, the minjmum armature current occurs at 
uni ty power factor, when only real power is being supplied to the motor. At any 
other point on the curve, some reactive power is being supplied to or by the mo
tor as well. For field CUlTents less than the value giving min imum lA, the armature 
current is lagging, consuming Q. For field currents greater than the value giving 
the minimum lA' the armature current is leading, supplying Q to the power system 
as a capacitor would. Therefore, by controlling the fie ld current of a synchronous 
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power 
factor 

I 

PF = l.0 
FIGURES-9 

IF Synchronous motor V curves. 

motor, the reactive power supplied to or consumed by the power system can be( 
controlled. 

When the projection of the phasor EA onto V. (EA cos 8) is shorter than V. 
itself, a synchronous motor has a lagging current and consumes Q. Since the field 
current is small in this situation, the motor is said to be underexcited. On the other 
hand, when the projection ofEA onto V", is longer than V", itself, a synchronous 
motor has a leading current and supplies Q to the power system. Since the field 
current is large in this situation, the motor is said to be overexcited. Phasor dia
grams illustrating these concepts are shown in Figure 5-10. 

Example 5-2. The 20S-V, 45-hp, O.S-PF-leading, L\-connected, 60-Hz synchro
nous motor of the previous example is supplying a 15-hp load with an initial power factor 
of 0.S5 PF lagging. The field current IF at these conditions is 4.0 A. 

(a) Sketch the initial phasor diagram of this motor, and find the values IA and EA' 
(b) If the motor's flux is increased by 25 percent, sketch the new phasor diagram of 

the motor. What are EA, lA' and the power factor of the motor now? 

EA cos 0 > V¢' 

FIGURES- lO 
(a) The phasor diagram of an underexcited synchronous motor. (b) The phasor diagram of an 
overexcited synchronous motor. 
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(c) Assume that the flux in the motor varies linearly with the field current IF' Make 
a plot of IA versus IF for the synchronous motor with a 15-hp load. 

Solution 
(a) From the previous example, the electric input power with all the losses included 

is Pin"" 13.69 kW. Since the motor's power factor is 0.85 lagging, the resulting 
armature current flow is 

--;c,cP-"",:-:--;; 
I -" A - 3V",cos e 

13.69kW 
3(208 V)(0.85) ~ 25.8 A 

The angle e is cos- l 0.85 = 31.8°, so the phasor current IA is equal to 

I, ~ 25 .8 L -31.8' A 

To find EA , apply Kirchhoff 's voltage law [Equation (5-2)]: 

EA = V</> - jXsIA 

~ 208 L 0" V - (j2.5 D)(258 L -31.8" A) 

~ 208 L 0" V - 64.5 L 58.2" V 

~ 182 L -17.5" V 

The resulting phasor diagram is shown in Figure 5-11, together with the results 
for part b. 

(b) If the flux <p is increased by 25 percent, then £" = K¢w will increase by 25 per
cent too: 

EA2 ~ 1.25 EAI ~ 1.25(182 V) ~ 227.5 V 

However, the power supplied to the load must remain constant. Since the dis
tance EA sin 1) is proportional to the power, that distance on the phasor diagram 
lllust be constant from the original flux level to the new flux level. Therefore, 

EAI sin 81 = EA2 sin a2 

C~I_':.~O~~_O~~ __ I 
crp 

---------
EA = 182 L _17 .5" V--' '- E'A = 227.5 L _13.9' V 

FIGURE 5-11 
The phasor diagram of the motor in Example 5-2. 
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_. _,[182V . (-17 50 )J - -1 390 
- sm 227.5Vsm . - . 

The armature current can now be found from Kirchhoff's voltage law: 

_ Vp - EA2 
IA2 - 'X 

J s 
I _ 208 LO° V - 227.5 L - 13.9° V 
A - )2.5 fl 

~ 56.2 ~.10~2° V ~ 22.5 L 13.2° A 

Finally, the motor's power factor is now 

PF ~ cos (13.2°) ~ 0.974 leading 

The resulting phasor diagram is also shown in Figure 5- 11. 
(c ) Because the flux is assumed to vary linearly with fie ld current, EA will also vary 

linearly with field current. We know that EA is 182 V for a field current of 4.0 A, 
so Ell for any given field current can be found from the ratio 

EA2 In 
182 V ~ 4.0A 

or EA2 = 45.5 [P2 (5-5) 

The torque angle 0 for any given field curre nt can be found from {he fact that 
the power suppl ied to the load musl remain constant: 

EAl sin 61 = E A2 sin B2 

so (5-6) 

These two pieces of information give us the phasor voltage EA- Once EA is avail 
able, the new armature current can be calculated from Kirchhoff's voltage law: 

_ Vp - EA2 
IA2 - ·X (5-7) 

J s 

A MATLAB M-file to calculate and plot fA versus I F using Equations (5-5) 
through (5-7) is shown below: 

% M-file : v_curve . m 
% M-file create a plot of armature current versus field 
% current for the synchronous motor of Example 5-2 . 

% First, initialize the field current values (21 values 
% in the range 3 . 8-5 . 8 A) 
i_f ~ (38 , 1 , 58) 1 10 ; 

% Now initializ e all ot her values 
i_a = zeros(1,21 ); % Pre-al l ocate i _a array 
x_s = 2 . 5 i % Synchronous reactance 
v-phase = 208 ; % phase voltage at 0 degrees 

( 
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de l t a l = -17.5 * pi/ISO; % de l ta 1 in rad i a n s 
e al = 182 * (cos (de lta l l + j * sin{deltal}); 

% Calculate the arma t ure current fo r each valu e 
for ii = 1 : 2 1 

end 

% Ca l culate magn i t u d e o f e_a2 
e_a2 = 45.5 * i _ f ( i i l; 

% Calcu late de l t a 2 
delta2 = a s i n ( abs (e _al) / a b s (e_a2) * s i n(delta l ) } ; 

% Calcu l a t e the phasor e_a2 
e _a2 = e _ a2 * (cos (de l t a2) + j * s i n( d elta2)} i 

% Calculate i_a 
i _a(i i ) = { v-phase 

% P l ot the v - curve 
p l ot (i_£, abs ( i_a) , ' Colo r ', 'k ' , 'Lin ewidt h', 2.0) ; 
xlabel ('Field Cu rrent (A) I , ' Font weigh t T, ' Sold') ; 
ylabel ('Armature Curre n t (AJ I I ' Fontweight I , ' Bo l d') i 

tit l e ( ' Synchronous Motor V- Cu rve ',' Fon t we i ght',' Bold'); 

grid on; 

The plot produced by this M-file is shown in Figure 5-1 2. Note that for a field current of 
4.0 A, the armature current is 25.8 A. This result agrees with part a of this example. 

The Synchronous Motor and 
Power-Factor Correction 

Figure 5- 13 shows an infinite bus whose output is connected through a transmis
sion line to an industrial plant at a distant point. The industrial plant shown consists 
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A simple power system consisting of an infinite bus supplying an industrial plant through a 
transmission line. 

of three loads. Two of the loads are induction motors with lagging power factors, 
and the third load is a synchronous motor with a variable power factor. 

What does the ability to set the power factor of one of the loads do for the 
power system? To find out, examine the following example problem. (Note: A re
view of the three-phase power equations and their uses is given in Appendix A. 
Some readers may wish to consult it when studying this problem.) 

Example 5-3. The infinite bus in Figure 5-13 operates at 480 V. Load 1 is an induc
tion motor consuming 100 kW at 0.78 PF lagging, and load 2 is an induction motor consum
ing 200 kW at 0.8 PF lagging. Load 3 is a synchronous motor whose real power consumption 
is 150 kW 

(a) If the synchronous motor is adjusted to operate at 0.85 PF lagging, what is the 
transmission line current in this system? 

(b) If the synchronous motor is adjusted to operate at 0.85 PF leading, what is the 
transmission line current in this system? 

(c) Assume that the transmission line losses are given by 

line loss 

where LL stands for line losses. How do the transmission losses compare in the 
two cases? 

Solution 
(a) In the first case, the real power of load 1 is 1. 00 kW, and the reactive power of 

load 1 is 

Q t = P t tan e 
= (100 kW) tan (COS-I 0.78) = (100 kW) tan 38.7' 

= 80.2kVAR 

( 



( 
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The real power of load 2 is 200 kW, and the reactive power of load 2 is 

Q, ~ P, tan 8 

~ (200 kW) tan (cos-' O.SO) ~ (200 kW) tan 36.S7° 

~ 150 kVAR 

The real power load 3 is 150 kW, and the reactive power of load 3 is 

Q3 = p) tan () 

~ (1 50 kW) tan (cos-' 0.S5) ~ (150 kW) tan 3 1. So 

~ 93 kVAR 

Thus, the total real laad is 

Plot = PI + P2 + PJ 

~ 100 kW + 200 kW + I SO kW ~ 450 kW 

and the total reactive load is 

Q(OI = Ql + Q2 + Q3 

~ SO.2 kVAR + ISO kVAR + 93 kVAR ~ 323 .2 kVAR 

The equi valent system power factor is thus 

PF = cos 8 = cos (tan- 1 Q) = cos (tan-t 323.2 kVAR) 
P 450 kW 

~ cos 35.7° ~ 0.S l 2lagging 

Finall y, the line current is given by 

4S0 kW 
V3(480 V)(0 .812) ~ 667 A 

(b) The real and reactive powers of loads 1 and 2 are unchanged, as is the real 
power of load 3. The reactive power of load 3 is 

Q, ~ P, tan 8 

~ (ISO kW) tan (- cos-' 0.85) ~ (ISO kW) tan (-3 1.8°) 

~ -93 kVAR 

Thus, the total reallaad is 

PIOI = PI + P2 + P3 

~ 100 kW + 200 kW + ISO kW ~ 450 kW 

and the tota] reactive load is 

Q," ~ Q, + Q, + Q3 
~ 80.2 kVAR + ISO kVAR - 93 kVAR ~ 137.2 kVAR 

The equivalent system power factor is thus 

PF ~ cos e ~ cos (tan- I~) ~ cos (tan - I 13;520 ~~R) 
~ cos 16.960 ~ 0.957 lagging 



288 ELECTRIC MACHINERY FUNDAMENTALS 

Finally, the line current is given by 

_=P:.-,'QO>'--~ I -
L - v'3V

L 
cos () v3(480 V)(0.957) ~ 566 A 

450kW 

(c) The transmission losses in the firs t case are 

PLL ~ 31ZRL ~ 3(667 A)2RL ~ 1,344,700 RL 

The transmission losses in the second case are 

Notice that in the second case the transmission power losses are 28 percent less 
than in the first case, while the power supplied to the loads is the same. 

As seen in Example 5-3, the ability to adjust the power factor of one or 
more loads in a power system can significantly affect the operating efficiency of 
the power system. The lower the power factor of a system, the greater the losses( 
in the power lines feeding it. Most loads on a typical power system afe inductiorl 
motors, so power systems are almost invariably lagging in power factor. Having 
one or more leading loads (overexcited synchronous motors) on the system can be 
useful for the following reasons: 

1. A leading load can supply some reactive power Q for nearby lagging loads, 
instead of it coming from the generator. Since the reactive power does not 
have to travel over the long and fairly high-resistance transmission lines, the 
transmission line current is reduced and the power system losses are much 
lower. (This was shown by the previous example.) 

2. Since the transmission lines carry less current, they can be smaller for a given 
rated power flow. A lower equipment current rating reduces the cost of a 
power system sjgnificantly. 

3. In addition, requiring a synchronous motor to operate with a leading power 
factor means that the motor must be run overexcited. This mode of operation 
increases the motor's maximum torque and reduces the chance of acciden
tally exceeding the pullout torque. 

The use of synchronous motors or other equipment to increase the overall 
power factor of a power system is called power-factor correction. Since a syn
chronous motor can provide power-factor correction and lower power system 
costs, many loads that can accept a constant-speed motor (even though they do not 
necessarily need one) are driven by synchronous motors. Even though a synchro
nous motor may cost more than an induction motor on an individual basis, the 
ability to operate a synchronous motor at leading power factors for power-factor 
correction saves money for industrial plants. This results in the purchase and user 
of synchronous motors. 

Any synchronous motor that exists in a plant is run overexcited as a matter 
of course to achieve power-factor correction and to increase its pullout torque. 
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However, mnning a synchronous motor overexcited requires a high field current 
and flux, which causes significant rotor heating. An operator must be careful not 
to overheat the field windings by exceeding the rated field current. 

The Synchronous Capacitor or 
Synchronous Condenser 

A synchronous motor purchased to drive a load can be operated overexcited to 
supply reactive power Q for a power system. In fact , at some times in the past a 
synchronous motor was purchased and run without a load, simply for power
Jactor correction, The phasor diagram of a synchronous motor operating overex
cited at no load is shown in Figure 5-14. 

Since there is no power being drawn from the motor, the distances propor
tional to power (EA sin 8 and fA cos 8) are zero . Since the Kirchhoff's voltage law 

( equation for a synchronous motor is 

( 

the quantity jXsIA points to the left, and therefore the armature current IA points 
stra ight up. If Vq, and IA are examined, the voltage--current relationship between 
them looks like that of a capacitor. An overexcited synchronous motor at no load 
looks just like a large capacitor to the power system. 

Some synclu'onous motors used to be sold specificaUy for power-factor cor
rection. These machines had shafts that did not even come through the frame of 
the motor- no load could be connected to them even if one wanted to do so. Such 
special-purpose synchronous motors were often called synchronous condensers or 
synchronous capacitors. (Condenser is an old name for capacitor. ) 

The V curve for a synchronous capaci tor is shown in Figure 5- 15a. Since 
the real power supplied to the machine is zero (except for losses), at unity power 
factor the cllnent fA = O. As the field clinent is increased above that point, the line 
current (and the reactive power supplied by the motor) increases in a nearly linear 
fashion unti l saturation is reached. Figure 5- 15b shows the effect of increasing the 
field current on the motor's phasor diagram. 

Today, conventional static capacitors are more economical to buy and use 
than synchronous capacitors. However, some synchronous capacitors may still be 
in use in older industrial plants. 

FrGURE 5- 14 
The phasor diagram of a synchronous 
capacilOl' or synchronous condenser. 
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(a) The V curve of a synchronous capacitor. (b) The corresponding machine phasor diagram. 

5.3 STARTING SYNCHRONOUS MOTORS 

Section 5.2 explained the behavior of a synchronous motor under steady-state 
conditions. In that section, the motor was always assumed to be initially turning 
at synchronous speed. What has not yet been considered is the question: How did 
the motor get to synchronous speed in the first place? 

To understand the nature of the starting problem, refer to Figure 5-16. This 
figure shows a 60-Hz synchronous motor at the moment power is applied to its 
stator windings. The rotor of the motor is stationary, and therefore the magnetic 
field BR is stationary. The stator magnetic field Bs is starting to sweep around the 
motor at synchronous speed. 

Figure 5-16a shows the machine at time t = 0 s, when BR and Bs are exactly 
lined up. By the induced-torque equation 

Tinct = kBR X Bs (3-58) 

the induced torque on the shaft of the rotor is zero. Figure 5-16b shows the situa
tion at time t = 1/240 s. In such a Sh0l1 time, the rotor has barely moved, but the 
stator magnetic field now points to the left. By the induced-torque equation, the 
torque on the shaft of the rotor is now counterclockwise. Figure 5-16c shows 
the situation at time t = 1/120 s. At that point BR and Bs point in opposite direc
tions, and Tind again equals zero. At t = 31240 s, the stator magnetic field now 
points to the right, and the resulting torque is clockwise. 

( 

Finally, at t = 1/60 s, the stator magnetic field is again lined up with the ro
tor magnetic field, and Tind = O. During one electrical cycle, the torque was first 
counterclockwise and then clockwise, and the average torque over the complete r 
cycle was zero. What happens to the motor is that it vibrates heavily with each 
electrical cycle and finally overheats. 

Such an approach to synchronous motor starting is hardly satisfactory
managers tend to frown on employees who burn up their expensive equipment. So 
just how can a synchronous motor be started? 



( 

( 

SYNCHRONOUS MOTORS 291 

t = 11240 s 

Tind = Counterclockwise 

(aj (bj (cj 

4--+--Bs w 
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FIGURE 5-16 
Starting problems in a synchronous motor-the torque alternates rapidly in magnitude and direction, 
so that the net starting torque is zero. 

Three basic approaches can be used to safely start a synchronous motor: 

1. Reduce the speed of the stator magnetic field to a low enough value that the rotor 
can accelerate and lock in with it during one half-cycle of the magnetic field's ro
tation. This can be done by reducing the frequency of the applied electric power. 

2. Use an external prime mover to accelerate the synchronous motor up to syn
chronous speed. go through the paralleling procedure, and bring the machine 
on the line as a generator. Then, turning off or disconnecting the prime mover 
will make the synchronous machine a motor. 

3. Use damper windings or amortisseur windings. The function of damper 
windings and their use in motor starting will be explained below. 

Each of these approaches to synchronous motor starting will be described 
in turn. 

Motor Starting by Reducing Electrical Frequency 

If the stator magnetic fields in a synchronous motor rotate at a low enough speed, 
there will be no problem for the rotor to accelerate and to lock in with the stator 
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magnetic field. The speed of the stator magnetic fields can then be increased to 
operating speed by gradually increasingise up to its nOlmal 50- or 60-Hz value. 

TIns approach to starting synchronous motors makes a lot of sense, but it does 
have one big problem: Where does the variable electrical frequency come from? 
Regular power systems are very carefully regulated at 50 or 60 Hz, so until recently 
any variable-frequency voltage source had to come from a dedicated generator. 
Such a situation was obviously impractical except for very unusual circumstances. ' 

Today, things are different. Solid-state motor controllers can be used to convelt 
a constant input frequency to any desired output frequency. With the development of 
modern solid-state variable-frequency drive packages, it is perfectly possible to con
tinuously control the electrical frequency applied to the motor all the way from a frac
tion of a heltz up to and above full rated frequency, If such a variable-frequency drive 
unit is included in a motor-control circuit to achieve speed control, then starting the 
synchronous motor is very easy-simply adjust the frequency to a very low value for 
stalting, and then raise it up to the desired operating frequency for normal running. 

When a synchronous motor is operated at a speed lower than the rated speed, ( 
its internal generated voltage EA = KcJ>w will be smaller than normal. If EA is re
duced in magnitUde, then the terminal voltage applied to the motor must be reduced 
as well in order to keep the stator current at safe levels. The voltage in any variable
frequency drive or variable-frequency starter circuit must vary roughly linearly with 
the applied frequency. 

To learn more about such solid-state motor-drive units, refer to Reference 9. 

Motor Star ting with an External Prime Mover 

The second approach to starting a synchronous motor is to attach an external start
ing motor to it and bring the synchronous machine up to full speed with the ex
ternal motor. Then the synchronous machine can be paralleled with its power sys
tem as a generator, and the starting motor can be detached from the shaft of the 
machine. Once the starting motor is turned off, the shaft of the machine slows 
down, the rotor magnetic field BR falls behind Bnet , and the synchronous machine 
starts to act as a motor. Once pal·alleling is completed, the synchronous motor can 
be loaded down in an ordinary fashion. 

This whole procedure is not as preposterous as it sounds, since many syn
chronous motors are parts of motor-generator sets, and the synchronous machine in 
the motor-generator set may be started with the other machine serving as the stlllt
ing motor. Also, the starting motor only needs to overcome the inertia of the syn
chronous machine without a load- no load is attached until the motor is paralleled 
to the power system. Since only the motor's inertia must be overcome, the starting 
motor can have a much smaller rating than the synchronous motor it starts. 

Since most large synchronous motors have brushless excitation systems 
mounted on their shafts, it is often possible to use these exciters as starting motors. ( 

For many medium-size to large synchronous motors, an external starting 
motor or starting by using the exciter may be the only possible solution, because 
the power systems they are tied to may not be able to handle the starting currents 
needed to use the amortisseur winding approach described next. 
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Motor Starting by Using Amortisseur Windings 

By far the most popular way to start a synchronous motor is to employ amortisseur 
or damper windings. Amortisseur windings are special bars laid into notches 
carved in the face of a synchronous motor 's rotor and then shorted out on each end 
by a large shorting ring. A pole face with a set of amOltisseur windings is shown in 
Figure 5- 17. and amortisseur windings are visible in Figures 4-2 and 4-4. 

To understand what a set of amOitisseUf windings does in a synchronous mo
tor, examine the stylized salient two-po1e rotor shown in Figure 5- 18. This rotor 
shows an arnortisseur windi ng with the shortlng bars on the ends of the two rotor 

o 

o 

Shorting 
bars 

Shorting 
bars 

o 

o 

FIGURE S-17 
A rotor field pole for a synchronous 

mach ine showing amonisseur 
windings in the pole face . (Courtesy 
of General Electric Company.) 

FIGURE S-IS 
A simplified diagram of a salient two
pole machine showing amortisseur 
windings. 
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pole faces connected by wires. (This is not quite the way normal machines are con
structed, but it will serve beautifully to illustrate the point of the windings.) 

Assume initially that the main rotor field winding is disconnected and that a 
three-phase set of voltages is applied to the stator of this machine. When the 
power is first applied at time t = 0 s, assume that the magnetic field Bs is vertical , 
as shown in Figure 5-19a. As the magnetic field Bs sweeps along in a counter
clockwise direction, it induces a voltage in the bars of the amortisseur winding 
given by Equation (1-45): 

where 

ei,' = (v x B) -I 

v = velocity of the bar relative to the magnetic field 

B = magnetic flux density vector 

1 = length of conductor in the magnetic field 

(1-45) 

The bars at the top of the rotor are moving to the right relative to the magnetic ( 
field, so the resulting direction of the induced voltage is out of the page. Similarly, 
the induced voltage is into the page in the bottom bars. These voltages produce a 
current flow out of the top bars and into the bottom bars, resulting in a winding 
magnetic field Bw pointing to the right. By the induced-torque equation 

the resulting torque on the bars (and the rotor) is counterclockwise. 
Figme 5-19b shows the situation at t = 1/240 s. Here, the stator magnetic 

field has rotated 90" while the rotor has barely moved (it simply cannot speed up 
in so short a time). At this point, the voltage induced in the amortisseur windings 
is zero, because v is parallel to B . With no induced voltage, there is no current in 
the windings, and the induced torque is zero. 

Figure 5-19c shows the situation at t = 11120 s. Now the stator magnetic 
field has rotated 90", and the rotor still has not moved yet. The indnced voltage 
[given by Equation (1-45)] in the amortissem windings is out of the page in the 
bottom bars and into the page in the top bars. The resulting cutTent flow is out of 
the page in the bottom bars and into the page in the top bars, causing a magnetic 
field Bw to point to the left. The resulting induced torqne, given by 

is counterclockwise. 
Finally, Figure 5-19d shows the situation at time t = 31240 s. Here, as at 

t = 1/240 s, the induced torque is zero. 
Notice that sometimes the torque is counterclockwise and sometimes it is 

essentially zero, but it is always unidirectional. Since there is a net torque in a sin
gle direction, the motor's rotor speeds up. (This is entirely different from starting ( 
a synchronous motor with its normal field cutTent, since in that case torque is first 
clockwise and then counterclockwise, averaging out to zero. In this case, torque is 
always in the same direction, so there is a nonzero average torque.) 
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'find = 0 

(b) 1= 1/240 s 

H+--- Ss 

(d) 1 = 31240 s 

The development of a unidirectional torque with synchronous motor amorlisseuf windings. 

Although the motor's rotor will speed up, it can never quite reach synchro
nous speed. This is easy to understand. Suppose that a rotor is turning at syn
chronous speed. Then the speed of the stator magnetic field Bs is the same as the 
rotor's speed, and there is no relative motion between Bs and the rotor. If there is 
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no relative motion, the induced voltage in the windings will be zero, the result
ing current flow will be zero, and the winding magnetic field win be zero. There
fore, there will be no torque on the rotor to keep it turning. Even though a rotor 
cannot speed up all the way to synchronous speed, it can get close. It gets close 
enough to nsync that the regular field current can be turned on, and the rotor will 
pull into step with the stator magnetic fields. 

In a real machine, the field windings are not open-circuited during the start
ing procedure. If the field windings were open-circuited, then very high voltages 
would be produced in them during starting. If the field winding is short-circuited 
during starting, no dangerous voltages are produced, and the induced field current 
actually contributes extra starting torque to the motor. 

To summarize, if a machine has am0l1isseur windings, it can be started by 
the following procedure: 

1. Disconnect the fie ld windings from their de power source and short them Ollt. ( 

2. Apply a three-phase voltage to the stator of the motor. and let the rotor accel
erate up to near-synchronous speed. The motor should have no load on its 
shaft, so that its speed can approach nsync as closely as possible. 

3. Connect the de field circuit to its power source. After this is done, the motor 
will lock into step at synchronous speed, and loads may then be added to its 
shaft. 

The Effect of Amortisseur Windings 
on Motor Stability 

If amortisseur windings are added to a synchronous machine for starting, we get 
a free bonus~an increase in machine stability. The stator magnetic field rotates at 
a constant speed nsync, which varies only when the system frequency varies. If the 
rotor turns at nsync, then the amortisseur windings have no induced voltage at all. 
If the rotor turns slower than n~ync' then there will be relative motion between the 
rotor and the stator magnetic field and a voltage will be induced in the windings. 
This voltage produces a current flow, and the current flow produces a magnetic 
field. The interaction of the two magnetic fields produces a torque that tends to 
speed the machine up again. On the other hand, if the rotor turns faster than the 
stator magnetic field, a torque will be produced that tries to slow the rotor down. 
Thus, the torque produced by the amortisseur windings speeds up slow machines 
and slows down/ast machines. 

These windings therefore tend to dampen out the load or other transients on the 
machine. It is for this reason that amortisseur windings are also called damper wind
ings. Amortisseur windings are also used on synchronous generators, where they 
serve a similar stabilizing function when a generator is operating in paral1el with 
other generators on an infinite bus. If a variation in shaft torque occurs on the gener
ator, its rotor will momentarily speed up or slow down, and these changes will be op
posed by the amortisseur windings. Amortisseur windings improve the overall sta
bility of power systems by reducing the magnitude of power and torque transients. 
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Amortisseur windings are respons ible for most of the subtransient current in 
a faulted synchronous machine. A short circuit at the terminals of a generator is just 
another form of transient, and the amortisseur windings respond very quickly to it. 

5.4 SYNCHRONOUS GENERATORS AND 
SYNCHRONOUS MOTORS 

A synchronous generator is a synchronous mach ine that converts mechanical 
power to e lectric power, while a synchronous motor is a synchronous machine 
that converts electric power to mechanical power. In fac t, they are both the same 
physical machine. 

A synchronous machlne can supply real power to or consume real power from 
a power system and can supply reactive power to or consume reactive power from a 
power system. All four combinations of real and reactive power t10ws are possible, 
and Figure 5- 20 shows the phasor diagrams for these conditions. 

Supply Consume 
reactive power EA cos S > V; reactive power EA cos 6 < V9 
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p 
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9 ~ 
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0 "t"J ::;: 
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FIGURE 5- 20 
Phasor diagrams showing the generation and consumption of real power P and reactive power Q by 
synchronous generators and motors. 
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.~ GENERAL ® ELECTRIC ~ 
SYNCHRONOUS MOTOR 

I" "~""""." SCHENECTADY N. Y. "". u ..... " 

FIGURES-21 
A typical nameplate ror a large synchronous motor. (Courtesy a/GeneraL £ leclric CompaIlY.) 

Notice from the figure that 

1. The distinguishing characteristic of a synchronous generator (supplying P) is 
that EA lies ahead a/V", while for a motor EA lies behind V",. 

2. The distinguishing characteristic of a machine supplying reactive power Q is 
that EA cos 8 > V!p regardless of whether the machine is acting as a generator or 
as a motor. A machine that is consuming reactive power Q has EA cos 0 < Vetr 

5.5 SYNCHRONOUS MOTOR RATINGS 

Since synchronous motors are the same physical machines as synchronous gener
ators, the basic machine ratings are the same. The one major di fference is that a 
large EA gives a leading power factor instead of a lagging one, and therefore the 
effect of the maximum fie ld current limit is expressed as a rating at a leading 
power factor. Also, since the output of a synchronous motor is mechanical power, 
a synchronous motor's power rating is usually given in output horsepower (in the 
USA) or output kilowatts (everywhere else in the world), instead of being speci
fied by a voltampere rating and power factor the way generators are. 

The nameplate of a large synchronous motor is shown in Figure 5- 21. In 
addition to the information shown in the figure, a smaller synchronous motor 
would have a service factor on its nameplate. 

In general , synchronous motors are more adaptable to low-speed, high
power applications than induction motors (see Chapter 6). They are therefore 
commonly used for low-speed, high-power loads. 

5.6 SUMMARY 

A synchronous motor is the same physical machine as a synchronous generator, 
except that the direction of real power flow is reversed . Since synchronous motors 
are usually connected to power systems containing generators much larger than 

( 
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the motors, the frequency and terminal voltage of a synchronous motor are fixed 
(i.e., the power system looks like an infinite bus to the motor). 

The equivalent circuit of a synchronous motor is the same as the equivalent 
circuit of a synchronous generator, except that the assumed direction of the arma
ture current is reversed . 

The speed of a synchronous motor is constant from no load to the maximum 
possible load on the motor. The speed of rotation is 

120 j" 
nm = - p-- (5-3) 

from no load all the way up to the maximum possible load. The maximum possi
ble power a synchronous motor can produce is 

3V1EA 
P max =---x

s 

And the maximum possible torque is given by 

(4-21) 

(4-22) 

If this value is exceeded, the rotor will not be able to stay locked in with the stator 
magnetic fields, and the motor will slip poles. 

If we ignore the effect of electrical and mechanical10sses, then power con
verted from electrical to mechanical form in the motor is given by 

~ 3V¢EA sin 8 
Peonv X 

s 
(4- 20) 

If the input voltage V¢ is constant, then the power converted (and thus the power 
supplied) is directly proportional to the quantity E/\ sin O. This relationship can be 
useful when plotting synchronous motor phasor diagrams. For example, if the field 
current is increased or decreased, the internal generated voltage of the motor will 
increase or decrease, but the quantity EA sin 8 will remain constant. This constraint 
makes it easy to plot the changes in the motor's phasor diagram (see Figure 5-9), 
and to calculate synchronous motor V curves. 

If the f ield current of a synchronous motor is varied while its shaft load re
mains constant, then the reactive power supplied or consumed by the motor wiU 
vary. If EA cos 8 > V", the motor will supply reactive power, while if EA cos 8 < V.' 
the motor will consume reactive power. A synchronous motor is usually operated 
with EA cos 8 > V,-t., so that the synchronous motor supplies reactive power to the 
power system and reduces the overall power factor of the loads. 

A synchronous motor has no net starting torque and so cannot start by itself. 
There are three main ways to start a synchronous motor: 

1. Reduce the stator frequency to a safe starting level. 

2. Use an external prime mover. 

3. Put amortisseur or damper windings on the motor to accelerate it to near
synchronous speed before a direct current is applied to the fi eld windings. 
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If damper windings are present on a motor, they will also increase the stability 
of the motor during load transients. 

QUESTIONS 

5- 1. What is the difference between a synchronous motor and a synchronous generator? 

5-2. What is the speed regulation of a synchronous motor? 

5-3. When would a synchronous motor be used even though its constant-speed charac-
teristic was not needed? 

5-4. Why can't a synchronous motor start by itself? 

5-5. What techniques are available to start a synchronous motor? 

5- 6. What are amortisseur windings? Why is the torque produced by them unid irectional 
at starting, while the torque produced by the main fie ld winding alternates direction? 

5- 7. What is a synchronous capacitor? Why would one be used? 

5-8. Explain, using phasor diagrams, what happens to a synchronous motor as its field ( 
current is varied. Derive a synchronous motor V curve from the phasor diagram. 

5-9. 

5- 10. 

5- 11. 

Is a synchronous motor 's field circuit in more danger of overheating when it is op
erating at a leading or at a lagging power factor? Explain, lls ing phasol' diagrams. 

A synchronous motor is operating at a fixed real load, and its fie ld current is in
creased. If the armature current fa lls, was the motor initiall y operating at a lagging 
or a leading power fac tor? 
Why must the voltage applied to a synchronous motor be derated for operation at 
frequencies lower than the rated value? 

PROBLEMS 

5- 1. A 480- V, 60-Hz, 400-hp, 0.8-PF-Ieading, eight-pole, 6.-connected synchronous mo
tor has a synchronous reactance of 0.6 n and negl igible annature res istance. Ignore 
its friction, windage, and core losses for the purposes of this problem. Assume that 
lEAl is di rectly proportional to the fie ld current h (in other words, assume that the 
motor operates in the linear pari of the magnetization curve), and that lEAl = 480 V 
when/F= 4A. 

5-2. 

(a) What is the speed of this motor? 
(b) If thi s motor is ilu lially supplying 400 hI' at 0.8 PF lagging, what are the mag

nitudes and angles of EA and III? 
(c) How much torque is this motor producing? What is the torque ang le l5? How 

near is this value to the maximum possible induced torque of the motor for this 
field current setting? 

(d) If lEAl is increased by 30 percen t, what is the new magni tude of the armature 
curre nt? What is the motor 's new power factor? 

(e) Calculate and plot the motor 's V curve for this load condition. 

Assume that the motor of Problem 5- 1 is operating at rated conditions. 
(a) What are the magnitudes and angles of Ell and IA> and IF? 
(b) Suppose the load is removed from the maLOr. What are the magnitudes and an

gles of EA and IA now? 

... ,-----
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5- 3. A 230-V, 50-Hz, two-pole synchronous motor draws 40 A from the line at unity 
power factor and full load. Assuming that the motor is lossless, answer the fo llow
ing questions: 
(a) What is the output torque of this motor? Express the answer both in newton-me

ters and in pound-feet. 
(b) What must be done to change the power fac tor to 0.85 leading? Explain your 

answer, using phasor diagrams. 
(c) What will the magn itude of the li ne current be if the power factor is adjusted to 

0.85 leadIng? 

5-4. A 2300-V, IOOO-hp, O.8-PF-Ieading, 60-Hz, two-pole, Y-connected synchronous 
motor has a synchronous reactance of ~ n and an armature resistance of 0 .3 D. At "5.:;-

>-
oi 0' 
~ 
> 

" '1 
.; 
u ." Y 
0 

" ~ 0 

60 Hz, its friction and windage losses are 30 kW, and its core losses are 20 k W. The 
field circuit has a dc vol tage of 200 V, and the maximum IF is 10 A. The open-cir
cuit characteristic of this motor is shown in Figure P5- 1. Answer the following 
questions about the motor, assuming that it is being supplied by an infinite bus. 
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FIGURE P5-1 
The open-circuit characteristic for the motor in Problems 5-4 and 5- 5. 
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(a) How much field current would be required to make this machine operate at 
un ity power factor when supplying full load? 

(b) What is the motor 's efficiency at full load and unity power factor? 
(e) If the fie ld current were increased by 5 percent, what would the new value of 

tJle annalure current be? What would the new power factor be? How much re
active power is being consumed or supplied by the motor? 

(d) What is the maximum torque this machine is theoretically capable of supplying 
at uni ty power fac tor? At 0.8 PF leading? 

5-5. Plot the V curves (fA versus IF) for the synchronous motor of Problem 5-4 at no
load, ha lf-load, and full-load conditions. (Note that an electronic version of the 
open-circuit characteristics in Figure P5-1 is available at the book's website. It may 
simplify the calculations required by this problem.) 

5- 6. If a 60-Hz synchronous motor is to be operated at 50 Hz, wi ll its synchronous reac
tance be the same as at 60 Hz, or will it change? (Hint: Think about the derivation 

of X,.) 
5- 7. A 208-V, Y-connected synchronous motor is drawing 50 A at unity power factor from 

a 208-V power system. The field CUlTent flowing under these conditions is 2.7 A. Its ( 
synchronous reactance is 1.6 n. Assume a linear open-circuit characteristic. 
(a) Find V r; and EA fo r these conditions . 
(b) Find the IOrque angle o. 
(e) W hat is the static stability power limit under these conditions? 
(d) How much field current would be required to make the motor operate at 0.80 PF 

leading? 
(e) What is the new torque angle in part (d)? 

5-S. A 4.12-kV. 60-Hz, 3000-hp, O.8-PF-leading, ll.-connected, three-phase synchro
notl s motor has a synchronous reactance of 1.1 per un it and an armature resistance 
of 0.1 per unit. If this motor is running at rated voltage with a line current of 300 A 
at 0.85 PF leading, what is the internal generated voltage per phase inside thi s mo
tor? What is the torque angle B? 

5-9. Figure PS- 2 shows a synchronous motor phasol' diagram for a motor operating at a 
lead ing power fac tor wi th 110 Rk For th is motor, the torque angle is g iven by 

, , , 

FIGUREP5-2 

, , , , 
\ XSIA sin (j 

V'\~ l 
i Xs//t cos (j 

6, , , 
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Phasol' diagram of a motor at a leading power factor. 
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tan8~" + XI · e 
v<t> SA sm 

_, ( XsIA cos () ) 
8=tan . 

V¢ + X.~1A sm () 

Derive an equation for the torque angle of the synchronous motor {f the armature 
resistance is included. 

5- 10. A synchronous machine has a synchronous reactance of 1.0 n per phase and an ar
mature resistance of 0.1 fl per phase. If EJI = 460 L - 10° V and V<J> = 480 L 0° V, 
is this machine a motor or a generator? How much power P is this machine con
suming from or supplying to the electrical system? How much reactive power Q is 
this machine consuming from or supplying to the electrical system? 

5-11. A 500-kVA, 600-Y, O.8-PF-Ieading, Y-connected synchronous motor has a synchro
nous reactance of 1.0 per un it and an armatme resistance of 0.1 per unit. At the current 
time, EA ~ 1.00 L 120 pu and v." ~ I L 00 pu. 
(aJ Is thi s machine currently acting as a motor or a generator? 
(b) How much power P is this machine consuming from or supplying to the elec

trical system? 
(c) How much reactive power Q is this machine consuming from or supplying to 

the electrical system? 
(d) Is this machine operating within its rated limits? 

5- 12. Figure PS-3 shows a small industrial plant supplied by an external 480-V, three-phase 
power supply. The plant includes three main loads as shown in the figure. Answer the 
following questions about the plant. The synchronous motor is rated at 100 hp, 460 V, 
and 0.8 PF leading. The synchronous reactance is 1.1 pu and armature resistance is 
0.01 pu. The acc for this motor is shown in F igure P5--4. 

Bus J 

~ 
I La"dl I IOOKW I 0.9 PF lagging 

IL 
~ 

I, G, 
I - La"d 21 80 KVA 

480 V I 0.8 PF lagging 

Y- connected 

---G Synchronous 

T motor 

l.!-l .... )~ 

FIGUREP5- 3 
A small industrial fac ility. 
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Open-circuit characteristic 
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Field current (A) 

FIGUREPS-4 
Open-circuit characteristic of sy nchronous motor. 

(a) If the switch all the synchronous motor is open, how much real, reactive, and 
apparent power is being supplied to the plant? What is the CUlTent IL in the 
transmission line? 

The switch is now closed and the synchronous motor is supplying rated power wi th 
the field ClllTent adjusted to 1.5 A. tAl- c~~t- c\ (J~-

~ (b) What is the real and reactive power supplied to the motor? ().<? 1(,.,; 

(c) What is the torque angle of the motor? 
(d) What is the power factor of the motor? 
(e) How much rea l, reactive, and apparent power is being supplied to the plant 

now? What is the current IL in the transmission line? 
Now suppose that the field current is increased to 3.0 A. 
(f) What is the real and reactive power supplied to the motor? 
(g) What is the torque angle of the motor? 
(/z) What is the power factor of the motor? 
(i) How much real, reactive, and apparent power is being supplied to the plant 

now? What is the current IL in the transrrUssion line? 
(j) How does the line current when the field current is 1.5 A compare to the line 

current when the field current is 3.0 A? 
5-13. A 480-V, 100-kW, 0.8-PF-Ieading, 50-Hz, four-pole, Y-connected synchronous mo

tor has a synchronous reactance of 1.8 n and a negligible armatu re resistance. The 
rotational losses are also to be ignored. Thi s motor is to be operated over a continu
ous range of speeds from 300 to 1500 rlmin , where the speed changes are to be ac
complished by controlling the system frequency with a solid-state drive. 
(a) Over what range must the input frequency be varied to provide this speed con

tro l range? 
(b) How large is EA at the motor's rated conditions? 
(c) What is the maximum power the motor can produce at rated speed with the EA 

calculated in part (b)? 

( 
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(d) What is the largest value that EA could be at 300 r/min? 
(e) Assuming that the applied voltage V", is derated by the same amount as EA , what 

is the maximum power the motor could supply at 300 r/min? 
(j) How does the power capability of a synchronous motor relate to its speed? 

5-14. A 2300-V, 400-hp, 60-Hz, eight-pole, Y-connected synchronous motor has a rated 
power factor of 0.85 leading. At full load, the efficiency is 90 percent. The armature 
resistance is 0.8 n, and the synchronous reactance is 11 fl. Find the following 
quantities for this machine when it is operating at full load: 
(a) Output torque 
(b) Input power 

(c) 11m 

(d) EA 
(el 11,1 
(f) Peon" 
(g) Pmech + ?':orc + Pslray 

5-15. The Y-connected synchronous motor whose nameplate is shown in Figure 5- 21 has 
a per-unit synchronous reac tance of 0.70 and a per-unit resistance of 0.02. 
(a) What is the rated input power of this motor? 
(b) What is the magnitude ofEA at rated conditions? 
(c) If the inpu t power of this motor is 12 MW, what is the maximum reactive power 

the motor can simultaneously supply? Is it the armature current or the field cur
rent that limits the reactive power output? 

(d) How much power does the field circuit consume at the rated conditions? 
(e) What is the efficiency of this motor at full load? 
(f) What is the output torque of the motor at the rated conditions? Express the an

swer both in newton-meters and in pound-feet. 

5-16. A 480-V, 500-kVA, 0.8-PF-lagging, Y-connected synchronous generator has a syn
clll:onous reactance ofOA n and a negligible armature res istance. This generator is 
supplying power to a 480- V, 80-kW, 0.8-PF-Ieading, Y-connected synchronous mo
tor with a synchronous reactance of 2.0 n and a neg lig ib le armature resistance. The 
synchronous generator is adjusted to have a terminal voltage of 480 V when the mo
tor is drawing the rated power at unity power factor. 
(a) Calculate the magnitudes and angles of EA for both machines. 
(b) If the flux of the motor is increased by! 0 percent, what happens to the terminal 

voltage of the power system? What is its new value? 
(c) What is the power factor of the motor after the increase in motor fl ux? 

5-17. A 440-V, 60-Hz, three-phase, Y-connectcd synchronous motor has a synchronous re
actance of 1.5 n per phase. The field current has been adjusted so that the torque an
gle 8 is 25° when the power supplied by the generator is 90 kW. 
(a) What is the magnitude of the intemal generated voltage EA in this machine? 
(b) What are the magnitude and angle of the armature current in the machine? What 

is the motor's power factor? 
(c) If the field current remains constant, what is the absolute maximum power this 

motor could supply? 

5-18. A 460-V, 200-kVA, 0.85-PF-leading, 400-Hz, four-pole, Y-connected synchronous 
motor has negligible armature resis tance and a synchronous reactance of 0.90 per 
unit. Ignore all losses. 
(a) What is the speed of rotation of this motor? 
(b) What is the output torque of this motor at the rated conditions? 
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(c) What is the internal generated voltage of this motor at the rated conditions? 
(d) With the field current remaining at the value present in the motor in part (c), 

what is the maximum possible output power from the machine? 

5- 19. A 100-hp, 440-V, O.S-PF-leading, ~-connected synchronous motor has an armature 
resistance of 0.3 !1 and a synchronous reactance of 4.0 fl. Its efficiency at full load 
is 96 percent. 

5-20. 

(a) What is the input power to the motor at rated conditions? 
(b) What is the line current of the motor at rated conditions? \\'hat is the phase cur

rent of the motor at rated conditions? 
(c) What is the reactive power consumed by or supplied by the motor at rated 

conditions? 
(d) What is the internal generated voltage EA of this motor at rated conditions? 
(e) What are the stator copper losses in the motor at rated conditions? 
(f) What is Peony at rated conditions? 
(g) If EA is decreased by 10 percent, how much reactive power will be consumed 

by or supplied by the motor? 

Answer the following questions about the machine of Problem 5-19. 
(a) If EA = 430 L 15° V and V<J> = 440 L 0° V, is this machine consuming real 

power from or supplying real power to the power system? Is it consuming reac
tive power from or supply ing reactive power to the power system? 

(b) Calculate the real power P and reactive power Q supplied or consumed by the 
machine under the conditions in part (a). Is the machine operating within its rat
ings under these ci rc umstances? 

(c) If EA = 470 L - 20° V and V,,, = 440 L 0° V, is this machine consuming real 
power from or supply ing real power to the power system? Is it consuming reac
tive power from or supplying reactive power to the power system? 

(d) Calculate the rea! power P and reactive power Q supplied or consumed by the 
machine under the conditions in part (c). Is the machine operating within its rat-
ings under these circumstances? 
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CHAPTER 

6 
INDUCTION MOTORS 

LEARNING OBJECTIVES 

Understand the key differences between a synchronous motor and an induction 
motor. 
Understand the concept of rotor slip and its relationship to rotor frequency. 

Understand and know how to use the equivalent circuit of an induction motor. 

Understand power flows and the power flow diagram of an induction motor. 

Be able to use the equation for the torque-speed characteristic curve. 

Understand how the torque- speed characteristic curve varies with different 
rotor designs. 

Understand the techniques used for induction motor starting. 

Understand how the speed of induction motors can be controlled. 

Understand how to measure induction motor circuit model parameters. 

Understand the induction machine used as a generator. 

Understand induc tion motor ratings. 

In Chapter 5, we saw how amortisseur windings on a synchronous motor could de
velop a starting torque without the necessity of supplying an extemal field current 
to them. In fac t, amortisseur windings work so well that a motor cou ld be built 
without the synchronous motor's mai n de fie ld circuit at all. A machine with only 
a continuous set of amortisseur windings is called an induction machine. Such ma
chines are called induction machines because the rotor voltage (which produces the 
rotor current and the rotor magnetic field) is induced in the rotor windings rather 
than being physically connected by wires. The distinguishing feature of an induc
tion motor is that no dc field current is required to run the machine. 

Although it is possible to use an induction machine as either a motor or a gen
erator, it has many disadvantages as a generator and so is only used as a generator in 
special applications. For this reason, induction machines are usually referred to as 
induction motors. 

307 
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FIGURE 6-2 

FIGURE 6-1 
The stator of a typical induction 
motor, showing the stator 
windings. (Collrtesyof 
MaglleTek. fl/c.) 

(a) 

(b) 

(a) Sketch of cage rotor. (b) A LypicaJ cage rotor. (COU/,ICSY of General Electric CompallY.) 
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6.1 INDUCTION MOTOR CONSTRUCTION 

An induction motor has the same physical stator as a synchronous machine, with 
a different rotor construction. A typical two-pole stator is shown in Figure 6- 1. It 
looks (and is) the same as a synchronous machine stator. There are two different 
types of induction motor rotors which can be placed inside the stator. One is caned 
a cage rotor, while the other is called a wound rotor. 

Figures 6-2 and 6-3 show cage induction motor rotors. A cage induction 
motor rotor consists of a series of conducting bars laid into slots carved in the face 

(a) 

(b) 

FIGURE 6-3 
(a) Cutaway diagram of a typical small cage rotor induction motor. (Courtesy of MagneTek, Illc.) 

(b) Cutaway diagram of a typical large cage rotor induction motor. (Courtesy of General Electric 
Company. ) 
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of the rotor and shorted at either end by large shorting rings. This design is re
ferred to as a cage rotor because the conductors, if examined by themselves, 
would look like one of the exercise wheels that squirrels or hamsters run all. 

The other type of rotor is a wound rotor. A wound rotor has a complete set 
of three-phase windings that are similar to the windings on the statoT. The three 
phases of the rotor windings are usually Y-connected, and the ends of the three ro
tor wires are tied to slip rings on the rotor's shaft. The rotor windings are shorted 
through brushes riding on the slip rings. Wound-rotor induction motors therefore 
have their rotor currents accessible at the stator brushes, where they can be exam
ined and where extra resistance call be inserted into the rotor circuit. It is possible 
to take advantage of this feature to modify the torque-speed characteristic of the 
motor. Two wound rotors are shown in Figure 6-4, and a complete wound-rotor 
induction motor is shown in Figure 6-5. 

Wound-rotor induction motors are more expensive than cage induction motors, 
and they require much more maintenance because of the wear associated with their 
brushes and sJip rings. As a result, wound-rotor induction motors are rarely used. ( 

(a) 

(b) 

FIGURE 6-4 
Typical wound rotors for induction motors. Notice the slip rings and the bars connecting the rotor 
windings to the slip rings . (Courtesy of Gelleral Electric Company.) 



( 

INDUCTIUN MU tURS .. HI 

FIGURE 6-5 
Cutaway diagram of a wound-rotor induction motor. Notice the brushes an d slip rings. Also notice 
that the rotor windings are skewed to eliminate slot harmonics. (Courtesy of MaglleTek, Inc.) 

6.2 BASIC INDUCTION MOTOR CONCEPTS 

Induction motor operation is basically the same as that of amortisseur windings on 
synchronous motors. That basic operation will now be reviewed, and some im
portant induction motor terms wil1 be defined. 

The Development of Induced Torque 
in an Induction Motor 

Figure 6-6 shows a cage rotor induction motor. A three-phase set of voltages has 
been applied to the stator, and a three-phase set of stator currents is flowing. These 
currents produce a magnetic field Bs, which is rotating in a counterclockwise 
direction. The speed of the magnetic field's rotation is given by 

120 !,., 
nsync = - p-- (6-1) 

wherefse is the system frequency applied to the stator in hertz and P is the number 
of poles in the machine. This rotating magnetic field Bs passes over the rotor bars 
and induces a voltage in them. 

The voltage induced in a given rotor bar is given by the equation 

eind = (v X B) • I 

where v = velocity of the bar relative to the magnetic f ield 

B = magnetic flux density vector 

I = length of conductor in the magnetic field 

(1 --45) 
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FIGURE 6-6 
The development of induced torque in an induction 
motor. (a) The rotating stator field Bs induces a voltage 
in the rotor bars; (b) the rotor vo ltage produces a rotor 
current fJow, which Jags behind the voltage because of 
the inductance of the rotor; (c) the rotor CUlTenl 
produces a rotor magnetic field BR lagging 90° behind 
it<;elf, ancl BR interacts with B,.,.,! to produce a 
counterclockwise torque in the machine. 

( " 

It is the relative motion of the rotor compared to the stator magnetic field 
that produces induced voltage in a rotor bar. The velocity of the upper rotor bars 
relati ve to the magnetic field is to the right, so the induced voltage in the upper 
bars is out of the page, while the induced voltage in the lower bars is into the page. 
This results in a current flow out of the upper bars and into the lower bars. How
ever, since the rotor assembly is inductive, the peak rotor CUlTent lags behind the 
peak rotor voltage (see Figure 6-6b). The rotor current flow produces a rotor mag- I 

netic field BR" 

Finally, since the induced torque in the machine is given by 

Tind = kB R X Bs (3-58) 

\ 

L 
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the resulting torque is counterclockwise. Since the rotor induced torque is coun
terclockwise, the rotor accelerates in that direction. 

There is a fini te upper lim it to the motor 's speed, however. If the induction 
motor's rotor were turning at synchronous speed, then the rotor bars would be sta
tionary relative to the magnetic field and there would be no induced voltage. If eind 

were equal to 0, then there would be no rotor current and no rotor magnetic field. 
With no rotor magnetic field, the induced torque would be zero. and the rotor 
would slow down as a result of friction losses. An induction motor can thus speed 
up to near-synchronous speed, but it can never exactly reach synchronous speed. 

Note that in normal operation both the rotor and stator magnetic fields BR 
and Bs rotate together at synchronous speed nsync, l",hile the rotor itself turns at a 
slower speed. 

The Concept of Rotor Slip 

The voltage induced in a rotor bar of an induction motor depends on the speed of 
the rotor relative to the magnetic fields . Since the behavior of an induction motor 
depends on the rotor 's voltage and current, it is often more logical to talk about 
thi s relati ve speed. Two terms are commonly used to define the relati ve motion of 
the rotor and the magnetic fields. One is slip speed, defined as the difference be
tween synchronous speed and rotor speed: 

where l1s1ip = slip speed of the machine 

I1sync = speed of the magnetic fields 

11m = mechanical shaft speed of motor 

(6-2) 

The other term used to describe the relative motion is slip, which is the rela
tive speed expressed on a per-unit or a percentage basis. That is, slip is defined as 

s = n,lip ( x 100%) 
nsync 

(6-3) 

n - n 
s = sync III (x 100%) 

nsync 
(6-4) 

This equation can also be expressed in terms of angular velocity w (radians per 
second) as 

w - w 
s = sync 11/ (x 100%) 

wsync 
(6- 5) 

Notice that if the rotor turns at synchronous speed, s = 0, while jf the rotor is sta
tionary, s = I. Al1 nonnal motor speeds fall somewhere between those two limits. 

It is possible to express the mechanical speed of the rotor shaft in terms of 
synchronous speed and sl ip. Solving Equati ons (6-4) and (6- 5) for mechanical 
speed yields 



or 

nm = (1 - s)nSync I 

I Wm = (1 - S)w,y"'1 

(6- 6) 

(6- 7) 

These equations are usefu l in the derivation of induction motor torque and power 
relationships. 

The Electrical Frequency on the Rotor 

An induction motor works by inducing voltages and currents in the rotor of the 
machine, and for that reason it has sometimes been called a rotating transformer. 
Like a transformer, the primary (stator) induces a voltage in the secondary (rotor), 
but unlike a transformer, the secondary frequency is not necessarily the same as 
the pri mary frequency. 

If the rotor of a motor is locked so that i t cannot move, then the rotor will 
have the same frequency as the stator. O n the o ther hand, if the rotor turns at syn- ( 
chronous speed, the frequency on the rotor will be zero. What will the rotor fre
quency be for any arbitrary rate of rotor rotation? 

At n/ll = 0 [/min, the rotor frequency tTl! = f~e' and the slip s = 1. At nm = nsync. 
the rolor frequency f" = 0 Hz, and the slip s = O. For any speed in between, the ro
tor frequency is directly proportional to the difference between the speed of the mag
netic field n~ync and the speed of the rotor 11111 _ Since the slip of the rotor is defined as 

Hsync 
(6-4) 

the rotor freq uency can be expressed as 

(6- 8) 

Several alternative forms of this expression exist that are sometimes useful. One of the 
more common expressions is derived by substituting Equation (6-4) for the slip into 
Equation (6-8) and then substituting for nsyrx; in the denominator of the expression: 

nsync - 11m 
ire = 11 f se 

sync 

B ut n,,", = 120j" / P [from Equation (6--1)], so 

Therefore, 

P 
ire = 126 (nsync - nil) (6--9) I 

Example 6- 1. A 208-V, IO-hp, four-pole, 60·Hz, Y·connecled induction motor has 
a ful l- load sli p of 5 percent. 

(a) What is the synchronous speed of this motor? 
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(b) What is the rotor speed of this motor at the rated load? 
(C) What is the rotor frequency of this motor at the rated load? 
(d) What is the shaft torque of this motor at the rated load? 

Solution 
(a) The synchronous speed of this motor is 

- 120fse (6 1) n syllc - -p- -

~ 120(60 Hz) ~ 1800r/min 
4 poles 

( b) The rotor speed of the motor is given by 

~ (l - 0.05)(1800 r/min) ~ 1710 r/min 

(c) The rotor frequency of this motor is given by 

fe, ~ s/" ~ (0.05)(60 Hz) ~ 3 Hz 

Alternatively, the frequency can be found from Equation (6-9): 

p 
fre = 120 (nsyllc - nm) 

~ --±- (1800 r/min - 1710 r/min) ~ 3 Hz 
120 

(d) The shaft load torque is given by 

POUI 

T10nd = ~ 

(10 hp)(746 W/hp) 
(1710 r/min)(27r rad/r)(1 min/60 s) ~ 41.7 N· m 

The shaft load torque in English units is given by Equation (1-17): 

5252P 
T ~--

lond n 

(6-6) 

(6-8) 

(6-9) 

where 'T is in pound-feet, P is in horsepower, and nm is in revolutions per minute, 
Therefore, 

5252(10 hpj 
Tload = 1710 r/min = 30,7 lb · ft 

( 6.3 THE EQUIVALENT CIRCUIT 
OF AN INDUCTION MOTOR 

An induction motor relies for its operation on the induction of voltages and cun'ents 
in its rotor circuit from the stator circuit (transfonner action), Because the induction 
of voltages and currents in the rotor circuit of an induction motor is essentially a 
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FIGURE 6-7 
The transformer model of an induction motor, with rotor and stator connected by an ideal 
transformer of tums ratio {leff' 

::; :->RR 

transformer operation, the equivalent circuit of an induction motor will tum out to ( 
be very similar to the equivalent circu it of a transformer. An induction motor is 
called a singly excited machine (as opposed to a doubly excited synchronous ma
chine), since power is supplied to only the stator circuit. Because an induction mo-
tor does not have an independent field circuit, its model will not contain an internal 
voltage source such as the internal generated voltage EA in a synchronous machine. 

It is possible to derive the equivalent circuit of an induction motor from a 
knowledge of transformers and from what we already know about the variation of 
rotor frequency with speed in induction motors . The induction motor model wiIl 
be developed by starting with the transformer model in Chapter 2 anc! then decid
ing how to take the variable rotor frequency and other similar induction motor ef
fects into account. 

The Transformer Model of an Induction Motor 

A transformer per-phase equivalent circuit, representing the operation of an in
duction motor, is shown in Figure 6- 7. As in any transformer, there is a certain 
resistance and self-inductance in the primary (stator) windings, which must be 
represented in the equivalent circuit of the machine. The stator resistance will be 
called R I , and the stator leakage reactance will be called X l ' These two compo
nents appear right at the input to the machine model. 

Also, like any transformer with an iron core, the flux in the machine is re
lated to the integral of the applied voltage E I . The curve of magnetomotive force 
versus flux (magnetization curve) for this machine is compared to a si milar curve 
for a power transformer in Figure 6-8. Notice that the slope of the induction mo
tor's magnetomotive force-flux curve is much shallower than the curve of a good 
transformer. This is because there must be an air gap in an induction motor, which 
greatly increases the reluctance of the flux path anc! therefore reduces the coupling ( 
between primary and secondary windings. TI1e higher reluctance caused by the air 
gap means that a higher magnetizing current is required to obtain a given flux 
level. Therefore, the magnetizing reactance XM in the equivalent circuit will have 
a much smaller value (or the susceptance EM wiIl have a much larger value) than 
it would in an ordinary transformer. 

II 

IJ 
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0/, \Vb 

?fr, A- turns 

FIGURE 6-8 
The magnetization curve of an induction motor compared to that of a transformer. 

The primary in ternal stator voltage E J is coupled to the secondary ER by an 
ideal transformer with an effective turns rat io (lelY' The effective turns ratio QelT is 
fairly easy to determine for a wound-rotor motor-it is basically the ratio of the 
conductors per phase on the stator to the conductors per phase on the rotor, modi
fied by any pitch and distribution factor differences. It is rather difficult to see ([cfr 
clearly in the case of a cage rotor motor because there are no distinct windings on 
the cage rotor. In either case, there is an effective turns ratio for the motor. 

The voltage E R produced in the rotor in turn produces a cunent flow in the 
shorted rotor (or secondm'Y) circuit of the machine. 

The primary impedances and the magnetization current of the induction mo
tor are very similm' to the corresponding components in a transformer equivalent 
circuit. An induction motor equivalent circuit differs from a transformer equiva
lent circuit primarily in the effects of varying rotor frequency on the rotor voltage 
E R and the rotor impedances RR and jXR. 

The Rotor Circuit Model 

In an induction motor, when the voltage is applied to the stator windings, a volt
age is induced in the rotor windings of the machine. In general , the greater the 
relative motion between the rotor and the stator magnetic fields, the greater the 
resulting rotor voltage and rotor frequency. The largest relative motion occurs 
when the rotor is stationary, called the locked-rotor or blocked-rotor condition, so 
the largest voltage and rotor frequency are induced in the rotor at that condition. 
The smallest voltage (0 V) and frequency (0 Hz) occur when the rotor moves at 
the same speed as the stator magnetic field, resulting in no relative motion. The 
magnitude and frequency of the voltage induced in the rotor at any speed between 
these extremes is directly proportional to the slip of the rotor. Therefore, if the 
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magnitude of the induced rotor voltage at locked-rotor conditions is called ERQ, the 
magnitude of the induced voltage at any slip wi ll be given by the equation 

(6--10) 

and the frequency of the induced voltage at any slip will be given by the equation 

(6--8) 

This voltage is induced in a rotor containing both resistance and reactance. 
The rotor resistance RR is a constant (except for the skin effect), independent of 
slip, while the rotor reactance is affected in a more complicated way by slip, 

The reactance of an induction motor rotor depends on the inductance of the 
rotor and the frequency of the voltage and current in the rotor. With a rotor induc
tance of Lfl • the rotor reactance is given by 

By Equation (6-8), /" = s/,,, so 

XR 217 Sfse L R 

s(27r/"LR) 

sXRO 

where XRO is the blocked-rotor rotor reactance. 

(6--11 ) 

The resulting rotor equivalent circuit is shown in Figure 6-9. The rotor CUf

rent flow can be found as 

(6-12) 

or (6--13) 

Notice from Equation (6-13) that it is possible to treat all of the rotor effects due 
to varying rotor speed as being caused by a varying impedance supplied with 
power from a constant-voltage source ERQ. The equivalent rotor impedance from 
this point of view is 

FIGURE 6-9 
The rotor circuit model of an induction motor. 

( ) 
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(6-14) 

and the rotor equivalent circuit using this convention is shown in Figure 6-10. In 
the equivalen t circuit in Figure 6--10, the rotor voltage is a constant ERO V and the 
rotor impedance ZR,eq contains all the effects of varying rotor slip. A plot of the 
current flow in the rotor as developed in Equations (6-12) and (6-13) is shown in 
Figure 6- 11. 

jXRQ 

Eno 

, 

o 25 

FIGURE 6-11 

FIGURE 6-10 
The rotor circuit model with all the freq uency 
(slip) effects concentrated in resistor R/lo 

----~ 
"-

1\ 
\ 
\ 

50 75 100 

II"" percentage of synchronous speed 

Rotor current as a function of rotor speed. 

125 
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Notice that at very low slips the resistive term RR/ s» XRO, so the rotor re
sistance predominates and the rotor current varies linearly with slip. At high slips, 
XRO is much larger than RR/ s, and the rotor cutTent approaches a steady-state 
value as the slip becomes very large. 

The Final Equivalent Circuit 

To produce the final per-phase equivalent circuit for an induction motor, it is nec
essary to refer the rotor pmt of the model over to the stator side. The rotor circuit 
model that will be refened to the stator side is the model shown in Figure 6-1O, 
which has all the speed variation effects concentrated in the impedance tenn. 

In an ordinary transformer, the voltages, currents, and impedances on the 
secondary side of the device can be referred to the primary side by means of the 
turns ratio of the transformer: 

vp =V~. =aVs (6-15) 

I = I ' = !1 P S a (6-16) 

and 2.5 = a22S (6-17) 

where the prime refers to the referred values of voltage, current, and impedance. 
Exactly the same sort of transformation can be done for the induction mo

tor's rotor circuit. If the effective turns ratio of an induction motor is aerr, then the 
transformed rotor voltage becomes 

E j = E ~ = aeffERO (6- 18) 

the rotor Cllrrent becomes 

(6-19) 

and the rotor impedance becomes 

,(RR . ) 22 = a~ff ~ + jXRO (6- 20) 

If we now make the foll owing definitions: 

R2 = a;rrRR (6-21) 

(6- 22) 

( 

then the final per-phase equivalent circuit of the induction motor is as shown in 
Figure 6-1 2. ( ) 

The rotor resistance RR and the locked-rotor rotor reactance XRO are very dif- ' I 
ficult or impossible to determine directly on cage rotors, and the effective turns ra- ' 
tio {leff is also difficult to obtain for cage rotors. FOltunately, though, it is possible 



r 

FIGURE 6-12 
The per-phase equivalent circuit of an induction molor. 
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R, , 

to make measurements that will directly give the referred resistance and reactance 
R2 and X2, even though RR' XRO and aeff are not known separately. The measurement 
of induction motor parameters will be taken up in Section 6.7. 

6.4 POWER AND TORQUE IN 
INDUCTION MOTORS 

Because induction motors are singly exci ted machines, their power and torque re
lationships are considerably different from the relationships in the synchronous 
machines previously studied. This section reviews the power and torgue relation
ships in induction motors. 

Losses and the Power-Flow Diagram 

An induction motor can be basically described as a rotating transformer. Its input 
is a three-phase system of voltages and currents. For an ordinary transformer, the 
output is electric power from the secondary windings. The secondary windings in 
an induction motor (the rotor) are shorted out, so no electrical output exists from 
normal induction motors. Instead, the output is mechanical. The relationship be
tween the input electric power and the output mechanical power of this motor is 
shown in the power-t1ow diagram in Figure 6-13. 

The input power to an induction motor An is in the form of three-phase elec
tric voltages and cunents. The first losses encountered in the machine are [2R 

losses in the stator windings (the stator copper loss PSCL ). Then some amount of 
power is lost as hysteresis and eddy currents in the stator (Pcore ). The power re
maining at this point is transfened to the rotor of the machine across the air gap 
between the stator and rotor. This power is called the air-gap power PAG of the 

( machine. After the power is transferred to the rotor, some of it is lost as [ 2R losses 
(the rotor copper loss PRCL), and the rest is converted from electrical to mechani
cal form (PconJ. Finally, friction and windage losses PF&W and stray losses Pmisc are 
subtracted. The remaining power is the output of the motor Pout> 

l 
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Air-gaJ power 
I 
I 

P in = {3 V:T~/L~c:o:s~e~,_-;:~_'~: -ir~~t-~~~-7/ 
and windage 

FIGURE 6-13 

PSCL (Core 
(Stator losses) 
copper 
loss) 

(Rotor 
copper 
loss) 

The power-flow diagram of an induction motor. 

The core losses do not always appear in the power-flow diagram at the ( 
point shown in Figure 6- 13. Because of the nature of core losses, where they are 
accounted for in the machine is somewhat arbi trary. The core losses of an in
duction motor come partially from the stator circuit and partially from the rotor 
circuit. Since an induction motor normally operates at a speed near synchronous 
speed, the relative motion of the magnetic fields over the rotor surface is quite 
slow, and the rotor core losses are very tiny compared to the stator core losses. 
Since the largest fraction of the core losses comes from the stator circui t, all the 
core losses are lumped together at that point on the diagram. These losses are 
represented in the induction motor equivalent circuit by the resistor Rc (or the 
conductance Gc). If core losses are just given by a number (X watts) instead 
of as a circuit element, they are often lumped together with the mechanical 
losses and subtracted at the point on the diagram where the mechanical losses 
are located. 

The higher the speed of an induction motor, the higher its friction, windage, 
and sU'ay losses. On the other hand, the higher the speed of the motor (up to n"ocl, 
the lower its core losses. Therefore, these three categories of losses are sometimes 
lumped together and called rotational losses. The total rotational losses of a mo
tor are often considered to be constant with changing speed, since the component 
losses change in opposite directions with a change in speed. 

Example 6-2. A 480-V, 60-Hz, 50-hp, three-phase induction motor is drawing 
60 A at 0.85 PF lagging. The stator copper losses are 2 kW, and the rotor copper losses are 
700 W. The friction and windage losses are 600 W, the core losses are 1800 W, and the 
stray losses are neg ligible. Find the following quantities: 

(a) The air-gap power PAG 

(b) The power converted ~onv 
(c) The output power Pout 
(d) The efficiency of the motor 
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Solution 
To answer these questions, refer to the power-flow diagram for an induction motor 
(Figure 6- 13). 

(aJ The air-gap power is just the input power minus the stator /2R losses and core 
losses. The input power is given by 

Pin = v1VT IL COS () 

~ V3(480 V)(60 A)(0.85) ~ 42.4 kW 

From the power-flow diagram, the air-gap power is given by 

~ 42.4 kW - 2 kW - 1.8 kW ~ 38.6 kW 

(b) From the power-flow diagram, the power converted from electrical to mechan
ical form is 

Peulw = PAG - PRCL 

~ 38.6 kW - 700 W ~ 37.9 kW 

(c) From the power-fl ow diagram, the output power is given by 

~ 37.9kW - 600W - OW~ 37.3 kW 

or, in horsepower, 

1 hp 
Po", ~ (37.3 kW) 0.746 kW ~ 50 hp 

(d) Therefore, the induction motor's efficiency is 

Pout 
'7 ~ P x 100% 

m 

37.3 kW 
42.4 kW x 100% ~ 88% 

Power and Torqne in an Indnction Motor 

Figure 6- 12 shows the per-phase equivalent circuit of an induction motor. If the 
equivalent circuit is examined closely, it can be used to derive the power and 
torque equations governing the operation of the motor. 

The input current to a phase of the motor can be found by dividing the input 
voltage by the total equivalent impedance: 

(6-23) 

where (6-24) 
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Therefore, the stator copper losses, the core losses, and the rotor copper losses can 
be found. The stator copper losses in the three phases are given by 

1 PSCL = 31; R, 1 (6-25) 

The core losses are given by 

1 P"" = 3E;G C 1 

so the air-gap power can be found as 

rl-p-A-G-=--p;-,,- -- P- S-C-L---P-,,-,"'1 

(6- 26) 

(6-27) 

Look closely at the equivalent circuit of the rotor. The only element in the 
equivalent circuit where the air-gap power can be consumed is in the resistor RJ s. 
Therefore, the air-gap power can also be given by 

_ 2 R2 
PAG - 31, s 

The actual resistive losses in the rotor circuit are given by the equation 

PReL = 3f~ RR 

(6-28) ( 

(6-29) 

Since power is unchanged when referred across an ideal transformer, the rotor 
copper losses can also be expressed as 

~---~ 

1 PReL = 31l R21 (6-30) 

After stator copper losses, core losses, and rotor copper losses are sub
tracted from the input power to the motor, the remaining power is converted from 
electrical to mechanical for111. This converted power, which is sometimes called 
developed mechanical power, is gi ven by 

= 311 R2 - 31; R2 
s -

= 312 R (1 - 1) 
2 2 S 

P - 312 R (l..=..l:) conv - 22 S (6-31) 

Notice from Equations (6-28) and (6-30) that the rotor copper losses are 
equal to the air-gap power times the slip: 

PReL = s PAG (6-32) 

Therefore, the lower the slip of the motor, the lower the rotor losses in the ma- ( 
chine. Note also that if the rotor is not turning, the slip s = 1 and the air-gap 
power is entirely consumed in the rotor. This is logical, since if the rotor is not 
turning, the output power POUl (= 'T1oad Will) must be zero. Since Pconv = PAG - PReL , 
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this also gives another relationship between the air-gap power and the power coo
velied from electtical to mechanical form: 

~onv = PAG - PRCL 

= PAG - sPAG 

(6- 33) 

Finally, if the friction and windage losses and the stray losses are known, 
the output power can be found as 

I ~ut = ~onv - P F&W - P mise I (6-34) 

The induced torque Tind in a machine was defined as the torque generated by 
the internal electric-ta-mechan ical power conversion. This torque differs from the 
torque actually available at the terminals of the motor by an amount equal to the 
friction and windage torques in the machine. The induced torque is given by the 
equation 

(6- 35) 

This torque is also caned the deveLoped torque of the machine. 
The induced torque of an induction motor can be expressed in a different 

form as well. Equation (6- 7) expresses actual speed in terms of synchronous 
speed and slip, while Equation (6-33) expresses Peon\' in terms of PAG and slip. 
Substituting these two equations into Equation (6-35) yields 

(1 - s)PAG T -
ind - (1 - s)w 

sync 

(6- 36) 

The last equation is especially useful because it expresses induced torque directly 
in terms of air-gap power and synchronous speed, which does not vary. A knowl
edge of PAG thus directly yields Tind' 

Separating the Rotor Copper Losses and 
the Power Converted in an Induction 
Motor's Equivalent Circuit 

Part of the power coming across the air gap in an induction motor is consumed in 
the rotor copper losses, and part of it is converted to mechanical power to drive 

( the motor's shaft. It is possible to separate the two uses of the air-gap power and 
to indicate them separately on the motor equivalent circuit. 

Equation (6-28) gives an expression for the total air-gap power in an in
duction motor, while Equation (6-30) gives the actual rotor losses in the motor. 
The air-gap power is the power which would be consumed in a resistor of value 
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I] R] jX j 12 jX2 R, 
+ 

(SeLl I,," 
V, (Core loss) Rc jXM E] R2e~') 

FIGURE 6--1 4 
The per-phase equivalent circuit with rotor losses and Poore separated. 

R2/s, while the rotor copper losses are the power which would be consumed in a 
resistor of value Rz. The difference between them is Peony, which must therefore be ( 
the power consumed in a resistor of value 

R eonv = R,(1-=-S s) (6-37) 

Per-phase equivalent circuit with the rotor copper losses and the power con
verted to mechanical form separated ioto distinct elements is shown in Figure 6--14. 

Example 6-3. A 460-V, 25-hp, 60-Hz, four-pole, Y-connected induction motor has 
the fo llowing impedances in ohms per phase referred to the stator circuit: 

R] ~ 0.641 n 
Xl ~ 1.106 n 

R, ~ 0.332 n 
X, ~ 0.464 n XM ~ 26.3 n 

The total rotational losses are 11 00 Wand are assumed to be constant. The core loss is 
Jumped in with the rotational losses. For a rotor slip of2.2 percent at the rated voltage and 
rated frequency, find the motor's 

(a) Speed 

(b) Stator current 

( c) Power factor 

(d) Pconv and POll ! 

(e ) Tim! and T ]oad 

(f) Efficiency 

Solution 
The per-phase equivalent circuit of this motor is shown in Figure 6-12, and the power-flow 
diagram is shown in Figure 6-13 . Since the core losses are lumped together with the friction 
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II RI jX1 12 jX2 R2 

+ 
(SeL) I"d (RCL) 

V, (Core loss) Rc jXM E I R2e~') 
(Peonv) 

FIGURE 6--14 
The per-phase equivalent circuit with rotor losses and Poore separated. 

R2/s, while the rotor copper losses are the power which would be consumed in a 
resistor of value Rz. The difference between them is Peony, which must therefore be ( 
the power consumed in a resistor of value 

R eanv = R,(1-=--S s) (6-37) 

Per-phase equivalent circuit with the rotor copper losses and the power con
verted to mechanical form separated into distinct elements is shown in Figure 6--14. 

Example 6-3. A 460-V, 25-hp, 60-Hz, four-pole, Y-connected induction motor has 
the fo llowing impedances in ohms per phase referred to the stator circuit: 

RI ~ 0.64 1 n 
Xl ~ 1.106 n 

R, ~ 0.332 n 
X, ~ 0.464 n XM ~ 26.3 n 

The total rotational losses are 1100 Wand are assumed to be constant. The core loss is 
Jumped in with the rotational losses. For a rotor slip of2.2 percent at the rated voltage and 
rated frequency, find the motor's 

(a) Speed 

(b) Stator current 

( c) Power factor 

(d) Peon\' and POll! 

(e) 'Tim! and 'T]oaJ 

(f) Efficiency 

Solution 
The per-phase equivalent circuit of this motor is shown in Figure 6-12, and the power-flow 
diagram is shown in Figure 6- 13 . Since the core losses are lumped together with the friction 

I 

I 

l 
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(c) The power motor power fac tor is 

PF ~ cos 33.6" ~ 0.833 lagging 

(d) The input power to this motor is 

Fin = V'3VT I L cos f) 

~ V3(460 V)(l888 A)(0833) ~ 12,530 W 

The stator copper losses in this machine are 

PSCL = 3Ir R1 

~ 3( 18.88 A)'(0.641 !1) ~ 685 W 

The ai r-gap power is given by 

PAG ~ 11, - P'CL ~ 12,530 W - 685 W ~ 11,845 W 

Therefore, the power converted is 

(6-25) 

~O"' ~ (l - S)PAG ~ (1 - 0.022)(11,845 W) ~ 11 ,585 W 

The power POUI is given by 

POUI = ~onv - F;OI = 11,585 W - 1100 W = 10,485 W 

( 
I hp ) 

~ 10,485 W 746 W ~ 14.1 hp 

(e) The induced torque is given by 

11 ,845 W 
188.5 radls ~ 62.8 N · m 

and the output torque is given by 

POllt 

T10aJ = wm 

10,485 W 
184.4 radls ~ 56.9 N · In 

(I n English uni ts, these torques are 46.3 and 41.9Ib-ft, respectively.) 
(f) The motor's efficiency at this operating condition is 

Pout 
T} ~ px100% 

m 

10,485 W _ 
12530 W x 100% - 83.7% 

6.5 INDUCTION MOTOR TORQUE-SPEED 
CHARACTERISTICS 

How does the torque of an induction motor change as the load changes? How 
much torque can an induction motor supply at starting conditions? How much 
does the speed of an induction motor drop as its shaft load increases? To find out 

( 
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FIGURE 6--15 
(a) The magnetic fie lds in an induction motor under light loads. (b) The magnetic fields in an 
induction motor under heavy loads. 
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the answers to these and similar questions, it is necessary to clearly understand the 
relationships among the motor 's torque, speed, and power. 

In the following material, the torque-speed relationship will be examined 
first from the physical viewpoint of the motor's magnetic field behavior. Then, a 
general equation for torque as a function of slip win be derived from the induction 
motor equivalent circuit (Figure 6-12), 

Indnced Torque from a Physical Standpoint 

Figure 6-15a shows a cage rotor induction motor that is in itially operating at no 
load and therefore very nearly at synchronous speed. The net magnetic field Bnc( in 
this machine is produced by the magnetization current 1M flowing in the motor 's 
equivalent circuit (see Figure 6-12) . The magnitude of the magnetization current 
and hence of Bnet is directly proportional to the voltage E j • If E j is constant, then the 
net magnetic f ield in the motor is constant. In an actual machine, E, varies as the 
load changes, because the stator impedances Rl and Xl cause varying voltage drops 
wi th varying load. However, these drops in the stator windings are relatively small, 
so E J (and hence 1M and Bncl) is approximately constant with changes in load. 

Figure 6- 15a shows the induction motor at no load. At no load, the rotor 
slip is very small, and so the relative motion between the rotor and the magnetic 
fields is very small and the rotor frequency is also very small. Since the relative 
motion is small , the voltage ER induced in the bars of the rotor is very small , and 

/ the resulting cunent flow IR is small. Also, because the rotor frequency is so very 
small, the reactance of the rotor is nearly zero, and the maximum rotor current IR 
is almost in phase with the rotor voltage ER. The rotor current thus produces a 
small magnetic field BR at an angle just slightly greater than 90' behind the net 
magnetic field B net . Notice that the stator current must be quite large even at no 
load, since it must supply most of Bilet • (This is why induction motors have large 
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no-load currents compared to other types of machines. The no-load current of an 
induction motor is usually 30-60 percent of the full-load current.) 

The induced torque, which keeps the rotor turning, is given by the equation 

(3-60) 

Its magnitude is given by 

Tind = kB R Bnet sin 8 (3-61) 

Since the rotor magnetic field is very small, the induced torque is also quite 
small-just large enough to overcome the motor's rotational losses. 

Now suppose the induction motor is loaded down (Figure 6- 1Sb), As the 
motor's load increases, its slip increases, and the rotor speed falls. Since the rotor 
speed is slower, there is now more relative motion between the rotor and the sta
tor magnetic fields in the machine. Greater relative motion produces a stronger ro
tor voltage ER which in turn produces a larger rotor CtilTent IR. With a larger rotor 
cunent, the rotor magnetic field BR also increases. However, the angle of the ro
tor current and Bu changes as well. Since the rotor slip is larger, the rotor fre
quency rises (/'"1: = she), and the rotor's reactance increases (Wn:LR)' Therefore, the 
rotor current nOw lags further behind the rotor voltage, and the rotor magnetic 
field shifts with the curren!, Figure 6-1Sb shows the induction motor operating at 
a fairly high load. Notice that the rotor current has increased and that the angle i5 
has increased. The increase in E u tends to increase the torque, while the increase 
in angle 8 tends to decrease the torque (Tind is proportional to sin 8, and 8 > 90°). 
Since the first effect is larger than the second one, the overall induced torque in
creases to supply the motor's increased load. 

When does an induction motor reach pullout torque? This happens when the 
point is reached where, as the load on the shaft is increased, the sin 8 term de
creases more than the Bu term increases. At that point, a further increase in load 
decreases Tind, and the motor stops. 

It is possible to use a knowledge of the machine's magnetic fields to approx
imately derive the output torque-versus-speed characteristic of an induction motor. 
Remember that the magnitude of the induced torque in the machine is given by 

(3-61 ) 

Each term in this expression can be considered separately to derive the overall 
machine behavior. The individual terms are 

1. BR• The rotor magnetic field is directly proportional to the cutTent flowing in the 
rotor, as long as the rotor is unsaturated. The cutTent flow in the rotor increases 
with increasing slip (decreasing speed) according to Equation (6--13). This cur
rent flow was plotted in Figure 6--11 and is shown again in Figure 6-16a. 

2. Enet• The net magnetic field in the motor is propOltional to E] and therefore is ap
proximately constant (E] actually decreases with increasing current flow, but this 

( 
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FIGURE 6-16 
Graphical development of an induction 
motor torque- speed characteristic. 
(a) Plot of rotor current (and thus IBRI) 

versus speed for an induction motor; 
(b) plot of net magnetic field versus 
speed fo r the motor; (c) plot of rotor 
power factor versus speed for the 
motor; Cd) the resulting torque-speed 
characteristic. 

effect is small compared to the other two, and it will be ignored in this graphical 
development). The curve for Bnet versus speed is shown in Figure 6---16b. 

3. sin o. The angle (3 between the net and rotor magnetic fields can be expressed 
in a very useful way. Look at Figure 6-1Sb. In this figure, it is clear that the 
angle 8 is just equal to the power-factor angle of the rotor plus 90': 

(6-38) 
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Therefore, sin 8 ~ sin (eR + 90°) ~ cos eR. This term is the power factor of 
the rotor. The rotor power-factor angle can be calculated from the equation 

_ XI? _ sXRO e = tan l _ = tan 1 __ 
R RJ? RR 

(6-39) 

The resulting rotor power factor is given by 

PFR ~ cos eR 

PFR = cos (tan- 1 ~) (6-40) 

A plot of rotor power factor versus speed is shown in Figure 6- 16c. 

Since the induced torque is propOitional to the product of these three terms, the 
torque-speed characteristic of an induction motor can be constructed from the graph
ical multiplication of the previous three plots (Figure 6-16a to c). The torgue-speed 
characteristic of an induction motor derived in this fashion is shown in Figm'e 6-16d. 

This characteristic curve can be divided roughly into three regions. The first 
region is the low-slip region of the curve. In the low-slip region, the motor slip in
creases approximately linearly with increased load, and the rotor mechanical 
speed decreases approximately linearly with load. In this region of operation, the 
rotor reactance is negHgible, so the rotor power factor is approximately unity, 
while the rotor current increases linearly with slip. The entire normal steady-state 
operating range oj an induction motor is included in this linear low-slip region. 
Thus in normal operation, an induction motor has a linear speed droop. 

The second region on the induction motor's curve can be called the moderate
slip region. In the moderate-slip region, the rotor frequency is higher than before, 
and the rotor reactance is on the same order of magnitude as the rotor resistance. In 
trus region, the rotor current no longer increases as rapidly as before, and the power 
factor starts to drop. The peak torgue (the pullout torque) of the motor occurs at the 
point where, for an incremental increase in load, the increase in the rotor current is 
exactly balanced by the decrease in the rotor power factor. 

The third region on the induction motor's curve is called the high-slip re
gion. In the high-slip region, the induced torque actually decreases with increased 
load, since the increase in rotor current is completely overshadowed by the de
crease in rotor power factor. 

For a typical induction motor, the pullout torque on the curve will be 200 to 
250 percent of the rated full-load torque of the machine, and the starting torque (the 
torque at zero speed) will be 150 percent or so of the full-load torque. Unlike a syn
chronous motor, the induction motor can start with a full load attached to its shaft. 

The Derivation of the Induction Motor 
Induced-Torque Equation 

It is possible to use the equivalent circuit of an induction motor and the power-flow 
diagram for the motor to derive a general expression for induced torque as a 

( 

( 

l 
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fun ction of speed. The induced torque in an induction motor is given by Equation 
(6-35) or (6-36): 

Pconv 
'find =-

Will 
(6-35) 

(6-36) 

The latter equation is especially useful, since the synchronous speed is a constant 
for a given frequency and number of poles. Since wsync is constant, a knowledge 
of the air~gap power gives the induced torque of the motof. 

The air-gap power is the power crossing the gap from the stator circuit to 
the rotor circu it. It is equal to the power absorbed in the resistance R2/S. How can 
th is power be found? 

Refer to the equivalent circuit given in Figure 6- 17. In this fi gure, the air-
( gap power supplied to one phase of the motor can be seen to be 

( 

2 R2 
PAG•1¢ = 12 $ 

Therefore, the total air-gap power is 

R2 
P = 3/ 2 -AG 2 S 

If I , can be determined, then the air-gap power and the induced torque will be 
known. 

Although there are several ways to solve the circuit in Figure 6--17 for the cur
rent 12, perhaps the easiest one is to determine the Thevenin equivalent of the por
tion of the circuit to the left of the X's in the figure. Thevenin 's theorem states that 
any linear circuit that can be separated by two terminals from the rest of the system 
can be replaced by a single voltage source in series with an equivalent impedance. 
If this were done to the induction motor equivalent circuit, the resulting circuit 
would be a simple series combination of elements as shown in Figure 6-18c. 

- ~ A . A - ~ + V" I + 

:> 
jXM E, .:: 

-

-

FIGURE 6-17 
Per-phase equivalent circuit of an induction motor. 
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jX1 R, 

jXu 
VTH = R 'X X V, 

1 + ) 1 + ) M 

jXM VTH 
Xu 

VTH - V", 
~R 1 2 + (Xl + X/If)2 

(a) 

jX1 R, 
~ 

IA A 
vvv 

~ Z _ jXM (R 1 + JX J ) 

jXM ~ TH R\ + j(X1 + XM) 
;) 

(h) 

RTH jXTH jX2 

VTIi ), R2 
s 

(e) 

FIGURE 6-18 
(a) The Thevenin equivalent voltage of an induction motor input circuit. (b) The Thevenin equivalent 
impedance of the inpul circuit. (c) The resulting simplified equivalenl circuit of an induction motor. 

To calculate the Thevenin equiva1ent of the input side of the induction motor 
equi valent cjrcuit, fi rst open-circuit the terminals at the X's and find the resulting 
open-circuit voltage present there. Then, to find the Thevenin impedance, kill 
(short-circuit) the phase voltage and find the 2"l seen "looking" into the terminals. 

Figure 6-18a shows the open terminals used to find the Thevenin voltage. 
By the voltage divider rule, 

2M 
VTH ~ V~2 + 2 M , 

~ V jXM 

~ R, + jX, + jXM 

The magnitude of the Thevenin voltage VTH is 

(6-4 la) 

( I 
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Since the magnetization reactance XM » Xl and XM » R I • the magnitude of the 
Thevenin voltage is approximately 

(6-41b) 

to quite good accuracy. 
Figure 6-18b shows the input circuit with the input voltage source killed. 

The two impedances are in parallel, and the Theveni n impedance is given by 

This impedance reduces to 

ZIZM 
ZTH = Z + Z 

I M 

. jXM(R I + jXI ) 

ZTH = RTH + jXTH = RI + j(XI + X
M

) 

(6-42) 

(6-43) 

Because XM » Xl and XM + X l »R I • the Thevenin resistance and reactance are 
approximately given by 

(6-44) 

(6-45) 

The resulting equi valent circuit is shown in Figure 6-18c. From th is circuit , 
the current 12 is given by 

= ~ __ ~~_¥~TH~~~~~ 
RTH + R2/ s + jXTH + jX2 

The magnitude of this current is 

12 = Y(RTH + R2/ s)2 + (XTH + X2>' 
The air-gap power is therefore given by 

2 R 2 PAG = 3/ 2 -
S 

= . 2 2 
(RTH + R2/ s) + (XTH + X2) 

and the rotor-induced torque is given by 

PAG 
Tind =---wsync 

(6-46) 

(6-47) 

(6-48) 

(6-49) 

(6- 50) 
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FIGURE 6-19 
A typical induction motor torque-speed characteristic curve. 

A plot of induction motor torque as a function of speed (and slip) is shown 
in Figure 6- 19, and a plot showing speeds both above and below the normal mo
tor range is shown in Figure 6-20. 

Comments on the Induction Motor 
Torque- Speed Curve 

The induction motor torque-speed characteristic curve plotted in Figures 6-19 
and 6- 20 provides several important pieces of information about the operation of 
induction motors. This information is summarized as follows: 

1. The induced torque of the motor is zero at synchronous speed. This fact has 
been discllssed previously. 

2, The torque- speed curve is nearly linear between no load and full load. In this 
range, the rotor resistance is much larger than the rotor reactance, so the ro~ 

tor current, the rotor magnetic field , and the induced torque increase linearly ( 
with increasing slip. 

3. There is a maximum possible torque that cannot be exceeded. This torque, 
called the pullout torque or breakdown torque, is 2 to 3 times the rated full
load torque of the motor. The next section of this chapter contains a method 
for calculating pullout torque. 

( 
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FIGURE 6-20 
Induction motor torque- speed characteristic curve, showing the extended operating ranges (braking 
region and generator region). 

4. The starting torque on the motor is slightly larger than its fu ll -load torque. so 
this motor wi ll stan carrying any load that it can supply at full power. 

5. Notice that the torque on the motor for a given slip varies as the square of the 
applied voltage. This fact is useful in one form of induction motor speed con
trol that will be described later. 

6. If the rotor of the induction motor is driven faster than synchronous speed, 
then the direction of the induced torque in the machine reverses and the ma
chine becomes a generator, converting mechanical power to electric power. 
The use of induction machines as generators will be described later. 

7. If the motor is turning backward relati ve to the direction of the magnetic fields, 
the induced to rque in the machine will stop the machine very rapidly and will 
try to rotate it in the other direction. Since reversing the direction of magnetic 
field rotation is simply a matter of switching any two stator phases, this fact 
can be used as a way to very rapidly stop an induction motor. The act of 
switching two phases in order to stop the motor very rapidly is called plugging. 

The power converted to mechanical form in an induction motor is equal to 

and is shown plotted in Figure 6-21. Notice that the peak power supplied by the 
induction motor occurs at a different speed than the maximum torque; and, of 
course, no power is converted to mechanical form when the rotor is at zero speed. 
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FIGURE 6-21 
Induced torque and power converted versus motor speed in revolutions per minute for no example 
four-pole induction motor. 

Maximum (Pullout) Torque in an Induction Motor 

Since the induced torque is equal to PAO/r.JJSync. the maximum possible torque oc
curs when the air-gap power is maximum. Since the air-gap power is equal to the 
power consumed in the res istor R2 /s, the maximum induced torque will occur 
when the power consumed by that resistor is I'naximum. 

When is the power supplied to R2! s at its maximum? Refer to the simplified 
equivalent circuit in Figure 6-18c. In a situation where the angle of the load im
pedance is fixed, the maximum power transfer theorem states that maximum 
power transfer to the load resistor R2/ s wi!] occur when the magnitude of that im
pedance is equal to the magnitude of the source impedance. The equivalent source 
impedance in the circuit is 

Zsourcc = RTl-1 + jXTH + j X 2 

so the maximum power transfer occurs when 

R2 = YRf H + (XTH + X2P 
s 

(6-51) 

(6-52) 

( 
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Solving Equation (6-52) for slip, we see that the slip at pullout torque is given by 

R2 
S = -:-F~==,====~ 
m" V R?H + (XTH + X, )' 

(6-53) 

Notice that the referred rotor resistance R2 appears only in the numerator, so the 
slip of the rotor at maximum torque is directly proportional to the rotor resistance. 

The value of the maximum torque can be found by inserting the expression 
for the slip at maximum torque into the torque equation [Equation (6-50)]. The re
sulting equation for the maximum or pul10ut torque is 

(6- 54) 

This torque is proportional to the square of the supply voltage and is also inversely 
related to the size of the stator impedances and the rotor reactance. The smaller a 
machine's reactances, the larger the maximum torque it is capable of achieving. 
Note that slip at which the maximum torque occurs is directly propOit ional to rotor 
resistance [Equation (6-53)] , but the value of the maximum torque is independent 
of the value of rotor resistance [Equation (6-54)] . 

The torque-speed characteristic for a wound-rotor induction motor is shown 
in Figure 6- 22. Recall that it is possible to insert resistance into the rotor c ircuit 
of a wound rotor because the rotor circuit is brought out to the stator through slip 
rings. Notice on the figure that as the rotor res istance is increased, the pullout 
speed of the motor decreases. but the maximum torque remains constant. 

It is possible to take advantage of this characteristic of wound-rotor induc
tion motors to statt very heavy loads. If a resistance is inserted into the rotor circuit, 
the maximum torque can be adjusted to occur at starting conditions. Therefore. the 
maximum possible torque would be available to start heavy loads. On the other 
hand, once the load is turning, the extra res istance can be removed from the cir
cui t, and the maximum torque will move up to near-synchronous speed for regu
lar operation. 

Example 6-4. A two-pole, 50-Hz induction motor supplies 15 kW to a load at a 
speed of 2950 r/min. 

(a) What is the motor 's slip? 
(b) What is the induced torque in the motor in N · ill under these conditions? 
(c) What will the operating speed of the motor be if its torque is doub led? 
(d) How much power will be supplied by the motor when the torque is doubled? 

Solution 
(a) The synchronous speed of this motor is 

120f" 120(50 Hz) _ 3000 / . 
flsync = - p- = 2 poles - I' mm 
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FIGURE 6-22 
The effect of varying rotor resistance on the torque-speed characteristic of a wound-rotor induction 
molar. 

Therefore, the motor 's slip is 

n~ync - Ilm 
S ~ - (x 100%) 

" sync 

~ 3000 r/min - 2950r/ min (x 100%) 
3000 rl min 

~ 0.0 167 or 1.67% 

(6-4) 

(b) The induced torque in the motor must be assumed equal to the load torque, and 
Peony must be assumed equal to Plo.1d, since no value was given for mechanical 
losses . The torq ue is thus 

15kW 
(2950 r/ min)(2". rad/ r)(J min / 60 s) 

~ 48.6N· m 

(e) In the low-slip region, the torque-speed curve is li near, and the induced torque 
is direct ly proportional to slip. Therefore, if the torque doubles, then the new 
slip will be 3.33 percent. The operating speed of the motor is thus 

' 1111 = (l - s)nsync = (l - 0.0333)(3000 r / min) = 2900 r/ min 

( 

, 
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(d) The power supplied by the motor is given by 

= (97.2 N· m)(2900 rl min)(2" rad /r)(l min i 60 s) 

= 29.5 kW 

Example 6-5. A 460-V, 25-hp, 6O-Hz, four-pole, V-connected wound-rotor induc
tion motor has the following impedances in ohms per phase referred to the stator circuit: 

R, = 0.641 n 
X , = 1. 106 n 

R, = 0.332 fl 
X, = 0.464 fl Xu = 26.3 fl 

(a) What is the maximum torque of thi s motor? At what speed and slip does it 
occur? 

(b) What is the starting torque of this motor? 

(e) When the rotor resistance is doubled, what is the speed at which the maximum 
torque now occurs? What is the new starting torque of the motor? 

(d) Calcu late and plot the torque- speed characteristics of this motor both with the 
original rotor resistance and with the rotor resistance doubled. 

Solution 
The Thevenin vollage of (his motor is 

(6-4la) 

(266 V)(26.3 fl) = 255.2 V 
Y(0.64 1 n)2 + (1.106 fl + 26.3 fl)' 

The Thevenin resistance is 

( XM ) ' 
RTH = R[ X + X 

I M 
(6-44) 

( 26.3 fl )' 
= (0.641 n) 1.106 fl + 26.3 n = 0.590 fl 

The Thevenin reactance is 

XTH= X, = 1. I06fl 

(a) The slip at which maximum torque occurs is given by Equation (6-53): 

R, 
smax = :-yr.R"'r=H=+~(C:X~TH=+~X;',")' (6-53) 

0.332 fl = 0.198 
Y(0.590 fl)' + (1.106 fl + 0.464 fl)' 

This corresponds to a mechanical speed of 

11m = (l - s)nsync = (l - 0.198)(1800 r/min) = 1444r/min 
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The torque at this speed is 

3viH 
Tmax [ , t ] 

2wsync RTH + V RfH + (XTH + X2)1 

3(255.2 V)2 

(6--54) 

2(188.5 rad/s)[0.590 D + Y(0.590 Dl' + (1.106 D + 0.464 Dl'] 

~ 229N ' m 

(b) The starting torque of this motor is found by setting s = 1 in Equation (6-50) : 

3viH Rl 

3(255.2 V)2(0332 D) 
(188.5 rad/s)[(0.590 D + 0.332 D)' + (1.106 D + 0.464 D)'] 

!04N ' m 

(c) If the rotor resistance is doubled, then the slip at maximum torque doubles, too. 
Therefore, 

Smax = 0.396 

and the speed at maximum torque is 

11m = (1 - s)n,ync = (1 - 0.396)(1800 rfmin) = 1087 rfmin 

The maximum torque is still 

Tmax = 229N - m 

The starting torque is now 

_ 3(255.2 vl'(0.664 D) 
T,,"rt - (188 .5 rad/s)[(0.590D + 0.664D)2 + (1.106D + 0.464Dl'] 

~ 170 N ' ill 

(d) We will create a MATLAB M-file to calculate and plot the torque- speed char
acteristic of the motor both with the original rotor resistance and with the dou
bled rotor resistance. The M-file will calculate the Thevenin impedance using 
the exact equations for VTH and Zm [Equations (6-41a) and (6-43)] instead of 
the approximate equations, because the computer can easily perform the exact 
calcul,ations. It will then calculate the induced torque using Equation (6-50) and 
plot the resu lts. The resulting M-file follows: 

% M- file: to r que_ speed_ curve.ffi 
% M- file create a p lot of the torque-speed curve of the 
% induction motor o f Example 6- 5 . 

% First, ini t i al i ze t h e va l ues needed in this program. 
r1 0.641; % Stator resis t ance 
x l 1. 106; 
r2 0.332; 
x2 0.464; 
xm 26 .3; 
v-phase = 460 sqrt(3); 

% Sta to r reactance 
% Rotor resi s tance 
% Rotor react ance 
% Magne tiza t i on branch reactance 
% phase vo l tage 
% Synchronous s peed (r /min) 

( 
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% Synchronous speed (rad/s) 

% Calculate the Thevenin voltage and impedance f rom Equations 
% 6-41a and 6- 43 . 
v_th v-phase " ( xm / sqrt (rl A 2 + (xl + xm)~ 2 ) ) ; 
z_ t h «j*xm) 1< (rl + j *xl » I (rl + j * (x l + xm); 
r_th real (z_ t h ); 

"-th 

% Now c alcula te the torque - speed characterist i c f or many 
% slips betwe en 0 and 1 . Note that the first s l i p value 
% is s et t o 0 . 001 instead o f e xactly 0 to avoid d ivide
% by- zero problems . 
s == (O : 1 : 50) 150 ; % Slip 

9 (1 ) = 0 . 001; 
run = (I - s) 1< ~sync ; % Mechan ical speed 

% Calcula t e torque for original rotor resis tance 
for ii = 1: 51 

t _ indl (iil = (3 1< v_th"2 .. r2 / 5(ii» / ... 
(w_sync 1< «y_th + r2/s(ii»"2 + (x_ th + x2)"2) ) ; 

end 

% Cal c u late t orque for doub led rotor res i stance 
f or ii == 1:51 

t _ind2 (iiJ = (3 * v_th"'2 * (2* r2 ) / s (ii)) I 
(w_sync * ((r_t h + (2 *r2 )!s(ii)) A2 + (x_ t h + x2)"2) ) i 

end 

% Plot the torque-speed curve 
plot(nm,t_ indl , 'Color' , ' b' f 'Line Width' , 2 . 0} ; 
hold an i 
plot (nm ,t_ind2 , ' Color ', ' k' , 'LineWi dth' , 2 . 0 , ' LineS t y l e', ' - .' ) ; 
x l abel ( ' \bf\i tn_{m} ' ) i 
ylabel {'\bf\tau_ [ i nd} '); 
tit l e ('\bflnduction mot o r torque-speed characteristic ' ) ; 
legend (' Original R_{2)' , ' Doubl ed R_ {2}') ; 
grid on ; 
hold of f; 

The resulting torque-speed characteristics are shown in Figure 6-23. Note that the peak 
torque and starting torque values on the curves match the calculations of parts (a) through 
(c). Also, note that the statting torque of the motor rose as R2 increased. 

6.6 VARIATIONS IN INDUCTION MOTOR 
TORQUE-SPEED CHARACTERISTICS 

Section 6.5 contained the derivation of the torque-speed characteristic for an 
induction motor. In fact, several characteristic curves were shown, depending on the 
rotor resistance. Example 6-5 illustrated an induction motor designer's dilemma
if a rotor is designed with high resistance, then the motor's starting torque is quite 
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high, but the slip is also quite high at normal operating conditions. Recall that P cony = 
(1 - s)P AG, so the higher the slip, the smaller thefracNon of air-gap power actually 
converted to mechanical form, and thus the lower the motor's efficiency. A motor 
with high rotor resistance has a good statting torque but poor efficiency at normal 
operating conditions. On the other hand, a motor with low rotor resistance has a low 
starting torque and high starting current, but its efficiency at normal operating con
ditions is quite high. An induction motor designer is forced to compromise between 
the confli cting requirements of high struting torque and good efficiency. 

One possible solution to this difficulty was suggested in passing in Section 
6.5: use a wound-rotor induction motor and insert extra resistance into the rotor 
during starting. The extra res istance could be completely removed for better effi
ciency eluring normal operation. Unfortunately, wound-rotor motors are more ex
pensive, need more maintenance, and require a more complex automat ic control 
circui t than cage rotor motors. Also, it is sometimes im ponant to completely seal 
a motor when it is placed in a hazardous or exp10sive environment, and this is eas
ier to do with a completely self-contained rotor. It would be nice to figure out 
some way to add extra rotor resistance at starting and to remove it during normal 
running without slip rings and without operator or control circuit intervention. 

Figure 6-24 illustrates the desired motor characteristic. This figure shows 
two wound-rotor motor characteristics, one with high resistance and one with low 
resistance. At high slips, the desired motor should behave like the high-resistance 
wound-rotor motor curve; at low slips, it should behave like the low-resistance 
wound-rotor motor curve. 

Fortunately, it is possible to accomplish just thi s effect by prope rly taking 
advantage of leakage reactance in induction motor rotor design. 

( 
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FIGURE 6-24 
A torque- speed characteristic curve combining high-resistance effects at low speeds (high slip) with 
low-resistance effects at high speed (low slip). 

Control of Motor Characteristics 
by Cage Rotor Design 

The reactance X2 in an induction motor equivalent circuit represents the referred 
form of the rotor's leakage reactance. Recall that leakage reactance is the reac
tance due to the rotor flux lines that do not also couple with the stator windings. In 
general, the farther away from the stator a rotor bar or part of a bar is, the greater 
its leakage reactance, since a smaller percentage of the bar's flux will reach the sta
tor. Therefore, if the bars of a cage rotor are placed near the sUlface of the rotor, 
they will have only a small leakage flux and the reactance X, will be small in the 
equivalent circuit. On the other hand, if the rotor bars are placed deeper into the ro
tor surface, there will be more leakage and the rotor reactance X2 will be larger. 

For example, Figure 6-25a is a photograph of a rotor lamination showing 
the cross section of the bars in the rotor. The rotor bars in the figure are quite large 
and are placed near the surface of the rotor. Such a design will have a low res is
tance (due to its large cross section) and a low leakage reactance and X2 (due to 
the bar's location near the stator). Because of the low rotor resistance, the pullout 
torque will be quite near synchronous speed [see Equation (6-53)J, and the motor 
will be quite efficient. Remember that 

Peonv = (1 - s)PAG (6-33) 

so very little of the air-gap power is lost in the rotor resistance. However, since R2 
is small, the motor's starting torque will be small, and its starting current will be 
high. This type of design is called the National Electrical Manufacturers Associa
tion eNEMA) design class A. It is more or less a typical induction motor, and its 
characteristics are basically the same as those of a wound-rotor motor with no ex
tra resistance inserted. Its torque-speed characteristic is shown in Fjgure 6-26. 
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(a) (b) 

(c) (d) 

FIGURE 6-25 
Laminations from typical cage induction motor rotors, showing the cross section of the rotor bars: 
(a) NEMA des ign class A- large bars near the smface; (b) NEMA design class B-large, deep rotor 
bars; (c) NEMA design class C-double-cage rotor design; (d) NEMA design class D-small bars 
near the surface. (Courtesy of MagneTek, Inc.) 

Figure 6~25d, however, shows the cross section of an induction motor rotor 
with small bars placed near the smface of the rotor. Since the cross-sectional area 
of the bars is small, the rotor resistance is relatively high. Since the bars are lo
cated near the stator, the rotor leakage reactance is still small. This motor is very 
much like a wound-rotor induction motor with extra resistance inserted into the 
rotor. Because of the large rotor resistance, this motor has a pullout torque occur
ring at a high slip, and its starting torque is quite high. A cage motor with this type 
of rotor construction is called NEMA design class D. Its torque~speed character
istic is also shown in Figure 6~26. 

( 



( 

l1''UJUL IIVI'< l'dV I VI';'", J~ ' 

350 

300 Class D 
Class A 

" 0 250 
[ Class C 

" 0 200 , 
:E Class B ~ 

0 
0 

'" 
150 

E 
0 
0 
2 

100 " '" 
50 

0 FIGURE 6-26 
0 20 40 60 80 100 Typical torque-speed curves for different 

Percentage of synchronous speed rotor designs. 

Deep-Bar and Double-Cage Rotor Designs 

Both of the previous rotor designs are essentially similar to a wound-rotor motor 
with a set rotor resistance. How can a variable rotor resistance be produced to 
combine the high staJting torque and low starting current of a class D design with 
the low normal operating slip and high efficiency of a class A design? 

It is possible to produce a variable rotor resistance by the use of deep rotor 
bars or double-cage rotors . The basic concept is illustrated with a deep-bar rotor 
in Figure 6-27. Figure 6-27a shows a current flowing through the upper part of a 
deep rotor bar. Since current flowing in that area is tightly coupled to the stator, 
the leakage inductance is small for this region. Figure 6-27b shows current flow
ing deeper in the bar. Here. the leakage inductance is higher. Since all parts of the 
rotor bar are in parallel electrically, the bar essentially represents a series of par
allel electric circuits, the upper ones having a smaller inductance and the lower 
ones having a larger inductance (Figure 6-27c). 

At low slip. the rotor's frequency is very small, and the reactances of all 
the parallel paths through the bar are small compared to their resistances. The im
pedances of all parts of the bar are approximately equal, so current flows through 
all parts of the bar equally. The resulting large cross-sectional area makes the ro
tor resistance quite small, resulting in good efficiency at low slips. At high slip 
(starting conditions), the reactances are large compared to the resistances in the 

( rotor bars, so all the current is forced to flow in the low-reactance part of the bar 
near the stator. Since the effective cross section is lower, the rotor resistance is 
higher than before. With a high rotor resistance at starting conditions, the start
ing torque is relatively higher and the starting current is relatively lower than in 
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Rotor with deep bars 
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FIGURE 6-27 
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Flux linkage in a deep-bar rotor. (a) For a current flowing in the top of the bar, the flux is tightly 
linked to the stator, and leakage inductance is small; (b) for a current flowing in the bottom of the 
bar, the flux is loosely linked to the stator, and leakage inductance is large; (c) resulting equivalen l 
circuit of the rotor bar as a function of depth in the rotor. 

f 

a class A design. A typical torque~speed charactelistic for this construction is the 
design class B curve in Figure 6- 26. 

A cross-sectional view of a double-cage rotor is shown in Figure 6--25c. It con
sists of a large, low-resistance set of bars buried deeply in the rotor and a small, high
resistance set of bars set at the rotor surface. It is similar to the deep-bar rotor, except 
that the difference between low-slip and high-slip operation is even more exagger
ated. At starting conditions, only the small bar is effective, and the rotor resistance is 
quite high. This high resistance results in a large starting torque. However, at normal 
operating speeds, both bars are effective, and the resistance is almost as low as in a 
deep-bar rotor. Double-cage rotors of this sort are used to produce NEMA class B 
and class C characteristics. Possible torque- speed characteristics for a rotor of this 
design are designated design class B and design class C in Figure 6-26. 

Double-cage rotors have the disadvantage that they are more expensi ve than 
the other types of cage rotors, but they are cheaper than wound-rotor designs. They 
allow some of the best features possible with wound-rotor motors (high starting 
torque with a low stm1ing current and good efficiency at normal operating condi
tions) at a lower cost and without the need of maintaining slip rings and brushes. 

( 
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Induction Motor Design Classes 

It is possible to produce a large variety of torgue-speed curves by varying the ro
tor characteristics of induction motors. To help industry select appropriate motors 
for varying applications in the integral-horsepower range, NEMA in the United 
States and the International Electrotechnical Commission (lEC) in Europe have 
defined a series of standard designs with different torque-speed curves. These 
standard designs are referred to as design classes, and an individual motor may be 
refelTed to as a design class X motor. It is these NEMA and lEC design classes 
that were referred to earlier. Figure 6-26 shows typical torque- speed curves for 
the four standard NEMA design classes. The characteristic features of each stan
dard design class are given below. 

DESIGN CLASS A. Design class A motors are the standard motor design, with a 
normal starting torque, a normal starting current, and low slip. The full-load slip 
of design A motors must be less than 5 percent and must be less than that of a de
sign B motor of equivalent rating. The pullout torque is 200 to 300 percent of the 
full-load torque and occurs at a low slip (less than 20 percent). The starting torque 
of this design is at least the rated torque for larger motors and is 200 percent or 
more of the rated torque for smaller motors. The principal problem with this de
sign class is its extremely high inrush current on starting. Current 1lows at stmt ing 
are typically 500 to 800 percent of the rated current. In sizes above about 7.5 hp, 
some form of reduced-voltage starting must be used with these motors to prevent 
voltage dip problems on starting in the power system they are connected to. In the 
past, design class A motors were the standard design for most applications below 
7.5 hp and above about 200 hp, but they have largely been replaced by design 
class B motors in recent years. Typical applications for these motors are driving 
fans, blowers, pumps, lathes, and other machine tools. 

DESIGN CLASS B. Design class B motors have a normal starting torque, a lower 
starting cunent, and low slip. This motor produces about the same stmting torque as 
the class A motor with about 25 percent less cunent. The pullout torque is greater 
than or equal to 200 percent of the rated load torque, but less than that of the class A 
design because of the increased rotor reactance. Rotor slip is still relatively low (less 
than 5 percent) at full load. Applications are similar to those for design A, but design 
B is preferred because of its lower starting-current requirements. Design class B 
motors have largely replaced design class A motors in new installations. 

DESIGN CLASS C. Design class C motors have a high starting torque with low 
starting CUlTents and low slip (less than 5 percent) at full load. The pullout torque 
is slightly lower than that for class A motors, while the starting torque is up to 250 
percent of the full-load torque. These motors are built from double-cage rotors, so 
they are more expensive than motors in the previous classes. They are used for 
high-starting-torque loads, such as loaded pumps, compressors, and conveyors. 
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DESIGN CLASS D. Design class D motors have a very high starting torque (275 
percent or more of the rated torque) and a low starting current, but they also have 
a high slip at full load. They are essentially ordinary class A induction motors. but 
with the rotor bars made smaller and with a higher-resistance material. The high 
rotor resistance shifts the peak torque to a very low speed. It is even possible for 
the highest torque to occur at zero speed (100 percent slip). Full-load slip for these 
motors is quite high because of the high rotor resistance. It is typically 7 to 11 per
cent, but may go as high as 17 percent or more. These motors are used in applica
tions requiring the acceleration of extremely high-inertia-type loads, especially 
large flywheels used in punch presses or shears. In such applications, these motors 
gradually accelerate a large flywheel up to full speed, which then drives the 
punch. After a punching operation, the motor then reaccelerates the flywheel over 
a fairly long time for the next operation. 

In addition to these four design classes, NEMA used to recognize design 
classes E and F, which were called soft-start induction motors (see Figure 6-28). 
These designs were distinguished by having very low starting currents and were ( ) 
used for low-starting-torque loads in situations where starting currents were a 
problem. These designs are now obsolete. 

Example 6-6. A 460-V, 30-hp, 60-Hz, four-pole, Y-connected induction motor has 
two possible rotor designs, a single-cage rotor and a double-cage rotor. (The stator is iden
tical for either rotor design.) The motor with the single-cage rotor may be modeled by the 
following impedances in ohms per phase referred to the stator circuit: 

Rl = 0.641 n 
Xl = 0.750n 

R2 = 0.300 n 
X2 = 0.500 n XM = 26.3n 

The motor with the double-cage rotor may be modeled as a tightly coupled, high
resistance outer cage in parallel with a loosely coupled, low-resistance inner cage (similar 
to the structure of Figure 6-25c). The stator and magnetization resistance and reactances 
will be identical with those in the single-cage design. 

The resistance and reactance of the rotor outer cage are: 

R20 = 3.200 n X2" = 0.500 n 

Note that the resistance is high because the outer bar has a small cross section, while the re
actance is the same as the reactance of the single-cage rotor, since the outer cage is very 
close to the stator, and the leakage reactance is small. 

The resi stance and reactance of the inner cage are 

R2; = 00400 n X2; = 3.300 n 
Here the resistance is low because the bars have a large cross-sectional area, but the leak
age reactance is quite high. 

Calculate the torque- speed characteristics associated with the two rotor designs. 
How do they compare? ( 

Solution 
The torque-speed characteristic of the motor with the single-cage rotor can be calculated 
in exactly the same manner as Example 6- 5. The torque-speed characteristic of the motor 
with the double-cage rotor can also be calculated in the same fashion, except that at each 
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FIGURE 6-28 
Rotor cross section, showing the construction of the fonner design class F induction motor. Since the 
rotor bars are deeply buried, they have a very high leakage reactance. The high leakage reactance 
reduces the starting torque and cunent of this motor, so it is called a soft-start design. (Courtesy of 
MagneTek, Inc.) 

slip the rotor resistance and reactance will be the parallel combination of the impedances 
of the inner and outer cages. At low slips, the rotor reactance will be relatively unimportant, 
and the large inner cage will playa major part in the machine's operation. At high slips, the 
high reactance of the inner cage almost removes it from the circuit. 

A MATLAB M-fiJe to calculate and plot the two torque- speed characteristics 
follows: 

% M- f ile: torqu e _ speed_ 2.m 
% M- f ile c r eate and plot of the torq ue - speed curve of an 

% induction motor with a double - cage rotor design. 

% First, ini t ialize t he values needed in this program. 
r1 0.6 4 1; % Stator r esistance 
xl 
r2 

0 . 750; 
0.300; 

% Stator reac t ance 
% Rotor resistance for single
% cage motor 

• 
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r 2 i 0 . 400 ; 

r20 3 . 200 ; 

x2 = 0 . 500: 

x2i 3 . 300 ; 

x20 0 . 500 ; 

xm = 26 . 3 ; 
v-phase = 460 / s qrt (3) ; 
n_sync 1800 ; 
w_sync = 188 . 5 : 

% Rotor r esistance for inner 
% cage of double-cage motor 
% Rotor resistance for outer 
% cage of double-cage motor 
% Rotor reactance for single
% cage motor 
% Rotor reactance for inner 
% cage of double-cage motor 
% Ro tor reactance for outer 
% cage of double-cage motor 
% Magnetizat i on br a nc h reactance 
% Phase voltage 
% Synchronou s speed (r/min ) 
% Synchronous sp eed (rad /s ) 

% Ca lcul a t e t he Thevenin voltage and i mpedance from Equat ions 
% 6- 41a a nd 6- 43 . 

v-phase ... ( xm / sqrt (rl "2 + (xl + xm) "2 ) ) ; 
({ j *xm) * (r l + j *xl }) I (rl + j * {x l + xm )) ; 

real (z_th) ; 
imag(z_th) i 

% Now calculate the motor speed for many slips between 
% 0 and 1 . Note tha t t he first s lip value is set to 
% 0 . 001 instead of e xac t ly 0 to avoid divide-by-zero 
% problems . 

% Sl i p s = (0 , 1 , 50) I 50 ; 
s(l) = 0 . 001 ; 
rum = (1 - s) * n_sync i 

% Avoid division-by-zer o 
% Mechanical speed 

% Calculate torque f or the singl e -cage r otor . 
fo r ii = 1 : 51 

t _ ind1 (i i ) = (3 * v_ t h"2 * r 2 / s (ii)) / .. 
(w_sync * « r_th + r2/s(i i ) ) A2 + ( ~th + X2 )A2 ) ) i 

end 

% Calcul ate res i stanc e a nd reactance of t he double-cage 
% rotor at this s lip , and t hen use those values to 
% calculate the induced torque. 
for ii = 1 : 51 

y_r = 1/(r2i + j *s( i i) *x2i ) + 1/(r2o + j *s(ii) *x2o} ; 
z_r = lIy_r ; • Effective rotor impedance 
r2eff real (z_r) ; • Effective rotor resistance 
x2eff = imag(z_ r) ; • Effective rotor reactance 

% Calculate induced t orque f o r double-cage rotor . 
t_ind2(iil = (3 * v_ th" 2 * r2 e ff I s(H») / .. . 

(w_sync * « r _ t h + r2ef f/ s (ii))A2 + (~th + x2eff)" 2) ) ; 
end 

% plot t he t orque- speed curve s 
p lo t (nm, t _ i ndl , I b - ' , ' Li neHi dth ' 12 . 0) ; 
hold on ; 
plot (nm , t_ind2 , I k - . I , 'Line'.Vidth' , 2 . 0 ) ; 
xl a be l{ ' \ bf \ itn_ {m}'); 

( 
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FIGURE 6-29 
Comparison of torque-speed characteristics for the single- and double-cage rotors of Example 6-6. 

ylabel( ' \bf\tau_ {ind) 'J ; 
title ( ' \bflnduction motor torque- speed characteristics '); 
legend ('Single-cage design' J 'Double-cage design ' ) ; 
grid on ; 
hold off ; 

The resul ting torque- speed characteristics are shown in Figure 6-29. Note that the double
cage design has a slightly higher slip in the normal operating range, a smaller maximum 
torque and a higher starting torque compared to the corresponding single-cage rotor design. 
This behavior matches our theoretical discLlssions in this section. 

6.7 TRENDS IN INDUCTION 
MOTOR DESIGN 

The fundamental ideas behind the induction motor were developed during the late 
1880s by Nicola Tesla, who received a patent on his ideas in 1888. At that time, he 
presented a paper before the American Institute of Electrical Engineers [AIEE, pre
decessor of today's Institute of Electrical and Electronics Engineers (IEEE)] in which 
he described the basic principles of the wound-rotor induction motor, along with ideas 
for two other important ac motors-the synchronous motor and the reluctance motor. 

Although the basic idea of the induction motor was described in 1888, the 
motor itself did not spring forth in full-fledged form. There was an initial period 
of rapid development, followed by a series of slow, evolutionary improvements 
which have continued to this day. 

The induction motor assumed recognizable modern form between] 888 and 
1895. During that period, two- and three-phase power sources were developed to 
produce the rotating magnetic fields within the motor, distributed stator windings 
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1940 1954 

FIGVRE 6-30 
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The evolution of the induction motor. The motors shown in this figure are all rated at 220 V and 15 
hp. There has been a dramatic decrease in motor size and material requirements in induction motors 
since the first practical ones were produced in the 18905. (Courtesy of General Electric Company.) 

were developed, and the cage rotor was introduced . By 1896, fully functional and 
recognizable three-phase induction motors were commercially available. 

Between then and the early 1970s, there was continual improvement in the 
quality of the steels, the casting techniques, the insulation, and the construction fea
tures used in induction motors. These trends resulted in a smaller motor for a given 
power output, yielding considerable savings in construction costs. In fact, a mod
ern 100-hp motor is the same physical size as a 7.5-hp motor of 1897. This pro
gression is vividly illustrated by the 15-hp induction motors shown in Figure 6-30. 
(See also Figure 6-3 1.) 

However, these improvements in induction motor design did not necessar
ily lead to improvements in motor operating efficiency. The major design effort 
was directed toward reducing the initial materials cost of the machines, not toward 
increasing their efficiency. The design effort was oriented in that direction because 
electricity was so inexpensive. making the up-front cost of a motor the principal 
criterion used by purchasers in its selection. 

Since the price of oil began its spectacular climb in 1973, the lifetime oper
ating cost of machines has become more and more important, and the initial in
stallation cost has become relati vely less important. As a result of these trends, 
new emphasis has been placed on motor efficiency both by designers and by end 
users of the machines . 

New lines of high-efficiency induction motors are now being produced by all 
major manufacturers, and they are forming an ever-increasing share of the induction 
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FIGURE 6-31 
Typical earl y large induction motors. The motors shown were rated at 2000 hp. (Courtesy o.fGeneral 
Electric Company.) 

motor market. Several techniques are used to improve the efficiency of these motors 
compared to the traditional standard-efficiency designs. Among these techniques are 

1. More copper is used in the stator windings to reduce copper losses. 

2. The rotor and stator core length is increased to reduce the magnetic flux den
sity in the air gap of the machine. This reduces the magnetic saturation of the 
machine, decreasing core losses. 

3. More steel is used in the stator of the machine, allowing a greater amount of 
heat transfer out of the motor and reducing its operating temperature. The ro
tor's fan is then redesigned to reduce windage losses. 

4. The steel used in the stator is a special high-grade e lectrical steel with low 
hysteresis losses. 

5. The steel is made of an especially thin gauge (i.e., the laminations are very 
close together), and the steel has a very high internal res istivity. Both effects 
tend to reduce the eddy current losses in the motor. 

6. The rotor is carefully machined to produce a uniform air gap, reducing the 
stray load losses in the motor. 

In addition to the general techniques described above. each manufacturer 
has his own unique approaches to improving motor efficiency. A typical high
efficiency induction motor is shown in Figure 6-32. 

To aid in the comparison of motor efficiencies, NEMA has adopted a stan
dard technique for measuring motor efficiency based on Method B of the IEEE 
Standard 112, Test Procedure jar Polyphase Induction Motors and Generators. 
NEMA has also introduced a rating called NEMA nominal efficiency, which ap
pears on the nameplates of design class A, B, and C motors. The nominal effi
ciency identifies the average efficiency of a large number of motors of a given 
model, and it also guarantees a certain minimum efficiency for that type of motor. 
The standard NEMA nominal efficiencies are shown in Figure 6-33. 
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FIGURE 6-32 
A General Electric Energy Saver motor, typical of modern high-efficiency induction motors. 
(Courtesy afGeneral Electric Company.) 

Nominal Guaranteed minimum Nominal Guaranteed minimum 
efficiency, % efficiency, % efficiency, % efficiency, % 

95 .0 94.1 80.0 77.0 

94.5 93.6 78.5 75 .5 

94.1 93.0 77.0 74.0 

93.6 92.4 75 .5 72.0 

93.0 91.7 74 .0 70.0 

92.4 91.0 72.0 68.0 

91.7 90.2 70.0 66.0 

91.0 89.5 68.0 64.0 

90.2 88.5 66 .0 62.0 

89.5 87.5 64.0 59.5 

88.5 86.5 62.0 57.5 

87.5 85.5 59.5 55.0 

86.5 84.0 57.5 52.5 

85.5 82.5 55.0 50.5 

84.0 81.5 52.5 48 .0 

82.5 80.0 50.5 46.0 

81.5 78.5 

FIGURE 6- 33 
Table of NEMA nominal efficiency standards. The nominal efficiency represents the mean efficiency 
of a large Dumber of sample motors, and the guaranteed minimum efficiency represents the lowest 
permissible efficiency for any given motor of the class . (Reproduced by permission from Motors and 
Generators, NEMA Puhlication MC-I, copyright 1987 by NEMA.) 
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Other standards organizations have also established efficiency standards for 
induction motors, the most impOltant of which are the British (BS-269), IEC (IEC 
34-2), and Japanese (JEC-37) standards. However, the techniques presctibed for 
measuring induction motor efficiency are different in each standard and yield dif
ferent results for the same physical machine. If two motors are each rated at 82.5 
percent efficiency, but they are measured according to different standards, then 
they may not be equally efficient. When two motors are compared, it is important 
to compare efficiencies measured under the same standard. 

6.S STARTING INDUCTION MOTORS 

Induction motors do not present the types of starting problems that synchronous 
motors do. In many cases, induction motors can be staI1ed by simply connecting 
them to the power line. However, there are sometimes good reasons for not doing 
this. For example, the starting current required may cause such a dip in the power 
system voltage that across-the-line starting is not acceptable. 

For wound-rotor induction motors, starting can be achieved at relatively low 
currents by inserting extra resistance in the rotor circuit during starting. This extra 
resistance not only increases the starting torque but also reduces the starting current. 

For cage induction motors, the starting CUlTent can vary widely depending 
primarily on the motor's rated power and on the effective rotor resistance at start
ing conditions. To estimate the rotor CutTent at starting conditions, all cage motors 
now have a starting code letter (not to be confused whh their design class letter) 
on their nameplates. The code letter sets limits on the amount of current the mo
tor can draw at starting conditions. 

These limits are expressed in terms of the starting apparent power of the 
motor as a function of its horsepower rating. Figure 6- 34 is a table containing the 
starting kilovoltamperes per horsepower for each code letter. 

To determine the starting current for an induction motor, read the rated volt
age, horsepower, and code letter from its nameplate. Then the starting apparent 
power for the motor will be 

S"", = (rated horsepower)(code letter factor) 

and the starting current can be found from the equation 

(6- 55) 

(6-56) 

Example 6-7. What is the starting current ofa lS-hp, 208-V, code-Ietter-F, three
phase induction motor? 

Solution 
According to Figure 6- 34, the maximum kilovoltamperes per horsepower is 5.6. Therefore, 
the maximum starting kilovoltamperes of this motor is 

S",rt = (15 hp)(S.6) = 84 kVA 
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Nominal code Locked rotor, Nominal code Locked rotor, 
letter kVAfhp letter kVA/hp 

A 0-3. 15 L 9.00-10.00 

B 3. 15- 3.55 M 10.00-11.00 

C 3.55-4.00 N 11.20- 12.50 

D 4.00-4.50 P 12.50-14.00 

E 4.50-5.00 R 14.00-16.00 

F 5.00-5.60 S 16.00-18.00 

G 5.60-6.30 T 18.00- 20.00 

H 6.30- 7. 10 U 20.00- 22.40 

J 7.10-8.00 V 22.40 and up 

K 8.00-9 .00 

FIGURE 6- 34 
Table of NEMA code letters, indicating the starting kilovoltamperes per horsepower of rating for a 
motor. Each code letter extends up to, but does not include, the lower bound of the next higher class. 
(Reproduced by permission from Motors and Generators, NEMA Publication MG-l, copyright 1987 
byNEMA.) 

The starting current is thus 

I = Sstart 
L V3V,. 

84kVA 
= V3(208 V) = 233 A 

(6-56) 

If necessary, the starting current of an induction motor may be reduced by a 
starting circuit. However, if this is done, it will also reduce the starting torque of 
the motor. 

One way to reduce the starting current is to change a normally Ll-connected 
motor into a Y-connected motor during the starting process. If the stator winding 
from the motor is switched from a Ll.-connection to a Y-connection, then the phase 
voltage across the winding will decrease from VL to VL / v'3, reducing the maxi
mum starting current by the same ratio. When the motor accelerates to close to 
full speed, the stator windings can be opened and reconnected in a Ll. configura
tion (See Figure 6-35). 

Another way to reduce the starting current is to insert extra inductors or re
sistors into the power line during starting. While formerly common, this approach 
is rare today. An alternative approach is to reduce the motor's terminal voltage / 
during starting by using autotransformers to step it down. Figure 6-36 shows a 
typical reduced-voltage starting circuit using autotransformers. During starting, 
contacts I and 3 are shut, supplying a lower voltage to the motor. Once the motor 
is nearly up to speed, those contacts are opened and contacts 2 are shut. These 
contacts put fun line voltage across the motor. 
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Stmt ing sequence: 

(a ) Close 1 
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FIGURE 6-35 
A Y-6 induction motor starter. 
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(b) Open I and 3 
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FIGURE 6--36 
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An autotransformer starter for an induction motor. 
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It is important to realize that while the starting current is reduced in direct 
proportion to the decrease in terminal voltage, the starting torque decreases as the 
square of the applied voltage. Therefore, only a certain amount of current reduc
tion can be done if the motor is to start with a shaft load attached. 

Induction Motor Starting Circuits 

A typical full-voltage or across-the-line magnetic induction motor starter circuit is 
shown in Figure 6-37, and the meanings of the symbols used in the figure are ex
plained in Figure 6- 38. This operation of this circuit is very simple. When the 
stmi button is pressed, the relay (or contactor) coil M is energized, causing the 
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FIGURE 6-37 
A typical across-the-li ne starter for an induct ion motor. 
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Contact shut when coi l deenergized 

Overload heater 

Overload contact; opens when the heater 
gets too warm 

Typical components found in induction motor control c ircuits. 
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normally open contacts M I, Mb and M3 to shut. When these contacts shut, power 
is applied to the induction motor, and the motor starts. Contact M4 also shuts, 
which shorts out the starting switch, allowing the operator to release it without re
moving power from the M relay. When the stop button is pressed, the M relay is 
deenergized, and the M contacts open, stopping the motor. 

A magnetic motor starter circuit of this sort has several built-in protective 
features: 

1. Short-circuit protection 

2. Overload protection 

3. Undervoltage protection 

Short-circuit protection for the motor is provided by fuses F I , F2• and F3. If 
a sudden shOlt circuit develops within the motor and causes a cunent flow many 
times larger than the rated current, these fuses will blow, disconnecting the motor 

( from the power supply and preventing it from burning up. However, these fuses 
must not burn up during normal motor starting, so they are designed to require 
currents many times greater than the full-load current before they open the circuit. 
This means that short circuits through a high resistance and/or excessi ve motor 
loads will not be cleared by the fuses. 

Overload protection for the motor is provided by the devices labeled OL in 
the figure. These overload protection devices consist of two parts , an overload 
heater element and overload contacts. Under norma] conditions, the overload con
tacts are shut. However, when the temperature of the heater elements rises far 
enough, the OL contacts open, deenergizing the M relay, which in turn opens the 
normally open M contacts and removes power from the motor. 

When an induction motor is overloaded, it is eventually damaged by the exces
sive heating caused by its high currents. However, this damage takes time, and an in
duction motor will not normaUy be hUlt by brief periods of high CUlTents (such as start
ing currents). Only if the high current is sustained will damage occur. The overload 
heater elements also depend on heat for their operation, so they will not be affected by 
brief periods of high current during starting, and yet they will operate during long pe
riods of high current, removing power from the motor before it can be damaged. 

Undo'voltage protection is provided by the controller as well. Notice from 
the figure that the control power for the M relay comes from directly across the 
lines to the motor. If the voltage applied to the motor falls too much, the voltage 
applied to the M relay will also fall and the relay will deenergize. The M contacts 
then open, removing power from the motor terminals. 

An induction motor starting circuit with resistors to reduce the starting current 
flow is shown in Figure 6-39. This circuit is similar to the previous one, except that 
there are additional components present to control removal of the starting resistor. 
Relays lTD. 2TD. and 3TD in Figure 6-39 are so-called time-delay relays, mean
ing that when they are energized there is a set time delay before their contacts shut. 

When the stmi button is pushed in this circuit, the M relay energizes and power 
is applied to the motor as before. Since the lTD. 2TD. and 3TD contacts are all open, 
the full starting resistor is in series with the motor, reducing the starting current. 
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FIGURE 6-39 
A three-step resistive starter for an induction motor. 

When the M contacts close, notice that the lTD relay is energized. How
ever, there is a finite delay before the I TD contacts close. During that ti me, the 
motor partially speeds up, and the starting current drops off some. After that time, 
the lTD contacts close, cutting out part of the starting resistance and simultane
ously energizing the 2TD relay. After another delay, the 2TD contacts shut, cut
ting out the second part of the resistor and energizing the 3TD relay. Finally, the 
3TD contacts close, and the entire starting resistor is out of the circuit. 

By a judicious choice of resistor values and time delays, this starting circuit 
can be used to prevent the motor starting current from becoming dangerously 
large, whi le still allowing enough current flow to ensure prompt acceleration to 
normal operating speeds. 
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6.9 SPEED CONTROL OF INDUCTION MOTORS 

Until the advent of modern solid-state drives, induction motors in general were 
not good machines for applications requiring considerable speed control. The 
normal operating range of a typical induction motor (design classes A, B, and C) 
is confined to less than 5 percent slip, and the speed variation over that range is 
more or less directly proportional to the load on the shaft of the motor. Even if the 
slip could be made larger, the efficiency of the motor would become very poor, 
since the rotor copper losses are di rectly proportional to the slip on the motor 
(remember that PRCL = sPAd. 

There are really only two techniques by which the speed of an induction 
motor can be controlled. One is to vary the synchronous speed, which is the speed 
of the stator and rotor magnetic fields, since the rotor speed always remains near 
n,y,,' The other technique is to vary the slip of the motor for a given load. Each of 
these approaches will be taken up in more detail. 

( The synchronous speed of an induction motor is given by 

(6-- 1) 

so the only ways in which the synchronous speed of the machine can be varied are 
( I) by changing the electrical frequency and (2) by changing the number of poles 
on the machine. Slip control may be accomplished by varying either the rotor re
sistance or the terminal vol tage of the motor. 

Induction Motor Speed Control by Pole Changing 

There are two major approaches to changing the number of poles in an induction 
motor: 

1. The method of consequent poles 

2. Multiple stator windings 

The method of consequent poles is quite an old method for speed control, 
having been originally developed in 1897. It relies on the fact that the number of 
poles in the stator windings of an induction motor can easily be changed by a fac
tor of 2: I with only simple changes in coil connections. Figure 6-40 shows a 
simple two-pole induction motor stator suitable for pole changing. Notice that tlle 
individual coils are of very short pitch (60 to 90°). Figure 6-41 shows phase a of 
these windings separately for more clarity of detail. 

Figure 6-41 a shows the current flow in phase a of the stator windings at an 
instant of time during normal operation. Note that the magnetic field leaves the 
stator in the upper phase group (a north pole) and enters the stator in the lower 
phase group (a south pole) . This winding is thus producing two stator magnetic 
poles. 
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A two-pole stator windi ng for po le changing . Notice the very small rotor pitch of these windings. 

( 

Now suppose that the direction of current flow in the lower phase group on 
the stator is reversed (Figure 6-41b). Then the magnetic field will leave the stator 
in both the upper phase group and the lower phase group-each one will be a nOlth 
magnetic pole. The magnetic flux in th is machine must return to the stator between 
the two phase groups, producing a pair of consequent south magnetic poles. Notice 
that now the stator has four magnetic poles- twice as many as before. 

The rotor in such a motor is of the cage design, since a cage rotor always 
has as many poles induced in it as there are in the stator and can thus adapt when 
the number of stator poles changes. 

When the motor is reconnected fro m two-pole to four-pole operation, the 
resulting maximum to rque of the induction motor can be the same as before 
(constant-torque connection), half of its previous value (square-law-torque con
nection, used for fans, etc.), or twice its previous value (constant-output-power 
connection), depending on how the stator windings are rearranged. Figure 6-42 
shows the possible stator connections and their effect on the torque-speed curve. 

The major disadvantage of the consequent-pole method of changing speed 
is that the speeds must be in a ratio of 2: 1. The traditional approach to overcom
ing this limitation was to employ multiple stator windings with different numbers 
of poles and to energize only one set at a time. For example, a motor might be 
wound with a four-pole and a six-pole set of stator windings, and its synchronous 
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A close-up view of one phase of a pole-changing winding. (a) In the two-pole configuration, one coil 
is a north pole and the other one is a south pole. (b) When the connection on one of the two coils is 
reversed, they are both north poles, and the magnetic flux returns to the stator at points halfway 
between the two coils. The south poles are called consequent poles, and the winding is now a four- t 
pole winding. 

speed on a 60-Hz system could be switched from 1800 to 1200 r/min simply by 
supplying power to the other set of windings. Unfortunately, multiple stator 
windings increase the expense of the motor and are therefore used only when ab
solutely necessary. 

By combining the method of consequent poles with multiple stator windings, 
it is possible to build a four-speed induction motor. For example, with separate 
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Possible connections of the stator coils in a pole-changing motor, together with the resulting 
torque-speed characteristics: (a) Constant-torque connection- the torque capabilities of the motor 
remain approximately constant in both high-speed and low-speed connections. (b) Constant
horsepower connection- the power capabilities of the motor remain approximately constant in both 
high-speed and low-speed connections. (c) Fan torque connection-the torque capabilities of the 
motor change with speed in the same manner as fan-type loads. 
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four- and six-pole windings, it is possible to produce a 60-Hz motor capable of run
ning at 600, 900, 1200, and 1800 rlmin, 

Speed Control by Changing the Line Frequency 

If the electrical frequency applied to the stator of an induction motor is changed, the 
rate of rotation of its magnetic fields nsync will change in direct proportion to the 
change in electrical frequency, and the no-load point on the torque-speed characteris
tic curve will change with it (see Figure 6-43). The synchronous speed ofthe motor at 
rated conditions is known as the base speed. By using vmiable frequency control, it is 
possible to adjust the speed of tile motor either above or below base speed. A properly 
designed variable-frequency induction motor drive can be very flexible. It can control 
the speed of an induction motor over a range from as little as 5 percent of base speed 
up to about twice base speed. However, it is important to maintain certain voltage and 
torque limits on the motor as the frequency is varied, to ensure safe operation. r \ When running at speeds below the base speed of the motor, it is necessary 
to reduce the terminal voltage applied to the stator for proper operation. The ter
minal voltage applied to the stator should be decreased linearly with decreasing 
stator frequency. This process is caned derating. If it is not done, the steel in the 
core of the induction motor will saturate and excessive magnetization currents 
will flow in the machine. 

To understand the necessity for derating, recall that an induction motor is 
basically a rotating transformer. As with any transformer, the flux in the core of an 
induction motor can be found from Faraday's law: 

4<i2 v(t) ~ - N 
dt 

(1-36) 

If a voltage vet) ~ V M sin wf is applied to the core, the resulting t1ux '" is 

"'(f) ~ ~ Jv(t) dt 
p 

~ ~ JVM sin wt dt 
p 

"'(t) ~ 
VM --N coswt 

W p 
(6- 57) 

Note that the electrical frequency appears in the denominator of this expression. 
Therefore, if the electrical frequency applied to the stator decreases by 10 percent 
while the magnitude of the voltage applied to the stator remains constant, the flux 
in the core of the motor will increase by about 10 percent and the magnetization 
current of the motor will increase. In the unsaturated region of the motor's 
magnetization curve, the increase in magnetization current will also be about 10 
percent. However, in the saturated region of the motor's magnetization curve, a 10 
percent increase in flux requires a much larger increase in magnetization current. 
Induction motors are normally designed to operate near the saturation point on 
their magnetization curves, so the increase in flux due to a decrease in frequency 
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Variable-frequency speed control in an induction motor: (a) The family of torque-speed 
characteri sti c Cllrves for speeds below base speed, assuming that the line voltage is derated linearly 
with frequency. (b) The fami ly of torque-speed characteristic curves for speeds above base speed, 
assum ing that the line voltage is held constant. 
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FIGURE 6--43 (concluded) 
(c) The torque-speed characteristic curves for all frequencies. 

will cause excessive magnetization currents to flow in the motor. (This same prob
lem was observed in transfonners; see Section 2.12.) 

To avoid excessive magnetization currents, it is customary to decrease the 
applied stator voltage in direct proportion to the decrease in frequency whenever 
the frequency [ails below the rated frequency of the motor. Since the applied volt
age v appears in the numerator of Equation (6- 57) and the frequency w appears in 
the denominator of Equation (6-57), the two effects counteract each other, and the 
magnetization current is unaffected. 

When the voltage applied to an induction motor is varied linearly with fre
quency below the base speed, the flux in the motor will remain approximately 
constant. Therefore, the maximum torque which the motor can supply remains 
fairly high. However, the maximum power rating of the motor must be decreased 
linearly with decreases in frequency to protect the stator circuit from overheating. 
The power supplied to a three-phase induction motor is given by 

P = V3VL IL cos 8 

If the voltage VL is decreased, then the maximum power P must also be decreased, 
or else the current flowing in the motor will become excessive, and the motor will 
overheat. 

Figure 6--43a shows a family of induction motor torque- speed characteris
tic curves for speeds below base speed, assuming that the magnitude of the stator 
voltage varies linearly with frequency. 
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When the electrical frequency applied to the motor exceeds the rated fre
quency of the motor, the stator voltage is held constant at the rated value. Al
though saturation considerations would permit the voltage to be raised above the 
rated value under these circumstances, it is limited to the rated voltage to protect 
the winding insulation of the motor. The higher the electrical frequency above 
base speed, the larger the denominator of Equation (6-57) becomes. Since the nu
merator term is held constant above rated frequency, the resulting flux in the ma
chine decreases and the maximum torque decreases with it. Figure 6-43b shows a 
family of induction motor torque-speed characteristic curves for speeds above 
base speed, assuming that the stator voltage is held constant. 

If the stator voltage is varied linearly with frequency below base speed and 
is held constant at rated value above base speed, then the resulting family of 
torque-speed characteristics is as shown in Figure 6-43c. The rated speed for the 
motor shown in Figure 6--43 is 1800 r/min. 

In the past, the principal disadvantage of electrical frequency control as a ( 
method of speed changing was that a dedicated generator or mechanical fre
quency changer was required to make it operate. This problem has disappeared 
with the development of modern solid-state variable-frequency motor drives. In 
fact, changing the line frequency with solid-state motor drives has become the 
method of choice for induction motor speed control. Note that this method can be 
used with any induction motor, unlike the pole-changing technique, which re
quires a motor with special stator windings. 

A typical solid-state variable-frequency induction motor drive will be de
scribed in Section 6.10. 

Speed Control by Changing the Line Voltage 

The torque developed by an induction motor is proportional to the square of the 
applied voltage. If a load has a torque-speed characteristic such as the one shown 
in Figure 6--44, then the speed of the motor may be controlled over a limited range 
by varying the line voltage. This method of speed control is sometimes used on 
small motors driving fans. 

Speed Control by Changing the Rotor Resistance 

In wound-rotor induction motors, it is possible to change the shape of the torque
speed curve by inserting extra resistances into the rotor circuit of the machine. The 
resulting torque-speed characteristic curves are shown in Figure 6-45. If the 
torque-speed curve of the load is as shown in the figure, then changing the rotor re
sistance will change the operating speed of the motor. However, inserting extra re
sistances into the rotor circuit of an induction motor seriously reduces the effi- ( 
ciency of the machine. 

This method of speed conD'ol is mostly of historical interest, since very few 

previous paragraph. 

wound-rotor induction motors are built anymore. When it is used, it is normally l· 
used only for short periods because of the efficiency problem mentioned in the 
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FIGURE 6-44 
Variable-line-voltage speed control in an induction motor. 
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Speed control by varying the fo tOf resistance of a wound-rotor induction motor. 
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6.10 SOLID-STATE INDUCTION 
MOTOR DRIVES 

As mentioned in the previous section, the method of choice today for induction 
motor speed control is the solid-state variable-frequency induction motor d11ve. A 
typical drive of this sort is shown in Figure 6-46. The drive is very flexible: its in
put power can be either single-phase or three-phase, either 50 or 60 Hz, and any
where from 208 to 230 V. The output from this drive is a three-phase set of volt
ages whose frequency can be varied from 0 up to 120 Hz and whose voltage can 
be varied from 0 V up to the rated voltage of the motor. 

The output voltage and frequency control are achieved by using the pulse
width modulation (PWM) techniques.' Both output frequency and output voltage 
can be controlled independently by pUlse-width modulation. Figure 6-47 illus
trates the manner in which the PWM drive can control the output frequency while 
maintaining a constant rms voltage level, while Figure 6-48 illustrates the man
ner in which the PWM drive can control the rms voltage level while maintaining ( 
a constant frequency. 

As we described in Section 6.9, it is often desirable to vary the output fre
quency and output rms voltage together in a linear fashion. Figure 6-49 shows 
typical output voltage waveforms from one phase of the drive for the situation 
in which frequency and voltage are varied simultaneously in a linear fashion. 2 

FIGURE 6-46 
A typical solid-state variable-frequency induction motor 
drive. (Courtesy of MagneTek, Inc.) 

lPWM techniques are described in an online supplement to this book, "Introduction to Power Elec
tronics," which is available at the book's website. 

2The output waveforms in Figure 6-48 are actually simplified waveforms. The real induction motor 
drive has a much higher carrier frequency than that shown in the figure. 
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FIGURE 6-47 
Variable-frequency control with a PWM waveform: (a) 60-Hz, 120-V PWM waveform; (b) 30-Hz, 
120-V PWM waveform. 

Figure 6-49a shows the output voltage adjusted for a frequency of 60 Hz and an 
rms voltage of 120 V. Figure 6-49b shows the output adjusted for a frequency 
of 30 Hz and an rms voltage of 60 V, and Figure 6-49c shows the output ad
justed for a frequency of 20 Hz and an rms voltage of 40 V. Notice that the peak 
voltage out of the drive remains the same in all three cases; the rms voltage 
level is controlled by the fraction of time the voltage is switched on, and the fre
quency is controlled by the rate at which the polarity of the pulses switches from 
positive to negative and back again. 

The typical induction motor drive shown in Figure 6-46 has many built-in 
features which contribute to its adjustability and ease of use. Here is a summary 
of some of these features. 

Frequeucy (Speed) Adjustmeut 

The output frequency of the drive can be controlled manually from a control 
mounted on the drive cabinet, or it can be controlled remotely by an external volt
age or current signa1. The ability to adjust the frequency of the drive in response 
to some external signal is very important, since it permits an external computer or 
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FIGURE 6-48 
Variable voltage control with a PWM waveform: (a) 60-Hz, 120-V PWM waveform; (b) 60-Hz, 
60-V PWM waveform. 

process controller to control the speed of the motor in accordance with the over
all needs of the plant in which it is installed. 

A Choice of Voltage and Freqnency Patterns 

The types of mechanical loads which might be attached to an induction motor 
vary greatly. Some loads such as fans require very little torque when starting (or 
running at low speeds) and have torques which increase as the square of the speed, 
Other loads might be harder to start, requiring more than the rated full-load torque 
of the motor just to get the load moving. This drive provides a variety of voltage
versus-frequency patterns which can be selected to match the torque from the in
duction motor to the torque required by its load. Three of these patterns are shown 
in Figures 6-50 through 6-52. 

Figure 6-50a shows the standard or general-purpose voltage-versus- i 

frequency pattern, described in the previous section. This pattern changes the out- ( 
put voltage linearly with changes in output frequency for speeds below base speed 
and holds the output voltage constant for speeds above base speed. (The small 
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FIGURE 6-49 
Simultaneous voltage and frequency control with a PWM waveform: (a) 60-Hz, 1. 20-V PWM 
waveform; (b) 30-Hz, 60-V PWM waveform; (c) 20-Hz, 40-V PWM waveform. 

constant-voltage region at very low frequencies is necessary to ensure that there 
will be some starting torque at the very lowest speeds.) Figure 6- 50b shows the 
resulting induction motor torque- speed characteristics for several operating fre
quencies below base speed. 
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FIGURE 6-50 
(a) Possible voltage-versus-frequency patterns for the solid-state variable-frequency induction motor 
drive: genera/-purpose pattern. This pattem consists of a linear voltage-frequency curve below rated 
frequency and a constant voltage above rated frequency. (b) The resulting torque-speed 
characteristic curves for speeds below rated frequency (speeds above rated frequency look like 
Figure 6-42b). 
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FIGURE 6-51 
(a) Possible voltage-versus-frequency patterns for the solid-stale variable-frequency induction motor 
drive: high-startillg-torque partel1l. Th is is a modified volt ilgc-frequcncy pattern suitable for loads 
requ iring high starting torques. It is the same as Ihe ]jnear vollage-frequcncy patlern except at low 
speeds. The voltage is disproportionately high at very low speeds, which produces extra lorque at the 
cost of a higher magnetization current. (b) The resulting torque-speed characteristic curves for 
speeds below rated frequency (speeds above rated frequency look like Figure 6-42b). 
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Figure 6-5 1 a shows the voltage-versus-frequency pattern used for loads 
with higb starting torques. Tbis pattern also cbanges the output voltage linearly 
witb cbanges in output frequency for speeds below base speed, but it bas a sbal
lower slope at frequencies below 30 Hz. For any given frequency below 30 Hz, 
the output voltage will be higher than it was with the previous pattern. This higher 
voltage will produce a higher torque, but at the cost of increased magnetic satura
tion and higher magnetization currents_ The increased saturation and higher cur
rents are often acceptable for the ShOlt periods required to start heavy loads. Fig
ure 6-51b shows the induction motor torque- speed characteristics for several 
operating frequencies below base speed. Notice the increased torque available at 
low frequencies compared to Figure 6-50b. 

Figure 6-52a shows the voltage-versus-frequency pattern used for loads 
with low statting torques (called soft-start loads) . This pattern changes the output 
voltage parabolically with changes in output frequency for speeds below base 
speed. For any given frequency below 60 Hz, the output voltage will be lower 
than it was with the standard pattern _ This lower voltage will produce a lower ( 
torque, providing a slow, smooth start for low-torque loads. Figure 6- 52b shows 
the induction motor torque-speed characteristics for several operating frequencies 
below base speed. Notice the decreased torque avail able at low frequencies com
pared to Figure 6- 50. 

Independently Adjustable Acceleration 
and Deceleration Ramps 

When the desired operati ng speed of the motor is changed, the drive controll ing 
it will change frequency to bring the motor to the new operating speed. If the 
speed change is sudden (e.g., an instantaneous jump from 900 to 1200 r/min), 
the drive does not try to make the motor instantaneously jump from the old de
sired speed to the new desi red speed. Instead, the rate of motor acceleration or 
deceleration is limited to a safe level by special circuits built into the electron
ics of the drive. These rates can be adjusted independently for accelerations and 
decelerations. 

Motor Protection 

The induction motor drive has built into it a variety of features designed to pro
tect the motor attached to the drive. The drive can detect excessive steady-state 
currents (an overload condition), excessive instantaneous currents, overvoltage 
conditions, or undervoltage conditions. In any of these cases, it will shut down 
the motor. 

Induction motor drives like the one described above are now so flexible and 
reliable that induction motors with these drives are displacing dc motors in many 
applications which require a wide range of speed vatiation. 
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FIGURE 6-52 
(a) Possible voilage-versus-frequency patterns for the solid-state variable-frequency induction mOlor 
drive:/alllorque pattern. This is a voltage- frequency pattern suitable for use with mOlors driving 
fans and centri fugal pumps, which have a very low starting torque. (b) The resulting torque-speed 
characteristic curves for speeds below rated frequency (speeds above rated frequency look like 
Figure 6-42b). 
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6.11 DETERMINING CIRCUIT MODEL PARAMETERS 

The equivalent circuit of an induction motor is a very useful tool for determining 
the motor 's response to changes in load. However, if a model is to be used for a 
real machine, it is necessary to determine what the element values are that go into 
the model. How can R I , R" XI' X" and XM be determined for a real motor? 

These pieces of information may be found by pedonning a series of tests on 
the induction motor that are analogous to the short-circuit and open-circuit tests in 
a transformer. The tests must be ped onned under precisely controlled condi tions, 
since the resistances vary with temperature and the rotor resistance also varies 
with rotor frequency. The exact details of how each induction motor test must be 
peliormed in order to achieve accurate results are described in IEEE Standard 
11 2. Although the details of the tests are very complicated, the concepts behind 
them are relatively straightforward and will be explained here. 

The No· Load Test 

The no-load test of an induction motor measures the rotational losses of the mo
tor and provides information about its magnetization current. The test circuit for 
this tes t is shown in Figure 6- 53a. Wattmeters, a voltmeter, and three ammeters 
are connected to an induction motor, which is allowed to spin freely. The only 
load on the motor is the fd ction and windage losses, so all P eony in this motor is 
consumed by mechanical losses, and the slip of the motor is very small (possibly 
as small as 0.001 or less). The equivalent circuit of this motor is shown in Figure 
6-53b. With its very small slip, the resistance corresponding to its power con
verted, R,(l - s)/s, is much much larger than the resistance corresponding to the 
rotor copper losses R2 and much larger than the rotor reactance X2• In this case, the 
equivalent circuit reduces approximately to the last circuit in Figure 6- 53b. There, 
the output resistor is in parallel with the magnetization reactance XM and the core 
losses Re. 

In this motor at no- load conditions, the input power measured by the meters 
must equal the losses in the motor. The rotor copper losses are negligible because 
the current I , is extremely small [because of the large load resistance R,(I - s)/s], 
so they may be neglected. The stator copper losses are given by 

IpseL = 3/ 1 RII (6-25) 

so the input power must equal 

Pin = PSCL + P COI'C + P F&W + Pmisc 

= 31; RI + Prot 

where Prot is the rotational losses of the motor: 

(6-58) 

( 

(6-59) 

Thus, given the input power to the motor, the rotational losses of the machine may 
be determined. 

( 
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FIGURE 6-53 
The no-load test of an induction motor: (a) test circuit; (b) the resulting motor equivalent circuit. 
Note that at no load the motor's impedance is essentially the series combination of R],jX" andjXM . 

The equivalent circuit that describes the motor operating in this condition 
( contains resistors Rc and R2(] - s)/s in parallel with the magnetizing reactance XM . 

The current needed to establish a magnetic field is quite large in an induction mo
tor, because of the high reluctance of its air gap, so the reactance XM will be much 
smaller than the resistances in parallel with it and the overall input power factor 
will be very small. With the large lagging current, most of the voltage drop will be 
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across the inductive components in the circuit. The equivalent input impedance is 
thus approximately 

and if XI can be found in some other fashion, the magnetizing impedance XM will 
be known for the motor. 

The DC Test for Stator Resistance 

The rotor resistance R2 plays an extremely critical role in the operation of an in
duction motor. Among other things, R, determines the shape of the torque-speed 
curve, determining the speed at which the pullout torque occurs. A standard mo-
tor test called the locked-rotor test can be used to determine the total motor circuit ( 
resistance (this test is taken up in the next section). However, this test fi nds only 
the total resistance. To find the rotor resistance R2 accurately. it is necessary to 
know RI so that it can be subtracted from the total. 

There is a test for RI independent of R" XI and X,. This test is called the de 
test. Basically, a de voltage is applied to the stator windings of an induction mo
tor. Because the current is dc, there is no induced voltage in the rotor circuit and 
no resulting rotor current flow. Also, the reactance of the motor is zero at direct 
current. Therefore, the only quantity limiting current flow in the motor is the sta
tor resistance, and that resistance can be determined. 

The basic circuit for the de test is shown in Figure 6-54. This figure shows 
a dc power supply connected to two of the three terminals of a V-connected in
duction motor. To perform the test, the current in the stator windings is adjusted to 
the rated value, and the voltage between the telminals is measured. The current in 
the stator windings is adjusted to the rated value in an attempt to heat the wind
ings to the same temperature they would have during normal operation (remem
ber. winding resistance is a function of temperature). 

VDC 
(variable) 

FIGUR E 6--54 

Current
limiti ng 
resistor 

Test circuit for a dc resistance test. 

v 
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The current in Figure 6-54 flows through two of the windings, so the total 
resistance in the current path is 2R l' Therefore, 

2R
j 

= Voe 
Ioe 

or (6-61) 

With this value of R j the stator copper losses at no load may be determined, 
and the rotational losses may be found as the difference between the input power 
at no load and the stator copper losses. 

The value of R I calculated in this fashion is not completely accurate, since 
it neglects the skin effect that occurs when an ac voltage is applied to the wind
ings. More details concerning corrections for temperature and skin effect can be 
found in IEEE Standard 112, 

The Locked-Rotor Test 

The third test that can be performed on an induction motor to detennine its circuit 
parameters is called the locked-rotor test, or sometimes the blocked-rotor test. 
This test corresponds to the short-circuit test on a transformer. In this test, the ro
tor is locked or blocked so that it cannot move, a voltage is applied to the motor, 
and the resu1ting voltage, current, and power are measured. 

Figure 6-SSa shows the connections for the locked-rotor test To perform the 
locked-rotor test, an ac voltage is applied to the stator, and the current flow is ad
justed to be approximately full- load value, When the current is full-load value, the 
voltage, current, and power flowing into the motor are measured. The equivalent 
circuit for this test is shown in Figure 6-55b. Notice that since the rotor is not mov
ing, the slip s = 1, and so the rotor resistance R2/s is just equal to R2 (quite a small 
value). Since R, and X, are so small, almost all the input CUlTent will flow through 
them, instead of through the much larger magnetizing reactance XM• Therefore, the 
circuit under these conditions looks like a series combination of Xl> RI , Xl> and R2. 

There is one problem whh this test, however. In normal operation, the stator 
frequency is the line frequency of the power system (SO or 60 Hz). At starting con
ditions, the rotor is also at line frequency. However, at normal operating conditions, 
the slip of most motors is only 2 to 4 percent, and the resulting rotor frequency is 
in the range of 1 to 3 Hz. This creates a problem in that the line frequency does not 
represent the normal operating conditions of the rotor. Since effective rotor resis
tance is a strong function of frequency for design class Band C motors, the incor
rect rotor frequency can lead to misleading results in this test. A typical compro
mise is to use a frequency 25 percent or less of the rated frequency. While this 
approach is acceptable for essentially constant resistance rotors (design classes A 
and D), it leaves a lot to be desired when one is trying to find the normal rotor re
sistance of a variable-resistance rotor. Because of these and similar problems, a 
great deal of care must be exercised in taking measurements for these tests. 
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XM » IR2 + jX21 

Re » IR2 + jX21 

So neglect Rc and XM 

Locked 
rotor 

The locked-rotor test for an induction motor: (a) tesl circuit; (b) motor equivalent circuit. 

After a test voltage and frequ ency have been set up, the current flow in the 
motor is quickly adjusted to about the rated value, and the input power, voltage, 
and current are measured before the rotor can heat up too much. The input power 
to the motor is given by 

P = V3VT IL cos 8 

so the 1ocked-rotor power factor can be found as 

~n 
PF =cos8=~ 

and the impedance angle 8 is just equal to COS- I PF. 

(6-62) 

The magnitude of the total impedance in the motor circui t at this time is 

and the angle of the total impedance is e. Therefore, 

ZLR = RLR + jXLR 

= IZLRlcos e + j lZLR lsin e 

(6-63) 
( 

(6- 64) 
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XI and X2 as functions of XLR 

Rotor Design X, X, 

Wound rOlor 0.5 XLR 0.5 Xill 

Design A 0.5 Xl R 0.5 XLR 

Design B O.4XtR 0.6 XLR 

Design C 0.3 XLR 0.7 XLR 

Design D 0.5 XLR 0.5 XLR 

FIGURE 6-56 
Rules of thumb for dividing rotor and stator circuit reactance. 

The locked-rotor resistance RLR is equal to 

I RLR = R j + R21 

while the locked-rotor reactance X LR is equal to 

X~R = X ~ + Xl 
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(6-65) 

(6-66) 

where X; and X; are the stator and rotor reactances at the test frequency, 
respecti vely. 

The rotor resistance R2 can now be fo und as 

(6-67) 

where R 1 was determined in the de test. The total rotor reactance referred to the sta
tor can also be found. Since the reactance is directly proportional to the frequency, 
the total equivalent reactance at the normal operating frequency can be found as 

x = i"tedX' =X +X 
LR Irest LR I 2 

(6-68) 

Unfortunately, there is no simple way to separate the contributions of the 
stator and rotor reactances from each other. Over the years, experience has shown 
that motors of certain design types have certain proportions between the rotor and 
stator reactances. Figure 6--56 summarizes this experience. In normal practice, it 
really does not matter just how XLR is broken down, since the reactance appears as 
the sum X, + X, in all the torque equations. 

Example 6-8. The fo llowing test data were ta ken on a 7.5-hp, four-pole, 208-V, 
60-Hz, des ign A, V-connected induction motor having a rated current of 28 A. 

DC test: 

No-load test: 

v,'" = 13.6 V 

v,. = 208 V 

IA = 8. 12A 

IDe = 28.0A 

f = 60 Hz 

Pin = 420W 
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Is ~ 8.20A 

Ie ~ 8. l 8A 

Locked-rotor test: 

VT~ 25 V 

IA ~ 28. l A 

I. ~ 28.0A 

Ie ~ 27 .6A 

f~ l 5 Hz 

PI, ~ 920 W 

(a) Sketch the per-phase equivalent circuit for this motor. 

(b) Find the slip at the pullout torque, and find the value of the pullout torque itself. 

Solution 
(a) From the de test, 

13.6V 
2(28.0 A) 0.243 0 

From [he no-load test, 

I ~ 8.12 A + 8.20 A + 8.1 8 A ~ 817 A 
L,av 3 . 

208 V 
V"" ~ 113 ~ 120 V 

Therefore, 

I I 120V 
Z" ~ 8.17A ~ 14.70 ~XI +XM 

When XI is known, XM can be found. The stator copper losses are 

PSCL ~ 311 RI ~ 3(8.1 7 A)2(0.243 0) ~ 48.7 W 

Therefore, the no-load rotational losses are 

~ot = fin,nl - PSCL,nl 

~ 420W - 48.7W ~ 371.3 W 

From the locked-rotor test, 

I ~ 28.l A + 28.0 A + 27.6 A ~ 279 A 
L,nv 3 . 

The locked-rotor impedance is 

I 1- Y1, - --'i....- 25V -
ZLR - IA - V3 I

A 
- 113(27.9 A) - 0.5170 

and the impedance angle 8 is 

e = cos- 1 v!~l I 
T L 

_ _I 920W 
- cos 113(25 V)(27.9 A) 

( 

I 
I 
I 

II 

I 
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~ cos- ' 0.762 ~ 40.4' 

Therefore, RLR ~ 0.517 cos 40.4' ~ 0.394 .0. ~ R, + R,. Since R, ~ 0.243 .0., 
R2 must be 0 .151 D . The reactance at l5 Hz is 

XLR ~ 0.517 sin 40.4' ~ 0.335.0. 

The equivalent reactance at 60 Hz is 

XLR ~ ~~ X LR ~ (~~ ~~) 0335 .0. ~ 134!l. 

For design class A induction motors, this reactance is assumed to be divided 
equally between the rotor and stator, so 

X, ~ X, ~ 0.67 .0. 

XM ~ Iz", 1 - X, ~ 14.7.0. - 0.67 .0. ~ 14.03 .0. 

The final per-phase equivalent circuit is shown in Figure 6-57. 
(b) For this equivalent circuit, the Thevenin equivalents are found from Equations 

(6-41b), (6-44), and (6-45) to be 

VTH ~ 114.6 V R TH ~ 0.221 .a XTH ~ 0.67.a 

Therefore, the slip at the pullout torque is given by 

R, 
V Rt H + (XTH + X,)' 

0. 151.0. ~ 0. 111 ~ 11.1% 
V(0.243 .0.)' + (0 .67 .0. + 0.67 .0.)' 

The maximum torque of this motor is given by 

Tmm: = 2wsync[RTH + VRfH + (XTH + X2)] 

_ 3(114.6 V)' 

(6-53) 

- 2(188 .5 rad /s)[0.22I.o. + Y(0.221 .0.)2 + (0.67.0. + 0.67 .0.),1 

FIGURE 6-57 

~ 66.2 N · m 

j O.67 .o. 
, , , , 

Rc <:: 
(unknown) <

I 
I 
I 
I 

jX, = jO.67fl 

Motor per-phase equi valent circuit for Example 6-8. 
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6.12 THE INDUCTION GENERATOR 

The torque- speed characteristic curve in Figure 6-20 shows that if an induction 
motor is driven at a speed greater than nsyoc by an external prime mover, the di
rection of its inducted torque will reverse and it will act as a generator. As the 
torque applied to its shaft by the prime mover increases, the amount of power pro
duced by the induction generator increases. As Figure 6- 58 shows, there is a max
imum possible induced torque in the generator mode of operation. This torque is 
known as the pushover torque of the generator. If a prime mover applies a torque 
greater than the pushover torque to the shaft of an induction generator, the gener
ator wilI overs peed. 

As a generator, an induction machine has severe limitations. Because it 
lacks a separate field circuit, an induction generator cannot produce reactive 
power. In fact, it consumes reactive power, and an external source of reactive 
power must be connected to it at all times to maintain its stator magnetic field. 
This external source of reactive power must also control the terminal voltage of 
the generator-with no field current, an induction generator cannot control its 
own output voltage. Normally, the generator's voltage is maintained by the exter
nal power system to which it is connected. 

The one great advantage of an induction generator is its simplicity. An in
duction generator does not need a separate field circuit and does not have to be dri
ven continuously at a fixed speed. As long as the machine's speed is some value 
greater than nsync for the power system to which it is connected, it will function as 
a generator. The greater the torque applied to its shaft (up to a certain point), the 

Pushover 

-1500 L-__ -1~----~~~--~~~----to-r~q~ue~---
o 1000 2000 3000 nsync 

Mechanical speed, rlmin 

FIGURE 6-58 
The torque-speed characteristic of an induction machine, showing the generator region of operation. 
Note the pushover torque. 
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~ 

Q -Q 

To loads 

Capacitor bank 

FIGURE 6-59 
\.0 induction generator operating alone with a capacitor bank to supply reactive power. 

greater its resulting output power. The fact that no fancy regulation is required 
makes this generator a good choice for windmills, heat recovery systems, and sim
ilar supplementary power sources attached to an existing power system. In such ap
plications, power-factor correction can be provided by capacitors, and the genera
tor's terminal voltage can be controlled by the external power system. 

The Induction Generator Operating Alone 

It is also possible for an induction machine to function as an isolated generator, in
dependent of any power system, as long as capacitors are available to supply the 
reactive power required by the generator and by any attached loads. Such an iso
lated induction generator is shown in Figure 6-59. 

The magnetizing cUlTent 1M required by an induction machine as a function 
of terminal voltage can be found by running the machine as a motor at no load and 
measuring its armature current as a function of tenninal voltage. Such a magneti
zation curve is shown in Figure 6- 60a. To achieve a given voltage level in an in
duction generator, external capacitors must supply the magnetization current cor
responding to that level. 

Since the reactive current that a capacitor can produce is directly proportional 
to the voltage applied to it, the locus of all possible combinations of voltage and 
current through a capacitor is a straight line. Such a plot of voltage versus CUlTent 
for a given frequency is shown in Figure 6-60b. If a three-phase set of capacitors 

( is connected across the terminals of an induction generator, the no-load voltage of 
the induction generator will be the intersection of the generator's magnetization 
curve and the capacitor's load line. The no-load terminal voltage of an induction 
generator for three different sets of capacitance is shown in Figure 6-60c. 

How does the voltage build up in an induction generator when it is first 
started? When an induction generator first starts to turn, the residual magnetism in 

-
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FIGURE 6-60 
(a) The magnetization curve of an induction machine. It is a plot of the terminal voltage of the 
machine as a function of its magnetization current (which lags the phase voltage by approximately 
90°), (b) Plot of the voltage--current characteris tic of a capacitor bank. Note that the larger the 
capacitance, the greater its current for a given voltage. This current leads the phase voltage by 
approximately 90°, (c) The no-load terminal voltage for an isolated induction generator can be fo und ( 
by plotting the generator terminal characteristic and the capacitor voltage--current characteristic on a 
single set of axes. The intersection of the two curves is the point at which the reactive power 
demanded by the generator is exactly supplied by the capacitors, and this point gives the no-load 
terminal voltage of the generator. 
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its field c ircuit produces a small voltage. That small voltage produces a capacitive 
current flow, which increases the voltage, further increasing the capacitive CUf

rent, and so forth until the voltage is fully built up. If no residual flux is present in 
the induction generator 's rotor. then its voltage will not build up, and it must be 
magnetized by momentarily running it as a motor. 

The most serious problem with an induction generator is that its voltage 
varies wildly with changes in load, especially reactive load. Typical terminal char
acteristics of an induction generator operating alone with a constant parallel ca
pacitance are shown in Figure 6--61. Notice that, in the case of inductive loading, 
the voltage collapses very rapidly. This happens because the fixed capacitors must 
supply all the reactive power needed by both the load and the generator, and any re
active power diverted to the load moves the generator back along its magnetization 
curve, causing a major drop in generator Voltage. It is therefore very difficult to 
start an induction motor on a power system supplied by an induction generator
"pecial techniques must be employed to increase the effective capacitance during 
~ tarting and then decrease it during normal operation. 

Because of the nature of the induction machine's torque-speed characteristic, 
an induction generator 's frequency varies with changing loads: but since the 
torque-speed characteristic is very steep in the normal operating range, the total fre
quency variation is usually limited to less than 5 percent. This amount of variation 
may be quite acceptable in many isolated or emergency generator applications. 

Induction Generator Applications 

Induction generators have been used since early in the twentieth century, but by 
the1960s and 1970s they had largely disappeared from use. However, the induction 
generator has made a comeback since the oil price shocks of 1973. With energy 
costs so high, energy recovery became an important part of the economjcs of most 

FIGURE 6-61 
The termi nal voltage-current characteristic of an induction generator for a load with a constant 
lagging power factor. 

• 
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industrial processes. The induction generator is ideal for such applications because 
it requires very little in the way of control systems or maintenance. 

Because of their simplicity and small size per kilowatt of output power, in
duction generators are also favored very strongly for small windrillIls. Many com
mercial windmills are designed to operate in parallel with large power systems, 
supplying a fraction of the customer's total power needs. In such operation, the 
power system can be relied on for voltage and frequency control, and static ca
pacitors can be llsed for power-factor correction. 

It is interesting that wound-rotor induction machines have been making a bit of 
a comeback as induction generators connected to windmills. As mentioned previously, 
wound-rotor machines are more expensive than cage rotor macrunes, and they require 
more maintenance because of the slip rings and brushes induded in their design. 
However, wound-rotor machines allow rotor resistance control, as discussed in Sec
tion 6.9. Inserting or removing rotor resistance changes the shape of the torque-speed 
characteIistic, and therefore the operating speed of the machine (see Figure 6-45). ( 

This characteristic of wound-rotor machines can be very important for induc 
tion generators connected to windmills. Wind is a very fickle and uncertain power 
source: sometimes it blows strongly, sometimes it blows lightly, and sometimes it 
doesn't blow at all. To use an ordinary cage-rotor induction machlne as a generator, 
the wind must be turning the machine's shaft at a speed between nsync and the 
pushover speed (as shown in Figure 6-58). This is a relatively narrow range of 
speeds, which limits the wind conditions under which a wind generator can be used. 

Wound-rotor machines are better here because it is possible to insert a rotor 
resistance and thus change the shape of the torque- speed characteristic. Figure 6--62 

Induction machi ne torque-speed characteristic 
300 ,----,-----,----,-----,----,-----,----" 
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FIGURE 6-62 
Torque- speed characteristic of a wound-rotor induction generator with the original rotor resistance 
and with three times the original rotor resistance. Note tbat the range of speeds at which the machine 
can operate as a generator is greatly increased by adding rotor resistance . 
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shows an example of a wound-rotor induction machine with both the original rotor 
resistance R 2 and trebled rotor resistance 3R2. Note that the pushover torque is the 
same for both cases, bUL the range of speeds between llsync and the pushover speed is 
much greater for the generator with inserted rotor resistance. Th is allows the gener
ator to produce useful power over a wider range of wind cond itions. 

In practice, solid-state controllers are used instead of actual res istors to adjust 
the effective roLor res istance of modern wound-rotor induction generators. However, 
the effect on the torque-speed characteristic is the same. 

6.13 INDUCTION MOTOR RATINGS 

A nameplate for a typical high-efficiency small -to-medium-sized induction motor is 
shown in Figure 6--63. The most impOitant ratIngs present on the nameplate are 

I. Output power (This will be horsepower in the USA and kilowatts everywhere 
( else in lhe world.) 

SPARTAN • .;$- MOTOR 
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FIGURE 6-<;3 
The nameplate of a Iypical high-etliciency induction molor. (ColII"tesy ofMaglleTek. ItIC.) 
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2. Voltage 

3. Current 

4. Power factor 

5. Speed 

6. Nominal efficiency 

7. NEMA design class 

8. Starting code 

A nameplate for a typical standard-efficiency induction motor would be similar, 
except that it might not show a nominal effi c iency. 

The voltage limit on the motor is based on the maximum acceptable magneti
zation current flow, since the higher the voltage gets, the more saturated the motor's 
iron becomes and the higher its magnetization cunent becomes. Just as in the case 
of transformers and synchronous machines, a 60-Hz induction motor may be used 
on a 50-Hz power system, but only if the voltage rating is decreased by an amount 
proportional to the decrease in frequency. This derating is necessary because the 
flu x in the core of the motor is proportional to the integral of the applied voltage. To 
keep the maximum flux in the core constant while the period of integration is in
creasing, the average voltage level must decrease. 

The current limit on an induction motor is based on the maximum acceptable 
heating in the motor 's windi ngs, and the power limi t is set by the combination of 
the voltage and current ratings wi th the machine's power factor and efficiency. 

NEMA design c lasses, starting code letters, and nominal efficiencies were 
discussed in previous sections of this chapter. 

6.14 SUMMARY 

The induction motor is the most popular type of ac motor because of its simplicity 
and ease of operation, An induction motor does not have a separate field circuit; in
stead, it depends on transformer action to induce voltages and currents in its field 
circuit. In fact, an induction motor is basically a rotating transformer. Its equivalent 
circui t is similar to that of a transformer, except for the effects of varying speed. 

There are two types of induction motor rotors, cage rotors and wou nd ro
tors. Cage rotors consist of a series of parallel bars all around the rotor, shorted to
gether at each end. Wound rotors are complete three-phase rotor windings, with 
the phases brought out of the rotor through slip rings and brushes. Wound rotors 
are more expensive and require more maintenance than cage rotors, so they are 
very rarely used (except sometimes for induction generators). 

An induction motor normally operates at a speed near synchronous speed, 
but it can never operate at exactly nsync ' There must always be some relative mo
tion in order to induce a voltage in the induc tion motor's field circuit. The rotor 
voltage induced by the relative motion between the rotor and the stator magnetic 
field produces a rotor current, and that rotor current interacts with the stator mag
netic field to produce the induced torque in the motor. 

( 

J 
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In an induction motor, the slip or speed at which the maximum torque oc
curs can be controlled by varying the rotor resistance. The value of that maximum 
torque is independent of the rotor resistance. A high rotor resistance lowers the 
speed at which maximum torque occurs and thus increases the starting torque of 
the motor. However, it pays for this starting torque by having very poor speed reg
ulation in its normal operating range. A low rotor resistance, on the other hand, re
duces the motor's starting torque while improving its speed regulation. Any nor
mal induction motor des ign mllst be a compromise between these two conflicting 
requirements. 

One way to achieve such a compromise is to employ deep-bar or double
cage rotors. These rotors have a high effective resistance at starting and a low 
effective resistance under normal running conditions, thus yielding both a high 
starting torque and good speed regulation in the same motor. The same effect 
can be achieved with a wound-rotor induction motor if the rotor field resistance 
is varied. 

Induction motors are classified by their torque- speed characteristics into a 
series ofNEMA design classes. Design class A motors are standard induction mo
tors, with normal starting torque, relatively high starting current, low slip, and 
high pullout torque. These motors can cause problems when started across the line 
due to the high starting currents. Design class B motors use a deep bar design to 
produce normal starting torque, lower starting current, a bit greater slip, and a bit 
lower pullout torque when compared to design class A motors. Since they require 
about 25 percent less starting current, they work better in many applications 
where the power system cannot supply high surge currents. Design class C motors 
use a deep-bar or double-cage design to produce a high starting torque with low 
starting current, at the expense of greater slip and lower pullout torque. These mo
tors can be used in applications where high starting torque is needed without 
drawing excessive line currents. Design class D motors use high-resistance bars 
to produce very high starting torque wi th low starting currents , at the expense of 
very high slip. Pullout torque is quite high for this design, but it can occur at ex
tremely high slips. 

Speed control of induction motors can be accomplished by changing the 
number of poles on the machine, by changing the applied electrical frequency, by 
changing the applied terminal voltage, or by changing the rotor resistance in the 
case of a wound-rotor induction motor. All of these techniques are regularly used 
(except for changing rotor resistance), but by far the most common technique to
day is to change the applied electrical frequency using a solid-state controller. 

An induction motor has a starting current that is many times the rated cur
rent of the motor, and this can cause problems for the power systems that the mo
tors are connected to. The starting current of a given induction motor is specified 
by a NEMA code letter, which is printed on the motor 's nameplate. When this 
starting current is too high to be handled by the power system, motor starter ci r
cui ts are used to reduce the starting current to a safe level. Starter circuits can 
change motor connections from L1 to Y during starting, can insert extra resistors 
during starting, or can reduce the applied voltage (and frequency) during starting. 
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The induction machine can also be used as a generator as long as there is 
some source of reactive power (capacitors or a synchronous machine) avai lable in 
the power system. An induction generator operating alone has serious voltage reg
ulation problems, but when it operates in parallel with a large power system, the 
power system can control the machine's voltage. Induction generators are usually 
rather small machines and afe used principally with alternative energy sources, 
such as windmills, or with energy recovery systems. Almost all the really large 
generators in use are synchronous generators. 

QUESTIONS 

6-1. What are slip and slip speed in an induction motor? 
6-2. How does an induction motor develop torque? 
6-3. Why is it impossible for an induction motor to operate at synchronous speed? 
6- 4. Sketch and explain the shape of a typical induction motor torque-speed characteris

tic curve. 
6- 5. What equivalent circuit element has the most direct control over the speed at which 

the pullout torque occurs? 
6-6. What is a deep-bar cage rotor? Why is it used? What NEMA design class(es) can be 

built with it? 
6-7. What is a doub le-cage cage rotor? Why is it used? What NEMA design class(es) can 

be built with it? 
6-8. Describe the characteristics and uses of wound-rotor induction motors and of each 

NEMA design class of cage motors. 
6-9. Why is the efficiency of an induction motor (wound-rotor or cage) so poor at high 

slips? 
6-10. Name and describe four means of controlling the speed of induction motors. 
6- 11. Why is it necessary to reduce the voltage applied to an induction motor as electrical 

frequency is reduced? 
6-12. Why is terminal vo ltage speed control limited in operating range? 
6-13. What are starting code factors? What do they say about the starting current of an in-

duction motor? 
6- 14. How does a resistive starter circuit for an induction motor work? 
6- 15. What information is learned in a locked-rotor test?· 
6-16. What information is learned in a no-load test? 
6- 17. What actions are taken to improve the efficiency of modern high-efficiency induc-

tion motors? 
6-18. What controls the terminal voltage of an induction generator operating alone? 
6-19. For what applications are induction generators typically used? 
6- 20. How can a wound-rotor induction motor be used as a frequency changer? 
6- 21. How do different voltage-frequency patterns affect the torque-speed characteristics 

( 

of an induction motor? ( 
6- 22. Describe the major features of the sol id-state induction motor drive featured in Sec

tion 6.10. 
6-23. Two 480-V, IOO-hp induction motors are manufactured. One is designed for 50-Hz 

operation, and one is designed for 60-Hz operation, but they are otherwise similar. 
Which of these machines is larger? 
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6-24. An induction motor is runni ng at the rated conditions. If the shaft load is now in
creased. how do the following quantities change? 
(a) 11echanical speed 
(b) Slip 
(c) Rotor induced voltage 
(d) Rotor current 
(e) Rotor ti'equency 
(f) PReL 

(g) Synchronous speed 

PROBLEMS 

6-1. A 220-V, three-phase, six-pole, 50-Hz induction motor is running at a sli p of 3.5 per
cent. Find: 
(aJ The speed of the magnetic fjelds in revolutions per minute 
(b) The speed of the rotor in revolutions per minute 
(c) The slip speed of the rotor 
(d) The rotor frequency in hertz 

6-2. Answer the questions in Problem 6- 1 for a 480- V, three-phase, two-pole, 60-Hz in
duction motor run ning at a slip of 0.025. 

6- 3. A three-phase, 60-Hz induction motor runs at 715 r/min at no load and at 670 r/min 
at full load. 
(a) How milny poles does this motor have? 
(b) What is the slip at rated load? 
(e) What is the speed at one-quarter of the rated load? 
(d) What is the rotor's e lectrical frequency at one-quarter of the rated load? 

6-4. A 50-kW, 460-V, 50-Hz, two-pole induction motor has a slip of 5 percent when op
erating at full- load conditions. At full -load conditions, the friction and wi ndage 
losses are 700 W, and the core losses are 600 W. Find the following values for full 
load conditions: 
(a) The shaft speed 11", 

(b) The output power in watts 
(e) The load torque 'Tload in newton-meters 
(d) The induced torque 'rind in newton-meters 
(e) The rotor frequency in hertz 

6-5. A 208-V, four-pole, 60-Hz, Y-connected wound-rotor induction motor is rated at 
30 hp. Its equivalent circuit components are 

Rl ~ 0.100 0 

Xl ~ 0.2100 

P mech = 500W 

For a slip of 0.05, ti nd 
(a) The line CUlTent IL 

R2 ~ 0.0700 

X, ~ 0.210 0 

(b) The stator copper losses P seL 

(c) The air-gap power PAG 

X", ~ 10.00 

Pc;orc = 400 W 

(d) The power converted from electrical to mechanical form P eony 

(e) The induced torque 'rind 

(f) The load torque 'T]oad 
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(g) The overall mach ine efficiency 71 
(h) The motor speed in revolutions per minute and radians per second 

6-6. For the motor in Problem 6-5, what is the slip at the pullout to rque? What is the 
pullout to rque of this motor? 

()-7. (a) Calculate and plot the torque-speed characteristic of the motor in Problem 6-5. 
(b) Cfl lcul ate and plot the output-power-versus-speed curve of the motor in Prob

lem 6-5 . 
6-8. For the motor of Problem 6-5, how much additional res istance (referred to the sta

tor circuit) would it be necessary to add to the rotor ci rcu it to make the maximum 
torque occur at starting conditions (when the shaft is not moving)? Plot the 
torque- speed characteristic of this motor with the additional resistance inserted. 

6-9_ If the motor in Problem 6-5 is to be operated on a 50-Hz power system, what must 
be done to its supply voltage? Why? What will the equivalent circuit component 
va lues be at 50 Hz? Answer the questions in Problem 6- 5 for operation at 50 Hz 
with a Slip of 0.05 and the proper voltage for this machine. 

6-10. A three-phase, 60-Hz, two-pole induction motor runs at a no-load speed of 3580 ( 
rIm in and a fu ll-load speed of 3440 r/min. Calculate the sl ip and the electrical fre-
quency of the rotor at no-load and full-load conditions. What is the speed regulation 
of this motor [Equation (3-68)]? 

6-11. The input power to the rotor circuit of a six-pole, 60-Hz induction motor running at 
1100 r/min is 5 kW. What is the rotor copper loss in this motor? 

6-12. The power crossing the air gap of a 60-Hz, four-pole induction motor is 25 kW, and 
the power converted from electrical to mechanical form in the motor is 23.2 kW. 
(a) What is the slip of the motor at this time? 
(b) What is the induced torque in this motor? 
(c) Assuming that the mechanical losses are 300 W at th is sl ip, what is [he load 

torque of this motor? 

6-13. Figure 6-18a shows a simple circuit consisting of a voltage source, a resistor, and 
two reactances. Find the Thevenin equivalent voltage and impedance of this circuit 
at the terminals . Then derive the expressions for the magnitude of VTH and for R T H 

given in Equations (6--4 lb) and (6--44). 
6-14. Figure P6-1 shows a simple circuit consisting of a voltage source, two resistors , and 

LWO reactances in paral lel wi th each other. If the resistor RL is allowed to vary, but all 
the other componenLs are constant, at what value of RL wiJI the maximum poss ible 
power be supplied to it? Prove your answer. (Hint: Derive an expression for load 
power in terms of V, Rs, Xs, RL> and XL and take the partial derivative of that ex
pression with respect to RL.) Use thi s result to derive the expression for the pullout 
torque [Equation (6- 54)]. 

+ 
V "-' 

jXs 

FIGURE P6-1 
Circuit for Problem 6-14. 

( 



( 

( 

INDUCTION MOTORS 399 

6-15. A 460-V, 60-Hz, four-pole, Y-connected induction illataI' is rated at 25 hp. The 
equivalent circliit parameters are 

R,~ 0.15 n 

X, ~ 0.852 n 

PF&W = 400W 

For a slip of 0.02. find 
(a) The line current IL 
(b) The stator power factor 
(e) The rotor power factor 
(d) The rotor frequency 

R, ~ 0.154 n 

X, ~ 1.066n 

Pmisc = 150W 

(e) The stator copper losses PSCL 

(f) The ai r-gap power P AG 

X", ~ 20n 

Pcore = 400 W 

(g) The power converted from electrical to mechanical form Pconv 

(h) The induced torque Tind 

(i) The load torque T!oad 

(j) The overall machine efficiency 'Y/ 
(k) The motor speed in revolutions per minute and rad ians per second 
(l) What is the starting code letter for this motor? 

6-16. For the motor in Problem 6-15, what is the pullout torque? What is the slip at the 
pullout torque? What is the rotor speed at the pullout torque? 

6-17. If the mOWr in Problem 6--15 is to be driven from a 460-V, 50-Hz power supply, 
what will the pullout torque be? What will the slip be at pullout? 

6-18. Plot the fo llowing quantities for the motor in Problem 6-15 as slip varies from 0 
percent to 10 percent: (a) T;nd (b) Pconv (c) Pout (d) efficiency 1'7. At what slip does Pout 
equal the rated power of the machine? 

6-19. A dc test is performed on a 460-V, i1-connected, IOO-hp induction motor. If Voc = 

21 V and loc = 72 A, what is the stator resistance R I? Why is this so? 

6-20. A 20S- V, six-pole, Y-connected, 25-hp design class B induction motor is tested in 
the laboratory, with the fo llowing results: 

No load: 

Locked rotor: 

dc test: 

208 V. 24.0 A, 1400 W, 60 Hz 

24.6 V, 64.5 A, 2200 W, 15 Hz 

13.5 V, 64 A 

Find the equivalent circui t of this motor, and pJOl its (orque-speed characteristic 
cu rve . 

6-21. A 460-V, lO-hp, four-po le, Y-connected, insulation class F, service faclOr 1.15 in
duction mowr has the following parameters 

R, ~ 0.54n 

X, ~ 2.093 n 

PF&W ~ 150W 

For a sl ip of 0.02, find 
(a) The line current IL 
(b) The stator power fac tor 

R, ~ 0.488 n 

X, ~ 3.209 n 

X" ~ 51. 12 n 

PCOIC = 150 kW 
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(c) The rotor power factor 
(d) The rotor frequency 
(e J The stator copper losses P SCL 

(j) The air-gap power P AG 

(g) The power converted from electrical to mechanical fo rm P COni' 

(II) The induced torque 'find 

(iJ The load torque 7'1" .... 1 

(j) The overall machine efficiency 1J 
(k) The motor speed in revolutions per minute and radians per second 
(1) Sketch the power flow diagram for this mO(o('. 
(m) What is the starting code letter for this motor? 
(n) What is the maximum acceptable temperature rise in this motor, given its insu

lation class? 
(0) Whal does the service factor of this motor mean? 

6-22. Plot the torque-speed characteristic of the motor in Problem 6-21. What is the start
ing torque of thi s motor? 

6- 23. A 460-V, four-pole. 75-hp, 60-Hz, V-connected, three-phase induction motor de- ( 
velops its full- load induced torque at 1.2 percent sli p when operati ng at 60 Hz and 
460 V. The per-phase circuit model impedances of the motor are 

R , ~ O.OS8 n 

Xl ~ O.32 n 

X,,=18 n 

X, = O.386n 

Mechanical, core, and stray losses may be neglected in this problem. 
(a) Find the value of the rotor resistance R2• 

(b) Find 7'm~.l' Sm~x' and the rotor speed at max imum torque for this motor. 
(c) Find the starting to rque of this motor. 
(d) What code letter facto r should be assigned to this mOlOr? 

6- 24. Answer the fo llowing questions about the motor in Problem 6-2 1. 
(aJ If thi s 1110tor is started from a 460-V infini te bus, how much current wi ll flow in 

the motor at starting? 
(b) If transmiss ion Li ne wi th an impedance of 0.50 + )0.35 fl per phase is used to 

connect the ind uction motor to the infin ite bus , what wi ll the starting current of 
the 1110tor be? What will the motor's terminal vo ltage be on starting? 

(c) If an ideal 1.4 : I step-down autotranSfOf!l1er is connected between the transmis
sion line and the motor, what wi ll the current be in the transmiss ion line during 
starting? What will the voltage be at the motor end of the transmission line dur
ing starting? 

6-25. In thi s chapter, we learned that a step-down autotransformer could be used to reduce 
the starti ng current drawn by an induction mOlOr. While this technique works, an au
totransformer is relatively expensive. A much less expensive way to reduce the start
ing current is to use a device called Y-8. starter (described earl ier in this chapter). If 
an induction motor is normally Ll-connected, it is possib le to reduce its phase volt
age V<b (and hence its starting current) by simply reconnecting the stator windings in 
Y during starting, and then restoring the connections to D. when the motor comes up ( 
to speed. Answer the fo llowing questions about this type of starter. 
(a) How would the phase voltage at starting compare with the phase voltage under 

norma! running conditions? 
(b) How would the starting current of the Y-connected motor compare to the start

ing current if the motor remained in a Ll-connection during slarting? 
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6-26. A 460-Y, 50-hp, six-pole, Ll-connected, 60-Hz, three-phase induction motor has a 
full-load slip of 4 percem, an efficiency of 91 percent, and a power factor of 0.87 
lagging. At startup, the motor develops 1.75 times the full-load torque but draws 7 
times the rated current at the rated voltage. This motor is to be started with an auto
transformer-reduced voltage starter. 
(aJ What should the output voltage of the starter circuit be to reduce the starting 

torque until it equals the rated torque of the motor? 
(b) What will the motor starting current and the current drawn from the supply be 

at thi s voltage? 

6-27. A wound-rotor induction motor is operating at rated voltage and frequency wilh its slip 
rings shOited and with a load of about 25 percent of the rated value for the machine. If 
the rotor resistance of th is machine is doubled by inselting external resistors into the ro
tor circuit, explain what happens to the following: 
(a) Slip s 

(b) Motor speed 11m 

(c) The induced voltage in the rotor 
(d) The rotor cu rrent 
(e) Tin<! 

if) POUI 

(g) PReL 

(II) Overall effi ciency 17 
6-28. A 460-V, 75-hp, four-pole, Y-cormected induction motor has the following parameters: 

Rl ~ 0.058!1 

Xl ~ 0.320!1 

P F&W = 650 W 

For a slip of 0.0 I, find 
(a) The line current IL 
(b) The stator power factor 
(c) The rotor power fac tor 
(ei) The rotor frequency 

R, ~ 0.037!1 

X, ~ 0.386!1 

Pmisc = 150W 

(e) The stator copper losses PSCL 

if) The air-gap power P AG 

X", ~ 9.24 !1 

Peon: = 600 kW 

(g) The power convelted from electrical to mechan ical form Peonv 

(II) The induced torque Tin<! 

(i) The load torque TI""d 

(j) The overall machine effic iency 17 
(k) The motor speed in revolu tions per minute and radians per second 
(I) Sketch the power tlow diagram for thi s motor. 
(m) What is the starting code letter for th is motor? 

6-29. Plot the torque-speed characteristic of the motor in Problem 6-28. Whal is the stal1-
ing torque of this motor? 

6-30. Answer the fo llowing questions about a 460- V, ~-connected, two-pole, IOO-hp, 
60-Hz, starting code le tter F induction motor: 
(a) What is the maximum starting current that this machine's controller must be 

designed to handle? 
(b) If the controll er is designed to switch the stator windings from a ~-connection 

to a Y-collnection during stal1ing, what is the maximum stm-ting current that the 
controller mllst be designed to handle? 
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6-31. 

6-32. 

(c) ] f a 1.25 : 1 s tep-down autOlransformer starter is used during starring, what is the 
maximum starting current that it must be des igned to hand le? 

When it is necessary to stop an induction motor very rapidly, many induction motor 
controllers reverse the direction of rotation of the magnetic fields by switching any 
two stator leads. When the direction of rotation of the magnetic fields is reversed , 
the motor develops an induced torque opposite to the current d irection of rotation, 
so it quickly stops and tries to start turning in the opposi te direction. If power is re
moved from the stator circuit at the moment when the cOCor speed goes through zero, 
then the motor has been stopped very rapidly. This techn ique for rapidl y stopping an 
induction motor is called plugging. T he motor of Problem 6- 23 is runni ng at rated 
conditi ons and is to be stopped by plugging. 
(a) What is the sli p s before plugging? 
(b) What is the frequency of the rotor before plugging? 
(c ) What is Ihe induced torque 'Tind before plugging? 
(d) What is the slip s immediately after switching the stator leads? 
(e) What is the frequency of the rOlor immediately after switching the stator leads? 
(fJ What is the induced torque 'Tind immediately after switching the stator leads? ( 

A 460-Y, IO-hp, two-pole, Y-connected induction motor has the following parameters: 

Rl = 0.540 

Pr&w = 150W 

Xl = 2.0930 XM =51.12 0 

PcQre = 150 kW 

The rotor is a dual-cage design, with a tightly coupled, high-resistance outer bar and 
a loosely coupled, low-resistance inner bar (see Figure 6-25c). The parameters of 
the outer bar are 

R, = 3.20 0 X, = 2.00 0 

The resistance is high due to the lower cross-sectional area, and tbe reactance is re l
atively low due (0 the tight coupling between the ro tor and stator. The parameters 
of the inner bar are 

R, = 0.382 0 X2 = 5.100 

The resistance is Jaw due to the high cross-sectional area, but (he reactance is rela
lively high due to the quite loose cOllpli ng between the rotor and stator. 

Calculate the torque-speed characteristic for th is induction motor, and com
pare it to the torque-speed characteristi c for the single-cage des ign in Problem 6- 21. 
How do the curves differ? Explain the differences. 
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CHAPTER 

7 
DC MACHINERY 
FUNDAMENTALS 

LEARNING OBJECTIVES 

Understand how voltage is induced in a ro tating loop. 
Understand how curved pole faces contribute to a constant flux, and thus 
more constant output voltages. 
Understand and be able to use the equation for induced voltage and torque in 
a de machine. 
Understand commutation. 
Understand problems with commutation, including armature reaction and L ~~ 
effects. 
Understand the power fl ow diagram for de machines. 

DC machines are generators that convert mechanical energy to de electric energy and 
motors that convert de electric energy to mechanical energy. Most de machines are 
like ac machines in that Lhey have ac voltages and currents within them- de ma
chines have a de output only because a mechanism exists that converts the internal ac 
voltages to dc voltages at thei r terminals. Since tllis mechanism is cal led a commuta
tor, de machinery is also known as commutating machinery. 

The fund amental principles involved in the operation of dc machines are 
very simple. Unfortunately, they are usually somewhat obscured by the compli
cated construction of real macrunes. This chapter wi ll first explain the principles of 
dc machine operation by using simple examples and then consider some of the 
complications that occur in real dc machines. 

7.1 A SIMPLE ROTATING LOOP BETWEEN 
CURVED POLE FACES 

The linear machine studied in Section 1.8 served as an introduction to basic ma
chine behavior. Its response to loading and to changing magnetic fields closely 
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resembles the behavior of the real de generators and motors that we will study in 
Chapter 8. However, real generators and motors do not move in a straight line
they rotate. The next step toward understanding real de machines is to study the 
simplest possible example of a rotating machine. 

The simplest possible rotating de machine is shown in Figure 7- 1. It consists 
of a single loop of wire rotating about a fixed axis. The rotating part of this ma
chine is called the rotor, and the stationary part is called the statOl: The magnetic 
field for the machjne is supplied by the magnetic north and south poles shown on 
the stator in Figure 7- J. 

Notice that the loop of rotor wire lies in a slot carved in a ferromagnetic 
core. The iron rotor, together with the curved shape of the pole faces, provides a 
constant-width air gap between the rotor and stator. Remember from Chapter 1 that 
the reluctance of air is much higher than the reluctance of the iron in the machine. 
To minimize the reluctance of the flux path through the machine, the magnetic flux 
must take the shortes t possible path through the alr between the pole face and the 
rotor surface. 

Since the magnetic flux must take the shortest path through the air, it is per
pendicular to the rotor surface everywhere under the pole faces. Also, s ince the air 
gap is of uni form width, the reluctance is the same everywhere under the pole 
faces . The uni form reluctance means that the magnetic flu x density is constant 
everywhere under the pole faces. 

The Voltage Induced in a Rotating Loop 

If the rotor of this machine is rotated, a voltage will be induced in the wi re loop. 
To determine the magnitude and shape of the voltage, exam ine Figure 7-2. The 
loop of wire shown is rectangular, with sides ab and cd perpendicular to the plane 
of the page and with sides be and da parali el to the plane of the page. The mag
netic field is constant and perpendicular to the surface of the rotor everywhere un
der the pole faces and rapidly fall s to zero beyond the edges of the poles . 

To determine the total voltage elm on the loop, examine each segment of the 
loop separately and sum all the resulting voltages. The voltage on each segment is 
given by Equation (1-45): 

e;" = (v x B) -I ( 1-45) 

1. Segment abo In this segment, the velocity of the wire is tangential to the path 
of rotation. The magnetic field B points out perpendicular to the rotor surface 
everywhere under the pole face and is zero beyond the edges of the pole face. 
Under the pole face, velocity v is perpendicular to B, and the quantity v x B 
points into the page. Therefore, the induced voltage on the segment is 

elx, = (v x B) - 1 

= { ~Bl positive in to page under the pole face 

beyond the pole edges (7-1) 
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FIGURE 7-1 
A simple rotaLing loop between curved pole faces . (a) Perspective view; (b) view of field lines; 
(c) lOp view; (d) front view. 
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FIGURE 7- Z 
Derivation of an equation for the voltages induced in {he loop. 

2. Segment be. In this segment, the quantity v X B is ei ther in to or alit of the 
page, while length I is in the plane of the page, so v x B is perpendicular to 1. 
Therefore the voltage in segment be will be zero: 

(7-2) 

3. Segment cd. In this segment, the velocity of the wire is tangential to the path 
of rotation. The magnetic field B points in perpendicular to the rotor surface 
everywhere under the pole face and is zero beyond the edges of the pole face. 
Under the pole face, velocity v is perpendicular to B, and the quantity v x B 
points out of the page . Therefore, the induced voltage on the segment is 

(v x B) • I 

{ ~Bl positive out of page under the pole face 

beyond the pole edges (7- 3) 

4. Segment da. Just as in segment be, V X B is perpendicular to I. Therefore the 
voltage in this segment will be zero, too: 

The total induced voltage on the loop eind is given by 

{
2VBl 

eind = 0 
under the pole faces 
beyond the pole edges 

(7-4) 

(7- 5) 

.. 
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FIGURE 7- 3 
The output voltage of the loop. 

When the loop rotates througb 180°, segmen t ab is under the north pole face in
stead of tbe south pole face. At that time, the direction of tbe voltage on the seg
ment reverses, but its magn itude remains constant. The resulting voltage eta! is 
shown as a function of time in Figure 7-3 . 

There is an alternative way to express Equation (7- 5) which clearly relates 
the behavior of the single loop to the behavior of larger, real de machines. To 

w 

v = rw 

FIGURE 7-4 

Pole surface are:, 
Af'~ rcrl 

Rotor surface area 
A=2rrrl 

Derivation of an alternative form of the induced voltage equation. 
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derive this alternative expression, examine Figure 7-4. Notice that the tangential 
velocity v of the edges of the loop can be expressed as 

where r is the radius from the axis of rotation out to the edge of the loop and Will is the 
angular velocity of the loop. Substituting this expression into Equation (7-5) gives 

_ {2rWmBI 
eind - 0 

{
2r1BWm 

eind = 0 

under the pole faces 

beyond the pole edges 

under the pole faces 

beyond the pole edges 

Notice al so from Figure 7--4 that the rotor surface is a cylinder, so the area of 
the rotor surface A is just equal to 27frl. Since there are two poles, the area of the 
rotor under each pole (ignoring the small gaps between poles) is Ap = 7frl. 

( Therefore, 

under the pole faces 

beyond the pole edges 

Since the flux density B is constant everywhere in the air gap under the pole faces, 
the (ota.1 flux under each pole is j ust the area of the pole times its flux density: 

Therefore, the final form of the voltage equation is 

_ {~¢wm 
eind - 0 

under the pole faces 

beyond the pole edges (7-6) 

Thus, the voLtage generated in the machine is equaL to the product of the 
flux inside the machine and the speed of rotation of the machi11e, multiplied by a 
constan t representing the mechankal construction of the machine. In general, the 
voltage in any real machine will depend on the same three factors: 

1. The fl ux in the machine 

2. The speed of rotation 

3. A constant representing the construction of the machine 

Getting DC Voltage Out of the Rotating Loop 

Figure 7-3 is a plot of the voltage etot generated by the rotating loop. As shown, 
the voltage out of the loop is alternately a constant positive val ue and a constant 
negative value. How can this machine be made to produce a dc voltage instead of 
the ac voltage it now has? 

One way to cia this is shown in Figure 7- 5a. Here two semicircular conduct
ing segments are added to the end of the loop, and two fixed contacts are set up at 
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FIGURE 7- 5 
Producing a dc output from the machine with a commutator and bmshes . (a) Perspective view; 
(b) the resulting output voltage . 

an angle such that at the instant when the voltage in the loop is zero, the contacts 
short-circuit the two segments. In this fashion, every time the voltage of the loop 
switches direction, the contacts also switch connections, and the output of the con" 
tacts is always built up in the same way (Figure 7-5b), This connection-switching 
process is known as commutation. The rotating semicircular segments are called 
commutator segments , and the fixed contacts are called brushes. 

( 
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FIGURE 7-6 
Derivation of an equation for the induced torque in the loop. Note thaI the iron core is nOI shown in 
part b for clarity. 

The Induced Torque in the Rotating Loop 

Suppose a battery is now connected to the machine in Figure 7- 5. The resulting 
configuration is shown in Figure 7-6. How much torque will be produced in the 
loop when the switch is closed and a current is allowed to flow into it? To deter
mine the torque, look at the close-up of the loop shown in Figure 7-6b. 

The approach to take in determining the torque on the loop is to look at one 
segment of the loop at a time and then sum the effects of all the individual seg
ments. The force on a segment of the loop is given by Equation ( 1-43) : 
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F = i(l X B) 

and the torque on the segment is given by 

'[ = rFsin8 (1 -6) 

where f) is the angle between r and F . The torque is essentially zero whenever the 
loop is beyond the pole edges. 

While the loop is under the pole faces, the torque is 

1. Segment abo In segment ab, the current from the battery is directed out of the 
page. The magnetic field under the pole face is pointing radialIy out of the ro
tor, so the force on the wire is given by 

F oh i(1 X B) 

itB tangent to direction of motion 

The torque on the rotor caused by this force is 

Tah rF sin f) 

rUIB) sin 90" 

rilB CCW 

(7-7) 

(7-8) 

2. Segment be. In segment be, the current from the battery is flowing from the 
upper left to the lower right in the picture. The force induced on the wire is 
given by 

F bc i(1 X B) 

o since 1 is parallel to B (7-9) 

Therefore, 

(7-10) 

3. Segment cd. In segment cd, the current from the battery is directed into the 
page. The magnetic field under the pole face is pointing radially into the ro
tor, so the force on the wire is given by 

ilB tangent to direction of motion 

The torque on the rotor caused by this force is 

Ted rF sin f) 

rUIB) sin 90" 

rilB CCW 

(7-11) 

(7-12): 

4. Segment da. In segment da, the current from the battery is fJowing from the 
upper left to the lower right in the picture. The force induced on the wire is 
given by 

( 
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i(1 x B) 

o since 1 is parallel to B 

Therefore, 

'Tda = 0 

The resulting total induced torque on the loop is given by 

T. = {2rilB 
md 0 

under the pole faces 

beyond the pole edges 

(7- 13) 

(7-14) 

(7-15) 

By us ing the facts that Ap ~ 7Trl and ", = ApB, the torque expression can be re
duced to 

under the pole faces 
(7-16) 

beyond the pole edges 

Thus, the torque produced in the machine is the product of the flux in the 
machine and the current in the machine, times some quantity representing the me
chanical construction of the machine (the percentage of the rotor covered by pole 
faces). In general, the torque in any real machine will depend on the same three 
fac tors: 

1. The flux in the machine 

2. The current in the machine 

3. A constant representing the construction of the machine 

Example 7-1. Figure 7-6 shows a simple rotating loop between curved pole faces 
connected to a battery and a resistor through a swi tch. The resistor shown models the total 
resistance of the battery and the wire in the machine. The physical dimensions and charac
teristics of this machine are 

r = 0.5 m 

R o,3D B 

VB 120 V 

(a) What happens when the switch is closed? 

1.0 III 

0,25 T 

(b) What is the machine's maximum starling current? What is its steady-state angu
lar velocity at no load? 

(c) Suppose a load is attached to the loop, and the resulting load torque is 10 N· m. 
What would the new steady-state speed be? How much power is supplied to the 
shaft of the machine? How much power is being supplied by the battery? Is this 
machine a motor or a generator? 

-



414 ELECTR IC MACHINERY FUNDAMENTALS 

(d) Suppose the machine is again unloaded, and a torque of 7.5 N • m is applied to 
the shaft in the direction of rotation. What is the new steady-state speed? Is this 
machine now a motor or a generator? 

(e) Suppose the machine is nmning unloaded. What would the fi nal steady-state 
speed of the rotor be if the flux density were reduced to 0 .20 T ? 

Solution 
(a) When the switch in Figure 7-6 is closed, a curren t will flow in the loop_ S ince 

the loop is initially stationary, e;IId = O. Therefore, the cu rrent will be given by 

VB - eind VB 

R =71 

This current flows through the rotor loop, producing a torque 

2 "' . Tind = ;. 'VI ccw 

This induced torque produces an angular acceleration in a counterclockwise di- r 

recti on, so the rotor of the machine begins to turn. But as the rotor begins to ( 
turn, an induced voltage is produced in the motor, given by 

so the current i falls. As the current falls, 'TirKI = (217r)cf> i J, decreases, and the ma
chine winds up in steady state with 'Tjlld = 0, and the banery voltage VB = ejod' 

This is the same SOlt of starting behavior Seen earlier in the linear dc machine. 

(b) At starting conditions, the machine's currenl is 

i = VB = 120 V = 400 A 
R 0.3r1 

At no-load steady-state conditions, the induced torque 'Tind must be zero. But 
'Tind = 0 implies that current i must equal zero, since 'Tind = (2I7r)c/Ji, and the flux 
is nonzero. The fact that i = 0 A means that the battery voltage VB = eind ' There
fore, the speed of the rotor is 

VB VB w=--- =--
(217r)<I> 2rlB 

120V 
2(0.5 m)(1.0 m)(0.25 T) = 480 rad/s 

(c) If a load torque of 10 N • m is applied to the shaft of the machine, it will begin 
to s low down. But as w decreases, e ind = (217r)4> wJ, decreases and the rotor cur
ren l increases [i = (VB - eind J,)lR]. As the rotor cu rrent increases, !'Tindl in

creases too, unti l 1 'Tind l = 1 'T10<ldl at a lower speed w. 
At steady state, 1 'Tloadl = 1 "rind l = (2/7T)4> i. Therefore, 

. Tind 'Tind 
I = (2/7r)<I> = 2rlB 

JON "m = 40A 
(2)(0.5 m)(1.0 m)(0.25 T) 

I 

l 
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By Kirchhoff' s voltage law, eind = VB - iR, so 

e;,d = 120 V - (40 A)(0.3!l) = 108 V 

Finally, the speed of the shaft is 

e iIld e iIld 

w = (2In) </> = 2rlB 

108 V 
(2)(0.5 m)(I.O m)(0.25 T) = 432 radls 

The power supplied to the shaft is 

= (10 N· m)(432 rad /s) = 4320 W 

The power out of the battery is 

P = VBi = (120 V)(40 A) = 4800 W 

( This machine is operating as a motor, converting electric power to mechanical 
power. 

( 

(ei) If a torque is applied in the direction of motion, the rotor accelerates. As the 
speed increases, the internal voltage eind increases and exceeds ~. so the CutTent 
flows om of the top of the bar and into the battery. This machine is now a gen
erator. This current causes an induced torque opposite to the di rection of mo
tion. The induced torque opposes the external applied torque, and eventually 
JTJoodJ = ] Tind] at a higher speed W ,)" 

The cun eot in the rotor will be 

. Tind Tind ,= ---=--
(2/7f)</> 2rlB 

7.5 N· m = 30 A 
(2)(0.5 01)(1.0 m)(0.25 T) 

The induced voltage eind is 

eind VB + iR 

120 V + (30 A)(0.3 0) 

129V 

Finally, the speed of the shaft is 

eind e ind 

w = (2/n)</> = 2rlB 

129 V 
(2)(0.5 m)(1.0 m)(0.25 T) = 516 radls 

(e) Si nce the machine is initially unloaded at the original conditions, the speed 
W", = 480 rad/s. If the flux decreases, there is a transient. However, after the 
transient is over, the machine must again have zero torque, since there is still no 
load on its shaft. If 'Tind = 0, then the current in the rotor must be zero, and 
Vii = eind' The shaft speed is thus 

eind ejnd 
w= ---=--

(217,)</> 2rlB 
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120 V 
600 radls (2)(0.501)(1.001)(0.20 T) 

Notice that when the flux in the machine is decreased, its speed increases. This 
is the same behavior seen in the linear machine and tJ1e same way that real de 
motors behave. 

7.2 COMMUTATION IN A SIMPLE 
FOUR-LOOP DC MACHINE 

Commutation is the process of converting the ac voltages and currents in the rotor 
of a de machine to de voltages and currents at its terminals. It is the most critical 
part of the design and operation of any de machine. A more detailed study is nec
essary to determine just how this conversion occurs and to discover the problems 
associated with it. In this section, the technique of commutation will be explained 
for a machine more complex than the single rotating loop in Section 7.1 but leSS( 
complex than a real dc machine. Section 7.3 will continue this development and 
explain commutation in real dc machines. 

A simple four-loop, two-pole dc machine is shown in Figure 7- 7. This ma
chine has four complete loops buried in slots carved in the laminated steel of its 
rotor. The pole faces of the machine are curved to provide a uniform air-gap width 
and to give a uniform flux density everywhere under the faces. 

The four loops of this machine are laid into the slots in a special manner. 
The "un primed" end of each loop is the outermost wire in each slot, while the 
"primed" end of each loop is the innermost wire in the slot directly opposite. The 
winding's connections to the machine's commutator are shown in Figure 7-7b. 
Notice that loop 1 stretches between commutator segments a and b, loop 2 
stretches between segments band c, and so forth around the rotor. 

N 

FIGURE 7-7 

w -

(a) 

wi =0° 
n .;::c...--=----

s 

(a) A four-loop, two-pole de machine shown at time wt = 0". (continues) 
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FIGURE 7- 7 (concluded) 
(b) The voltages on the rotor conductors at this ti me. (c) A wi nding diagram of this machine showing 
the interconnect ions of the rotor loops. 

At the instant shown in Figure 7- 7, the 1,2,3', and 4' ends of the loops are 
under the north pole face, while the 1',2',3, and 4 ends of the loops are under the 
south pole face, The voltage in each of the I, 2, 3', and 4' ends of the loops is 
given by 

(vxB)"1 

vEL positive out of page 

The voltage in each of the 1',2', 3, and 4 ends of the loops is given by 

(v x B) " 1 

vBI positive into the page 

(1-45) 

(7-17) 

(1-45) 

(7-18) 
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The overall result is shown in Figure 7-7b. In Figure 7- 7b, each coil represents 
one side (or conductor) of a loop. If the induced voltage on anyone side of a loop 
is called e = vBI, then the total voltage at the brushes of the machine is 

IE = 4e wi = 0'1 (7-19) 

Notice that there are two paralLel paths for current through the machine. The ex
istence of two or more parallel paths for rotor current is a common feature of all 
commutation schemes. ( 

What happens to the voltage E of the terminals as the rotor continues to 
rotate? To find out, examine Figure 7-8. This figure shows the machine at time 
wi = 45', At that time, loops 1 and 3 have rotated into the gap between the poles, 
so the voltage across each of them is zero. Notice that at this instant the brushes 
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The same machi ne at time wt = 90°, showing the voltages on the conductors. 

of the machine are shorting out commutator segments ab and cd. This bappens 
just at the time when the loops between these segments have 0 V across them, so 
shorting out the segments creates no problem. At this time, only loops 2 and 4 are 
under the pole faces, so the terminal voltage E is given by 

wI = 0' I (7- 20) 

Now let the rotor continue to turn through another 45°. The resulting situa
tion is shown in Figure 7-9. Here, the 1',2,3, and 4' ends of the loops are under 
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E, volts 

5e -

4e~ 
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v 

FIGURE 7- 10 
The resulting output voltage of the machine in Figure 7- 7. 

the north pole face, and the 1,2',3', and 4 ends of the loops are under the south 
pole face. The voltages are still built up out of the page for the ends under the 
north pole face and into the page for the ends under the south pole face. The re
sulting voltage diagram IS shown in Figure 7-9b. There are now four voltage
carrying ends in each parallel path through the machine, so the terminal voltage E 
is given by 

IE = 4e wi = 90' I (7- 21) 

Compare Figure 7-7 to Figure 7-9, Notice that the voltages on loops 1 and 
3 have reversed between the two pictures, but since their connections have also 
reversed, the total voltage is still being built up in the same direction as before. 
This fact is at the heart of every commutation scheme. Whenever the voltage re
verses in a loop, the connections of the loop are also switched, and the total volt
age is still built up in the original direction. 

The terminal voltage of this machine as a function of time is shown in Fig
ure 7-10. It is a better approximation to a constant dc level than the single rotat
ing loop in Section 7. 1 produced. As the number of loops on the rotor increases, 
the approximation to a perfect dc voltage continues to get better and better. 

In summary, 

Commutation is the process of switchi ng the loop connections on the rotor of a de 
machine just as the voltage in the loop switches polarity, in order to maintain an es-I 
sentially constant de output voltage. 

As in the case of the simple rotating loop, the rotating segments to which the 
loops are attached are called commutator segments, and the stationary pieces that 
ride on top of the moving segments are called brushes. The commutator segments 

( 
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in real machines are typically made of copper bars. The brushes are made of a mix
ture containing graphite, so that they cause very little fric tion as they rub over the 
rotating commutator segments. 

7.3 COMMUTATION AND ARMATURE 
CONSTRUCTION IN REAL DC MACHINES 

In real de machines, there are several ways in which the loops on the rotor (also 
called the armature) can be connected to its commutator segments. These differ
ent connections affect the number of parallel current paths within the rotor, the 
output voltage of the rotor, and the number and position of the brushes riding on 
the commutator segments. We wi11 now examine the construction of the coils on 
a real de rotor and then look at how they are connected to the commutator to pro
duce a de voltage. 

The Rotor Coils 

Regardless of the way in which the windings are connected to the commutator 
segments, most of the rotor windings themselves consist of diamond-shaped 
preformed coils which are inserted into the armature slots as a uni t (see Figure 
7-11). Each coil consists of a number of turns (loops) of wire, each turn taped and 
insulated from the other turns and from the rotor slot. Each side of a turn is ca11ed 
a conductor. The number of conductors on a machine's armature is given by 

where Z = number of conductors on rotor 

C = number of coils on rotor 

N c = number of turns per coil 

(7-22) 

Normally, a coil spans 180 electrical degrees. This means that when one 
side is under the center of a given magnetic pole, the other side is under the cen
ter of a pole of opposite polarity. The physical poles may not be located 180 me
chanical degrees apart, but the magnetic field has completely reversed its polarity 
in traveling from under one pole to the next. The relationship between the electri
cal angle and mechanical angle in a given machine is given by 

(7-23) 

where 8e = electrical angle, in degrees 

( 8m = mechanical angle, in degrees 

P = number of magnetic poles on the machine 

If a coil spans 180 electrical degrees, the voltages in the conductors on either side 
of the coil will be exactly the same in magnitude and opposite in direction at all 
times. Such a coil is called afull-pitch coil. 
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Nc turns 
insulated 
from 
each 
other 

FIGURE 7-11 

I = length of conductor 

(al 

(b) 

(a) The shape of a typical preformed rotor coil. (b) A typical coil insulation system showing the 
insulation between turns wi thin a coi l. (Courtesy of General Electric Company.) 

Sometimes a coil is built that spans less than 180 electrical degrees. Such a 
coil is called afractional-pitch coil, and a rotor winding wound with fractional
pitch coils is called a chorded winding. The amount of chording in a winding is 
described by a pitch/actor p, which is defined by the equation 

electrical angle of coil 
p = 180' x 100% (7-24) 

Sometimes a small amount of chording will be used in de rotor windings to im-{ 
prove commutation. 

Most rotor windings are two-layer windings, meaning that sides from two 
different coils are inserted into each slot. One side of each coil will be at the bot
tom of its slot, and the other side will be at the top of its slot. Such a construction 
requires the individual coils to be placed in the rotor slots by a very elaborate 
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FIGURE 7-12 
The installation of preformed rotor coils on a de machine rotor. (Courtesy of Westinghouse Electric 
Company.) 

procedure (see Figure 7-12). One side of each of the coils is placed in the bottom 
of its slot, and then after all the bottom sides are in place, the other side of each 
coil is placed in the top of its slot. In this fashion, all the windings are woven to
gether, increasing the mechanical strength and uniformity of the final structure. 

Connections to the Commutator Segments 

Once the windings are installed in the rotor slots, they must be connected to the 
commutator segments. There are a number of ways in which these connections 
can be made, and the different winding arrangements which result have different 
advantages and disadvantages . 

The distance (in number of segments) between the corrunutator segments to 
which the two ends of a coil are connected is called the commutator pitch Yc- If the 
end of a coil (or a set number of coils, for wave construction) is connected to a 
commutator segment ahead of the one its beginning is connected to, the winding 
is called a progressive winding (see Figure 7- 13a). If the end of a coil is con
nected to a commutator segment behind the one its beginning is connected to, the 
winding is called a retrogressive winding (see Figure 7-13b). If everything else is 
identical, the direction of rotation of a progressive-wound rotor will be opposite 
o the direction of rotation of a retrogressive-wound rotof. 

Rotor (armature) windings are further classified according to the plex of 
thei r windings. A simplex rotor winding is a single, complete, closed winding 
wound on a rotor. A duplex rotor winding is a rotor with two complete and inde
pendent sets of rotor windings. If a rotor has a duplex winding, then each of the 
windings will be associated with every other commutator segment: One winding 
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(a) (b) 

FIGURE 7-13 
(a) A coil in a progressive rotor winding. (b) A coi l in a retrogressive rotor winding. 

will be connected to segments 1, 3, 5, etc., and the other winding will be con
nected to segments 2, 4, 6, etc. Similarly, a triplex winding will have three com
plete and independent sets of windings, each winding connected to every third 
commutator segment on the rotor. Collectively, all armatures with more than one 
set of windings are said to have multiplex windings. 

Finally, armature windings are classified according to the sequence of their 
connections to the commutator segments. There are two basic sequences of anna
ture winding connections-lap windings and wave windings. In addition, there is 
a third type of winding, called a/rag-leg winding, which combines lap and wave 
windings on a si ngle rotor. These windings will be examined individually below, 
and their advantages and disadvantages will be discussed. 

The Lap Winding 

The simplest type of winding construction used in modern de machines is the sim
plex series or lap winding. A simplex lap winding is a rotor winding consisting of 
coils containing one or more turns of wire with the two ends of each coil coming 
out at adjacent commutator segments (Figure 7-13). If the end of the coil is con
nected to the segment after the segment that the beginning of the coil is connected 
to, the winding is a progressive lap winding and Yc = 1; if the end of the coil is 
connected to the segment before the segment that the beginning of the coil is con
nected to, the winding is a retrogressive lap winding and Yc = -1. A simple twoT 
pole machine with lap windings is shown in Figure 7-14. 

An interesting feature of simplex lap windings is that there are as many par
allel current paths thlVugh the machine as there are poles on the machine. If C is 
the number of coils and commutator segments present in the rotor and P is the 
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N S 

FIGURE 7-14 
A simple two- pole lap-wou nd de machine. 

number of poles on the machine, then there will be c/P coils in each of Ihe P par
al lel CUJTent paths through the machine. The fact that there are P current paths also 
requires that there be as many brushes on the machine as there are poles in order 
to tap all the current paths, This idea is illustrated by the simple fou r-pole motor 
in Figure 7- 15. Notice that, for this motor, there are four current paths through the 
rotor, each having an equal voltage. The fact that there are many current paths in 
a multipoie machjne makes the lap winding an ideal choice for fairly low-voltage, 
high-current machines, since tbe high currents required can be spli t among the 
several different current paths. This current splitting permits the size of individual 
rotor conductors to remain reasonable even when the total current becomes ex
tremely large. 

The fact that there are many parallel paths through a multipole lap-wound 
machine can lead to a serious problem. however. To understand the nature of this 
problem. examine the six-pole machine in Figure 7-16. Because of long usage, 
there has been slight wear on the bemings of this machine, and the lower wires are 
closer to their pole faces than the upper wires are. As a result, there is a larger volt
age in the current paths involving wires under the lower pole faces than in the paths 
involving wires under the upper pole faces. Since all the paths are connected in par
allel, the result will be a circulating current flowing out some of the brushes in the 
machine and back into others. as shown in Figure 7-17. Needless to say, this is not 
good for the machine. Since the winding resistance of a rotor circuit is so small, a 
very tiny imbalance among the voltages in the parallel paths will cause large cir
culating currents through the brushes and potentially serious heating problems. 

The problem of circulating currents within the parallel paths of a machine 
with four or more poles can never be entirely resolved, but it can be reduced 
somewhat by equalizers or equalizing windings. Equalizers are bars located on the 
rotor of a lap-wound dc machine that short together points at the same voltage 
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FIGURE7-J5 , 
(a) A four-pole lap-wound de motor. (b) The rotor winding diagram of this machine. Notice that each 
winding ends on the commutator segment just after the one it begins at. This is a progressive lap 
winding. 
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FIGURE 7- 16 
A six-pole de motor showing the effects of beari ng wear. Notice that the rotor is s lightly closer to the 
lower poles than it is to the upper poles. 

level in the different parallel paths. The effect of this shorting is to cause any cir
culating currents that occur to flow inside the small sections of windings thus 
shorted together and to prevent this circulating current from flowing through the 
brushes of the machine, These circulating currents even patiial1y correct the flux 
imbalance that caused them to exist in the first place. An equalizer for the four
pole machine in Figure 7- 15 is shown in Figure 7-18, and an equalizerfor a large 
lap-wound de machine is shown in Figure 7- 19. 

If a lap winding is duplex, then there are two completely independent wind
ings wrapped on the rotor, and every other commutator segment is tied to one of 
the sets. Therefore, an individual coil ends on the second commutator segment 
down from where it started, and y, = :':2 (depending on whether the winding is 
progressive or retrogressive), Since each set of windings has as many current 
paths as the machine has poles, there are twice as many current paths as the ma
chine has poles in a duplex lap winding. 

In general. for an m-plex lap winding, the commutator pi tch Yc is 

lap winding (7-25) 

and the number of current paths in a machine is 

I a = mP I lap winding (7-26) 



• 

428 ELECTRIC MACHINERY FUNDAMENTALS 

Circulating Current 
+ 

J.. .,l", .j.. 

+ + I + + + 
, , , ,. e· 

- - - - -

+ + + ~+ + 
, e e i e· e· 

- - - ! - -

+ + + + + 

e , , ,. ,. 
) - - - - -

) + + + + + 
,. 5 , e e· e· 

) - - - - -

+ + + + + 

e e , e· e· 

- - - - -

T ,.. - T 
e+ slightly greater voltage 

e- slightly lower voltage 

FIGURE 7- 17 
The voltages on the rotor conductors of the machine in Figure 7- 16 are unequal, producing 
circulati ng cun-cnts flowing through its brushes. 

where a = number of current paths in the rotor 

In ~ plex of the windings (I, 2, 3, etc.) 

P = number of poles on the machine 

The Wave Winding 
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The series or wave winding is an alternative way to connect the rotor coils to the 
commutator segments. Figure 7-20 shows a simple four-pole machine with a 
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FIGURE 7-18 
(a) An equalizer connection for the four-pole machi ne in Figure 7- 15. (b) A voltage diagram for the 
machine shows the points shorted by the equalizers. 
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FIGURE 7- 20 
A simple four-pole wave-wound de machine. 

FIGURE 7-19 
A closeup of the commutator of a ( 
large lap-wound de machine. The 
equalizers are mounted in the 
small ring just in front of the 
commutator segments. (Collrtesy 
o/General Electric Company.) 

N 

( 



( 

DC MACHINERY FUNDAMENTALS 431 

simplex wave winding. In this simplex wave winding, every other rotor coil con
nects back to a commutator segment adjacent to the beginning of the first coi1. 
Therefore, there are two coils in series between the adjacent commutator seg
ments. Furthermore, since each pair of coils between adjacent segments has a side 
under each pole face, all output voltages are the sum of the effects of every pole, 
and there can be no voltage imbalances. 

The lead from the second coil may be connected to the segment either ahead 
of or behind the segment at which the first coil begins. If the second coil is con
nected to the segment ahead of the first coil, the winding is progressive; if it is 
connected to the segment behind the first coil, it is retrogressive. 

In general, if there are P poles on the machine, then there are P/2 coils in se
ries between adjacent commutator segments. If the (PI2)th coil is connected to the 
segment ahead of the first coil, the winding is progressive. If the (Pl2)th coil is 
connected to the segment behind the first coil, the winding is retrogressive. 

In a simplex wave winding, there are only two current paths. There are CI2 
or one-half of the windings in each current path. The brushes in such a machine 
will be located a full pole pitch apart from each other. 

What is the commutator pitch for a wave winding? Figure 7-20 shows a 
progressive nine-coil winding, and the end of a coil occurs five segments down 
from its starting point. In a retrogressive wave winding, the end of the coil occurs 
four segments down from its starting point. Therefore, the end of a coil in a four
pole wave winding must be connected just before or just afte r the point halfway 
around the circle from its starting point. 

The general expression for commutator pitch in any simplex wave winding is 

simplex wave (7-27) 

where C is the number of coils on the rotor and P is the number of poles on the 
machine. The plus sign is associated with progressive windings, and the minus 
sign is associated with retrogressive windings. A simplex wave winding is shown 
in Figure 7-21. 

Since there are only two current paths through a simplex wave-wound rotor, 
only two brushes are needed to draw off the current. This is because the segments 
undergoing commutation connect the points with equal voltage under all the pole 
faces. More brushes can be added at points 180 electrical degrees apart if desired, 
since they are at the same potential and are connected together by the wires un
dergoing commutation in the machine. Extra brushes are usually added to a wave
wound machine, even though they are not necessary, because they reduce the 
amount of current that must be drawn through a given brush set. 

Wave windings are well suited to building higher-voltage de machines, 
( since the number of coils in series between commutator segments permits a high 

voltage to be built up more easily than with lap windings. 
A mUltiplex wave winding is a winding with multiple independent sets of 

wave windings on the rotor. These extra sets of windings have two current paths 
each, so the number of current paths on a multiplex wave winding is 

• 
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FIGURE 7-21 
T he rotor winding diagram for the machine in Figure 7~20. Notice that the end of every second coil in 
series connects to the segment after the beginning of the first coiL This is a progressive wave winding. 

multiplex wave (7- 28) 

The Frog-Leg Winding 

Thefrog -Ieg winding or selFequalizing winding gets its name from the shape of 
its coils, as shown in Figure 7-22. It consists of a lap winding and a wave wind
ing combined. 

The equalizers in an ordinary lap winding are connected at points of equal 
voltage on the windings. Wave windings reach between points of essentially equal 
voltage under successive pole faces of the same polarity, which are the same lo
cations that equalizers tie together. A frog-leg or self-equalizing winding com
bines a lap winding with a wave winding, so that the wave windings can function 
as equalizers for the lap winding. 

The number of current paths present in a frog-leg winding is 

I a = 2Pm"p I frog-leg winding (7-29) 

where P is the number of poles on the machine and mlap is the plex of the lap 
winding. 

Example 7-2. Describe the rotor winding arrangement of the four-loop machine 

( 

in Section 7.2. ( 

Soluti01l 
The machine described in Section 7.2 has four coils , each containing one turn, resulting in 
a total of eight conductors. It has a progressive lap winding. 
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FIGURE 7- 12 
A frog-leg or self-equalizing winding coi l. 

7.4 PROBLEMS WITH COMMUTATION IN 
REAL MACHINES 

The commutation process as described in Sections 7.2 and 7.3 is not as simple in 
practice as it seems in theory. because two major effects occur in the real world to 
disturb it: 

1. Armature reaction 

2. L dildt voltages 

Thi s section explores the nature of these problems and the solutions employed to 
mitigate their effects. 

Armature Reaction 

If the magnetic field windings of a de machine are connected to a power supply 
and the rotor of the machine is turned by an external source of mechanical power, 
then a voltage will be induced in the conductors of the rotor. This voltage will be 
rectified into a de output by the action of the machine's commutator. 

Now connect a load to the terminals of the machine, and a current will flow 
in its armature windings. This current flow will produce a magnetic fi e1d of its 
own, which will distort the original magnetic field from the machine's poles. This 
distortion of the flux in a machine as the load is increased is called armature re
action. It causes two serious problems in real de machines. 

The first problem caused by armature reaction is neutral-plane shift. The 
magnetic neutral plane is defined as the plane within the machine where the 

-
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FIGURE 7- 23 
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The development of armature reaction in a de generator. (a) initially the pole flux is uniformly 
distributed, and the magnetic neutral plane is vertical; (b) the effect of the air gap on the pole flux 
distribution; (c) the armature magnetic field resulting when a load is connected to the machine; 
Cd) both rotor and po le fluxes are shown, indicat ing points where lhey add and subtract; (e) the 
resulting flux under the poles. The neutral plane has shifted in the direction of motion. 

velocity of the rotor wires is exactly parallel to the magnetic flux lines, so that e ind 

in the conductors in the plane is exactly zero. 
To understand the problem of neutral-plane shift, examine Figure 7- 23. Fig

ure 7- 23a shows a two-pole dc machine. Notice that the flux is distributed uni
formly under the pole faces. The rotor windings shown have voltages built up out 
of the page for wires under the north pole face and into the page for wires under ( 
the south pole face. The neutral plane in this machine is exactly vertical. . 

Now suppose a load is connected to this machine so that it acts as a genera
tor. Current will flow out of the positive terminal of the generator, so current will I 
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be flowing out of the page for wires under Ihe north pole face and into the page for 
wires under the south pole face. This current flow produces a magnetic field from 
the rotor windings, as shown in Figure 7- 23c. This rotor magnetic field affects the 
original magnetic field from the poles that produced the generator 's voltage in the 
first place. In some places under the pole surfaces, it subtracts from the pole flux, 
and in other places it adds to the pole flux. The overall result is that the magnetic 
fl ux in the air gap of the machine is skewed as shown in Figure 7- 23d and e. No
tice that the place on the rotor where the induced voltage in a conductor would be 
zero (the neutral plane) has shifted. 

For the generator shown in Figure 7- 23, the magnetic neutral plane shifted 
in the direction of rotation. If this machine had been a motor, the current in its ro
tor would be reversed and the flux would bunch up in the opposite corners from 
the bunches shown in the figure. As a result, the magnetic neutral plane would 
shift the other way. 

In general, the neutral plane shifts in the direction of motion for a generator 
and opposite to the di rection of motion for a motor. Furthermore, the amount of the 
shift depends on the amount of rotor current and hence on the load of the machine. 

So what's the big deal about neutral-plane shift? It's just this: The commu
tator must short Qut commutator segments just at the moment when the voltage 
across them is equal to zero. If the brushes are set to short out conductors in the 
vertical plane, then the voltage between segments is indeed zero until the machine 
is loaded. When the machine is loaded, the neutral plane shifts, and the brushes 
short out commutator segments with a fin ite vo ltage across them. The result is a 
current flow circulating between the shorted segments and large sparks at the 
brushes when the current path is interrupted as the brush leaves a segment. The 
end result is arcing and sparking at the brushes . This is a very serious problem, 
since it leads to drastically reduced brush life, pitting of the commutator segments, 
and greatly increased maintenance costs. Notice that this problem cannot be fixed 
even by placing the brushes over the full-load neutral plane, because then they 
would spark at no load. 

In extreme cases, the neutral-plane shift can even lead to flashover in the 
commutator segments near the brushes. The air near the brushes in a machine is 
nOlmaily ionized as a result of the sparking on the brushes. Flashover occurs when 
the voltage of adjacent commutator segments gets large enough to sustain an arc 
in the ionized air above them. If flashover occurs, the resulting arc can even melt 
the commutator's surface. 

The second major problem caused by armature reaction is called flux weak
ening. To understand flux weakening, refer to the magnetization curve shown in 
Figure 7-24. Most machi nes operate at flu x densities near the saturation point. 
Therefore, at locations on the pole surfaces where the rotor magnetomotive force 
adds to the pole magnetomotive force, only a small increase in flu x occurs. But at 
locations on the pole surfaces where the rotor magnetomotive force subtracts from 
the pole magnetomotive force, there is a larger decrease in flux. The net result is 
that the total average flUX under the entire pole face is decreased (see Figure 7-25). 

• 
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FIGURE 7- 24 
A typical magnetization curve shows the effects of pole saturation where armature and pole 
magnetomotive forces add . 

Flux weakening causes problems in both generators and motors. In genera
tors, Ihe effect of flux weakening is simply to reduce the voltage supplied by the 
generator for any given load. In motors, the effect can be more serious. As the early 
examples in this chapter showed, when the flux in a motor is decreased, its speed in
creases. But increasing the speed of a motor can increase its load, resulting in more 
flux weakening. It is possible for some shunt dc motors to reach a runaway condi
tion as a result of flux weakening, where the speed of the motor just keeps increas
ing until the machine is disconnected from the power line or until it destroys itself. 

L di/dt Voltages 

The second major problem is the L dildt voltage that occurs in commutator seg
ments being shorted out by the brushes, sometimes caned inductive kick. To un-, 
derstand this problem, look at Figure 7- 26. This figure represents a series of com·' 
mutator segments and the conductors connected between them. Assuming that the 
CUlTent in the brush is 400 A, the current in each path is 200 A Notice that when 
a commutator segment is shorted out, the current flow through that commutator 
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The flux and magnetomotive force under the pole faces in a de machine. At lhose points where the 
magnetomotive forces subtract, the flux closely follows the net magnetomotive force in the iron; but 
at those points where the magnetomotive forces add, saturation limits the total flux present. Note 
also that the neutral point of the rotor has shifted. 

segment must reverse. How fas t must this reversal occur? Assuming that the ma
chine is turning at 800 r/min and that there are 50 conunutator segments (a reason
able number for a typical motor), each commutator segment moves under a brush 
and clears it again in t = 0.0015 s. Therefore, the rate of change in current with re
spect to time in the shorted loop must average 

di _ 400A 
dt - 0.0015 s = 266,667 A/s (7-30) 
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FIGURE 7-26 
(a) The reversal of current flow in a coil undergoing commutation. Note that the current in the 
coil between segments a and b must reverse direction while the brush shorts together the two 
commutator segments. (b) The current reversal in the coil undergoing commutation as a function 
of time for both ideal commutation and real commutation, with the coil inductance taken into 
account. 

With even a tiny inductance in the loop, a very significant inductive voltage kick 

( 

v = L dildt will be induced in the shorted commutator segment. This high voltagd 
naturally causes sparking at the brushes of the machine, resulting in the same arc
ing problems that the neutral-plane shift causes. 



( 

( 

-

UC MACHINt,R Y rUNUAMt,N IAL~ q ..1:'} 

Solutions to the Problems with Commutation 

Three approaches have been developed to partially or completely correct the prob
lems of armature reaction and L dildt voltages: 

1. Brush shifting 

2. Commutating poles or interpoles 

3. Compensating windings 

Each of these techniques is explained below. together with its advantages and dis
advantages. 

BRUSH SHIFTING. Historically, the first attempts to improve the process of 
commutation in real de machines staI1ed with attempts to stop the sparking at the 
brushes caused by the neutral-plane shifts and L dildt effects. The first approach 
taken by machine designers was simple: If the neutral plane of the machine shifts. 
why not shift the brushes with it in order to stop the sparking? It certainly seemed 
like a good idea, but there are several serious problems associated with it. For one 
thing, the neutral plane moves with every change in load, and the shift direction 
reverses when the machine goes from motor operation to generator operation. 
Therefore, someone had to adjust the brushes every time the load on the machine 
changed. In addition, shifting the brushes may have stopped the brush sparking, 
but it actually aggravated the flux-weakening effect of the armature reaction in 
the machine. This is true because of two effects: 

1. The rotor magnetomotive force now has a vector component that opposes the 
magnetomotive force from the poles (see Figure 7-27). 

2. The change in armature current distribution causes the flux to bunch up even 
more at the saturated parts of the pole faces. 

Another slightly different approach sometimes taken was to fix the brushes 
in a compromise position (say, one that caused no sparking at two-thirds of full 
load). In this case, the motor sparked at no load and somewhat at full load, but if 
it spent most of its life operating at about two-thirds of full load, then sparking 
was minimized. Of course, such a machine could not be used as a generator at 
all-the sparking would have been horrible. 

By about 1910, the brush-shifting approach to controlling sparking was al
ready obsolete. Today, brush shifting is only used in very small machines that al
ways run as motors. This is done because better solutions to the problem are sim
ply not economical in such small motors. 

COMMUTATING POLES OR INTERPOLES. Because of the disadvantages noted 
above and especial1y because of the requirement that a person must adjust the 
brush positions of machines as their loads change, another solution to the problem 
ofbrush sparking was developed. The basic idea behind this new approach is that 

• 



-

44U ELECTRlC MACHINERY FUNDAMENTALS 

/ BlUshes 

Old neutral plane 
I_--F--_ 

N 

Net magnetomotive 
force 7fi nd 

s 

./f Rotor magnetomotive 

~fOrCe '?:FR 

(a) 

FIGURE 7-27 

N 

New neutral plane 

Old neutral plane 
"L_-+-_ 

w 

s 

Original net ( 
New net 
magneto lllotive ""-. 
force ""'-... I 

magnetomotive 
force 

~ '1 
'j-ncl .......... I 

"_ .• _.................... I 
_ ~ - I fifiR 

I 

(b) 

(a) The net magnetomotive force in a de machi ne with its brushes in the vertical plane. (b) The net 
magnetomotive force in a de machine with its brushes over the shifted neutral plane . Notice that now 
there is a component of annature magnetomotive force directly opposing the poles' magnelomotive 
force, and the net magnetomotive force in the machine is reduced . 

if the voltage in the wires undergoing commutation can be made zero, then there 
will be no sparking at the brushes. To accomplish this, small poles, called com
mutating poles or interpoles, are placed midway between the main poles. These 
commutating poles are located directly over the conductors being commutated. By 
providing a flux from the commutating poles, the voltage in the coils undergoing 
commutation can be exactly canceled. If the cancellation is exact, then there will 
be no sparking at the brushes. 

The commutating poles do not otherwise change the operation of the ma
chine, because they are so small that they affect only the few conductors about to 
undergo commutation. Notice that the armature reaction under the main pole faces ( 
is unaffected, since the effects of the commutating poles do not extend that far. This 
means that the flux weakening in the machine is unaffected by commutating poles. 

How is cancellation of the voltage in the commutator segments accom
plished for all values of loads? This is done by simply connecting the interpole 
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windings in series with the windings on the rotor, as shown in Figure 7- 28. As the 
load increases and the rotor current increases, the magnitude of the neutral-plane 
shift and the size of the L dildt effects increase as well. Both these effects increase 
the voltage in the conductors undergoing commutation. However, the interpole 
flux also increases, producing a larger voltage in the conductors that opposes the 
voltage due to the neutral-plane shift . The net result is that their effects cancel 
over a broad range of loads. Note that interpoles work for both motor and gener
ator operation, since when the machine changes from motor to generator, the cur
rent both in its rotor and in its interpoles reverses direction. Therefore, the voltage 
effects from them still cancel. 

What polarity must the flux in the interpoles be? The interpoles must induce 
a voltage in the conductors undergoing commutation that is opposite to the voltage 
caused by neutral-plane shift and L dildt effects . In the case of a generator, the neu
tral plane shifts in the direction of rotation, meaning that the conductors undergoing 
commutation have the same polarity of voltage as the pole they just left (see Figure 
7-29). To oppose this voltage, the interpoles must have the opposite flux, which is 
the flux of the upcoming pole. In a motor, however, the neutral plane shifts opposite 
to the direction of rotation, and the conductors undergoing commutation have the 
same flu x as the pole they are approaching. In order to oppose this voltage, the in
terpoles must have (he same polarity as the previous main pole. Therefore, 

1. The in(erpoies must be of the same polarity as the next upcoming main pole 
in a generator. 

N s 

<-t-------------------------O + 

FIGURE 7- 28 
A dc machine with interpoies. 
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2. The interpoles must be of the same polarity as the previous main pole in a 
motor. 

The use of cOInmutating poles or interpoles is very common, because they 
correct the sparking problems of de machines at a fairly low cost. They are almost 
always found in any de machine of 1 hp or larger. It is important to realize, 
though, that they do nOlhing for the flux distribution under the pole faces, so the 
flux -weakening problem is still present. Most medium-sized general-purpose mo
tors correct for sparking problems with interpoles and just live with the flux
weakening effects. 

New neutral 
plane 

\ 
\ 
\ 

u 

N e 
n 

(3) 

New 

W neutral 
plane 

(b) 

FIGURE 7-29 

( 

s 

Determining the required polarity of an interpole. The flux from the interpole must produce a voltage 
th at opposes the existing voltage in the conductor. 
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FIGURE 7- 30 
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\ 
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Neutral plane not shifted 
with load 

(b) 

The effect of compensating windings in a dc machine. (a) The pole fl ux in the machine; (b) the 
fluxes from the annature and compensating windings . Notice that they lire equal and opposite; 
(c) the net flux in the machine, wh ich is just the original pole flu x. 

I 
I 

COMPENSATING WINDINGS. For very heavy, severe duty cycle motors, the 
flux-weakeni ng problem can be very serious. To completely cancel armature re
action and thus eliminate both neutral-plane shift and flux weakening, a different 
technique was developed. Thi s third technique involves placing compensating 
windings in slots carved in the faces of the poles parallel to the rotor conductors, 
to cancel the distorting effect of armature reaction. These windings are connected 
in series with the rotor windings, so that whenever the load changes in the rotor, 
the cun'ent in the compensating windings changes, too. Figure 7- 30 shows the ba
sic concept. In Figure 7-30a, the pole flux is shown by itself. In Figure 7-30b, the 
rotor flux and the compensating winding flux are shown. Figure 7- 30c represents 
the sum of these three fluxes, which is just equal to the original pole flux by itself. 

Figure 7-3 1 shows a more careful development of the effect of compensat
ing windings on a de machine. Notice that the magnetomotive force due to the 
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The fl ux and magnetomotive forces in a de machine with compensating windings. 

( 

compensating windings is equal and opposite to the magnetomotive force due to 
the rotor at every poi nt under the pole faces. The resulting net magnetomotive 
force is just the magnetomotive force due to the poles, so the flux in the machine 
is unchanged regardless of the load on the machine. The stator of a large de ma
chine with compensating windings is shown in Figure 7-32. 

The major disadvantage of compensati ng windings is that they are expen
sive, since they must be machined into the faces of the poles. Any motor that uses 
them must also have interpoles, since compensating windings do not cancel 
L dildt effects. The in terpoles do not have to be as strong, though, since they are 
canceling only L di/clt voltages in the windings. and not the voltages due to 
neutral-plane shifting. Becallse of the expense of having both compensating wind
ings and interpoles on such a machine, these windings are used only where the ex
tremely severe nature of a motor 's duty demands them. 

-
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FIGURE 7-32 
The stator of a six-pole de machine with interpoles and compensating windings. (Courtesy of 
Westinghouse Electric Company.) 

7.5 THE INTERNAL GENERATED VOLTAGE 
AND INDUCED TORQUE EQUATIONS OF 
REAL DC MACHINES 

How much voltage is produced by a real de machine? The induced voltage in any 
given machine depends on three factors: 

1. The flux 10 in the machine 

2. The speed Wm of the machine's rotor 

3. A constant depending on the construction of the machine 

How can the voltage in the rotor windings of a real machine be determined? The 
voltage out of the armature of a real machine is equal to the number of conductors 
per current path times the voltage on each conductor. The voltage in any single 
conductor under the pole faces was previously shown to be 

eind = e = vBl (7-31) 

( The voltage out of the armature of a real machine is thus 

E ~ ZvBI 
A a (7-32) 
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where Z is the total number of conductors and a is the number of current paths. 
The velocity of each conductor in the rotor can be expressed as v = rW1I1' where r 

is the radius of the rotor. so 

Zrw",B1 
E = --

A a (7-33) 

This voltage can be reexpressed in a more convenient form by noting that 
the flux of a pole is equal to the flux density under the pole times the pole's area: 

q, = BA p 

The rotor of the machine is shaped like a cylinder, so its area is 

A = 27rrl (7-34) 

If there are P poles on the machine, then the portion of the area associated with 
each pole is the total area A divided by the number of poles P: 

(7-35) 

The total flux per pole in the machine is thus 

q, = BA p = B(2 7rrl) = 27rrlB 
P P 

(7-36) 

Therefore, the internal generated voltage in the machine can be expressed as 

Finally, 

where 

ZrwmBl 
EA =--a-

= ( ZP )(2 7rrlB ) w 
27Ta P //I 

(7-33) 

(7-37) 

(7- 38) 

(7-39) 

In modern industrial practice, it is common to express the speed of a ma
chine in revolutions per minute instead of radians per second. The conversion 
from revolutions per minute to radians per second is 

(7-40) 

so the voltage equation with speed expressed in terms of revolutions per minute is 

( 
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l EA - K'</mm I (7-41) 

where I K ' = f6a I (7-42) 

How much torque is induced in the annature of a real dc machine? The 
torque in any dc machine depends on three factors: 

1. The flux q, in the machine 

2. The armature (or rotor) current IA in the machine 

3. A constant depending on the constmction of the machine 

How can the torque on the rotor of a real machine be determined? The 
torque on the armature of a real machine is equal to the number of conductors Z 
times the torque on each conductor. The torque in any single conductor under the 
ooiefaces was previously shown to be 

(7-43) 

If there are a current paths in the machine, then the total armature current f A is 
spli t among the a current paths, so the current in a single conductor is given by 

fA 
fcond = -;; 

and the torque in a single conductor on the motor may be expressed as 

rIAiB 
'Tcond = -a-

(7-44) 

(7-45) 

Since there are Z conductors, the total induced torque in a de machine 

rotor is 

ZrlBIA 
Tind = -a- (7-46) 

The flux per pole in this machine can be expressed as 

'" = BA = B(27rri) = 27rr1B 
'I' p P P (7-47) 

so the total induced torque can be reexpressed as 

(7-48) 

Finally, 

(7-49) 

where (7-39) 
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Both the internal generated voltage and the induced torque equations just 
given are only approximations, because not all the conductors in the machine are 
under the pole faces at any given time and also because the surfaces of each pole 
do not cover an entire liP of the rotor 's surface. To achieve greater accuracy. the 
number of conductors under the pole faces could be used instead of the total num
ber of conductors on the rotor. 

Example 7- 3. A dup lex lap-wound armature is used in a six-pole de machine with 
six brush sets, each spanning two commutator segments. There are 72 coils on the anna
ture, each contain ing 12 turns. The flux per pole in the machine is 0.039 Wb, and the ma
chine spins at 400 r/min. 

(a) How many current paths are there in this machine? 
(b) What is its induced voltage EA? 

Solution 
(aJ The number of current paths in this machine is 

a = mP = 2(6) = 12 current paths 

(b) The induced voltage in the machine is 

and K'~ ZP 
60a 

The number of conductors in lhis machine is 

z 2CNc 

2(72)(12) 1728 conductors 

Therefore, the constant K' is 

K ' ~ Zp ~ (1728)(6) ~ 144 
60a (60)(12) . 

and the voltage EA is 

(14.4)(0.039 Wb)(400 r/min) 

224.6 V 

(7- 26) 

(7-41) 

(7-42) 

(7-22) 

( 

Example 7-4. A 12-pole dc generator has a simplex wave-wound armature con
taining 144 coils of 10 turns each. The resistance of each turn is 0.011 Q. Its flux per pole 
is 0.05 Wb, and it is turning at a speed of 200 r/min. 

(a) How many current paths are there in this machine? 
(b) What is the induced annature voltage of this machine? 
(c) What is the effective armature resistance of thi s machine? 
(d) If a l-kQ resistor is connected to the terminals of thi s generator, what is the re

sulting induced countertorque on the shaft of the machine? (Ignore the internal 
armature resistance of the machine.) 
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Solution 
(a) There are a = 2m = 2 current paths in this winding. 
(b) There are Z ~ 2eN, ~ 2(144)(10) ~ 2880 conductors on this generator's rotor. 

Therefore, 

K' = ZP ~ (2880)(12) ~ 288 
60a (60)(2) 

Therefore, the induced voltage is 

EA K'cpnm 

(288)(0.05 Wb)(200 r/min) 

2880V 

(c) There are two para llel paths through the rotor of this machine, each one consist
ing of 2/2 = 1440 conductors, or 720 turns. Therefore, the resistance in each 
current path is 

Resistance/path = (720 turns)(O.Oll fl/turn) = 7.92 i1 

Since there are two paraliel paths, the effective armature resistance is 

(d) If a IOOO-D load is connected to the terminals of the generator, and if R;\ is ig
nored, then a cun'ent of 1= 2880 V/ l OOO n = 2.88 A flows. The constant K is 
given by 

K ~ ZP ~ (2880)(1 2) ~ 2750 2 
21Ta (21T)(2) . 

Therefore, the countertorque on the shaft of the generator is 

T;" K <PIA = (2750.2)(0.05 Wb)(2.88 A) 

= 396N· m 

7.6 THE CONSTRUCTION 
OF DC MACHINES 

A simplified sketch of a dc machine is shown in Figure 7-33, and a more detailed 
cutaway diagram of a de machine is shown in Figure 7-34. 

The physical structure of the machine consists of two parts: the stator or sta
tionary part and the rotor 01' rotating palt. The stationary part of the machine con
sists of the frame, which provides physical support, and the pole pieces, which 
project inward and provide a path for the magnetic flux in the machine. The ends 

( )f the pole pieces that are near the rotor spread out over the rotor surface to dis
tribute its flux evenly over the rotor surface. These ends are called the pole shoes. 
The exposed surface of a pole shoe is called a pole face, and the distance between 
the pole face and the rotor is called the air gap . 

... ,-------------------------------------------
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FIGURE 7- 33 
A simplified diagram of a de machine. 

(a) (b) 

FIGURE 7- 34 
(a) A cutaway view of a 4000-hp, 700-V, IS- pole de machine showing compensating windings, 
interpoles, equalizer, and commutator. (Courtesy a/General Elecrric Company.) (b) A cutaway view 
of a smaller four-pole de motor including interpoles but without compensating windings. (Courtesy 
of MagneTek II1CoI1Jomfeti.) 

( 
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There are two principal windings on a de machine: the armature windings 
and the field windings. The armature windings are defined as the windings in 
which a voltage is induced, and thefield windings are defined as the windings that 
produce the main magnetic flux in the machine. In a normal de machine, the 
armature windings are located on the rotor, and the field windings are located on 
the stator. Because the armature windings are located on the rotor, a de machine's 
rotor itself is sometimes called an armature. 

Some major features of typical de motor construction are described below. 

Pole and Frame Construction 

The main poles of older de machines were often made of a single cast piece of 
metal , with the field windings wrapped around it. They often had bolted-on lami
nated tips to reduce core losses in the pole faces. Since solid-state drive packages 
have become common, the main poles of newer machines are made entirely of 
laminated material (see Figure 7- 35). This is true because there is a much higher 
ac content in the power supplied to dc motors driven by solid-state drive pack
ages, resulting in much higher eddy current losses in the stators of the machines. 
The pole faces are typically either chamfered or eccentric in construction, mean
ing that the outer tips of a pole face are spaced slightly further from the rotor's 
surface than the center of the pole face is (see Figure 7-36). This action increases 
the reluctance at the tips of a pole face and therefore reduces the flux-bunching ef
fect of armature reaction on the machine. 

FIGURE 7-35 
Main fi eld pole assembly for a de motor. Note the pole laminations and compensating windings. 
(Collrlesy a/General Electric CompaIlY.) 
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The poles on de machines are called saLient poles, because they stick out 
from the surface of the stato r. 

The interpoles in dc machines are located between the main poles. They are 
more and more commonly of laminated construction, because of the same loss 
problems that occur in the main poles. 

Some manufacturers are even constructing the portion of the frame that 
serves as the magnetic flux's return path (the yoke) with laminations, to further re· 
duce core losses in electronically driven motors. 

Rotor or Armature Construction 

The ro tor or armature of a de machine consists of a shaft mach ined from a steel 
bar wi th a core buil t up over it. The core is composed of many lami nations 
stamped from a steel plate, with notches along its outer surface to hold the arma
ture windings. The commutator is built onto the shaft of the rotor at one end of the 
core. The armature coils are laid into the slots on the core, as described in Section( 
7.4, and their ends are connected to the commutator segments. A large de machine 
rolOr is shown in Figure 7-37. 

Commutator and Brushes 

The com mutator in a dc machine (Figure 7-38) is typica1Jy made of copper ba rs 
insulated by a mica-type material. Thc copper bars are made suffic iently th ick to 
permit normal wear over the lifetime of the 1110tOr. The mica insul ation between 
commutator segments is harder than the commutator material jtself, so as a ma
chine ages, it is often necessary to ulldercuT the commutator insulation to ensure 
that it does not stick up above the level of the copper bars. 

The brushes of the machine are made of carbon, graphite, metal graphite, or 
a mixture of carbon and graphite. They have a high conductivity to reduce elec
tr icallosses and a low coefficient of friction to reduce excessive wear. They are 

(a) (b) 

FIGURE 7-36 
Poles with extra air-gnp width at the tips to reduce armature reaction. (3) Chamfe red poles; 
(b) eccentric or uniformly grnded poles. 
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FIGURE 7- 37 
Photograph of a de mach ine with the upper stator half removed shows the construction of its rotor. 
(Colfl1esy of General Electric Company.) 

FIGURE 7- 38 
Close-up view of cornrnutator and brushes in a large de machine. (Cow-resy of Gelleral Electric 
Company.) 
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deliberately made of much softer material than that of the commutator segments, 
so that the commutator surface will experience very little wear. The choice of 
brush hardness is a compromise: If the brushes are too soft, they will have to be 
replaced too often; but if they are too hard, the commutator surface will wear ex
cessively over the life of the machine. 

All the wear that occurs on the commutator surface is a direct result of the 
fact that the brushes must rub over them to convert the ac voltage in the rotor 
wires to de voltage at the machine's terminals. If the pressure of the brushes is too 
great, both the brushes and commutator bars wear excessively. However, if the 
brush pressure is too small, the brushes tend to jump slightly and a great deal of 
sparking occurs at the brush-commutator segment interface. This sparking is 
equally bad for the brushes and the commutator surface. Therefore, the brush 
pressure on the commutator surface must be carefully adjusted for maximum life. 

Another factor which affects the wear on the brushes and segments in a dc 
machine commutator is the amount of current flowing in the machine. Thr 
brushes normal1y ride over the commutator surface on a thin oxide layer, whicH 
lubricates the motion of the brush over the segments. However, if the current is 
very small, that layer breaks down, and the friction between the brushes and the 
commutator is greatly increased. This increased friction contributes to rapid wear. 
For maximum brush life, a machine should be at least partially loaded all the time, 

Winding Insulation 

Other than the commutator, the most critical part of a dc motor's design is the in
sulation of its windings. If the insulation of the motor windings breaks down, the 
motor shorts out. The repair of a machine with shorted insulation is quite expen
sive, if it is even possible. To prevent the insulation of the machine windings from 
breaking down as a result of overheating, it is necessary to limit the temperature 
of the windings. This can be partially done by providing a cooling air circulation 
over them, but ultimately the maximum winding temperature limits the maximum 
power that can be supplied continuously by the machine. 

Insulation rarely fails from immediate breakdown at some critical tempera
ture. Instead, the increase in temperature produces a gradual degradation of the in
sulation, making it subject to failure due to another cause such as shock, vibration, 
or electrical stress. There is an old rule of thumb which says that the life ex
pectancy of a motor with a given insulation is halved for each 10 percent rise in 
winding temperature. This rule still applies to some extent today. 

To standardize the temperature limits of machine insulation, the National 
Electrical Manufacturers Association (NEMA) in the United States has defined a 
series of insulation system classes. Each insulation system class specifies the max
imum temperature rise permissible for each type of insulation. There are four stao( 
dard NEMA insulation classes for integral-horsepower dc motors: A, B, F, and H. 
Each class represents a higher pennissibIe winding temperature than the one before 
it. For example, if the armature winding temperature rise above ambient tempera
ture in one type of continuously operating dc motor is measured by thermometer, 
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it must be limited to 70°C for class A, 100°C for class B, 130°C for class F, and 
155°C for class H insulation. 

These temperature specifications are set out in great detail in NEMA Stan
dard MG 1-1 993, Motors and Generators. Similar standanls have been defined by 
the In ternational Electrotechnical Commission (lEC) and by various national stan
dards organizations in other countries. 

7.7 POWER FLOW AND LOSSES 
IN DC MACHINES 

DC generators take in mechanical power and produce electric power, while de 
motors take in electric power and produce mechanical power. In either case, not 
all the power input to the machine appears in useful form at the other end-there 
is always some loss associated with the process. 

The efficiency of a de machine is defined by the equation 

~ut 
71=p x 100% 

m 
(7- 50) 

The difference between the input power and the output power of a machine is the 
losses that occur inside it. Therefore, 

~ut - Fioss 
71 = x 100% 

~n 
(7-51 ) 

The Losses in DC Machines 

The losses that occur in de machines can be divided into f ive basic categories: 

1. Electrical or copper losses (J2R losses) 

2. Brush losses 

3. Core losses 

4. Mechanical losses 

5. Stray load losses 

ELECTRICAL OR COPPER LOSSES. Copper losses are the losses that occur in 
the armature and field windings of the machine. The copper losses for the arma
ture and field windings are given by 

Armature loss: 

Field loss: 

where PA armature loss 

P p field circuit loss 

PA = llRA 

Pp= I~RF 

(7-52) 

(7-53) 

• 
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IA armature current 

IF field current 

RA armature resistance 

RF field resistance 

The resistance used in these calculations is usually the winding resistance at nor
mal operating temperature. 

BRUSH LOSSES. The brush drop loss is the power lost across the contact poten
ti al at the brushes of the machine. It is given by the equation 

where PBD = brush drop loss 

VSD = brush voltage drop 

fA = m-rnature current 

(7-54) 

The reason that the brush losses are calculated in this manner is that the voltage 
drop across a set of brushes is approximately constant over a large range of arma
ture currents. Unless otherwise specified, the brush voltage drop is usual1y as
sumed to be about 2 V. 

CORE LOSSES. The core losses are the hysteresis losses and eddy current losses 
occurring in the metal of the motor. These losses are described in Chapter 1. These 
losses vary as the sguare of the flux density (E2) and. for the rotor. as the 1.5th 
power of the speed of rotation (n 1.5). 

MECHANICAL LOSSES. The mechanical losses in a de machine are the losses 
associated with mechanical effects. There are two basic types of mechanical 
losses: friction and windage. Friction losses are losses caused by the friction of the 
bearings in the machine, while windage losses are caused by the friction between 
the moving parts of the machine and the air ins ide the motor's casing. These 
losses vary as the cube of the speed of rotation of the machine. 

STRAY LOSSES (OR MISCELLANEOUS LOSSES). Stray losses are losses that 
cannot be placed in one of the previous categories. No matter how carefully losses 
are accounted for, some always escape inclusion in one of the above categories. 
AU such losses are lumped into stray losses. For most machines, stray losses are 
taken by convention to be 1 percent of fuHload. 

( 

The Power-Flow Diagram ( 

One of the most convenient techniques for accounting for power losses in a ma
chine is the power-flow diagram. A power~f1ow diagram for a de generator is 
shown in Figure 7-39a. In this figure, mechanical power is input into the machine, 
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Power-flow diagmms for dt: machine: ea) generator; (b) motor. 

and then the stray losses, mechanical losses. and core losses are subtracted. After 
they have been subtracted, the remaining power is ideally converted from me
chanical to electrical form at the point labeled F'conv o The mechanical power that is 
converted is given by 

(7- 55) 

and the resulting electric power produced is given by 

I ~onv = EAIA I (7-56) 

( However, th is is not the power that appears at the machine's termina1s. Be-
fore the terminals are reached, the electrical I'R losses and the brush losses must 
be subtracted. 

In the case of de motors , this power-flow diagram is simply reversed. The 
power-flow diagram for a motor is shown in Figure 7- 39b. 
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Example problems involving the calculation of motor and generator effi
ciencies will be given in Chapters 8 and 9. 

7.S SUMMARY 

DC machines convert mechanical power to de electric power, and vice versa. In 
this chapter, the basic principles of de machine operation were explained first by 
looking at a simple linear machine and then by looking at a machine consisting of 
a single rotating loop. 

The concept of commutation as a technique for converting the ac voltage in 
rotor conductors to a de output was introduced, and its problems were explored. 
The possible winding arrangements of conductors in a de rotor (lap and wave 
windings) were also examined. 

Equations were then derived for the induced voltage and torque in a dc ma
chine, and the physical construction of the machines was described. Finally, the 
types of losses in the dc machine were described and related to its overall operat
ing efficiency. 

QUESTIONS 

7-1. What is commutation? How can a commutator convert ac voltages on a machine's 
armature to dc voltages at its terminals? 

7-2. Why does curving the pole faces in a dc machine contribute to a smoother dc output 
voltage from it? 

7-3. What is the pitch factor of a coil? 
7-4. Explain the concept of electrical degrees. How is the electrical angle of the voltage 

in a rotor conductor related to the mechanical angle of the machine's shaft? 

7-5. What is commutator pitch? 
7-6. What is the plex of an armature winding? 
7-7. How do lap windings differ from wave windings? 
7-8. What are equalizers? Why are they needed on a lap-wound machine but not on a 

wave-wound machine? 
7-9. What is armature reaction? How does it affect the operation of a de machine? 

7-10. Explain the L di/dt voltage problem in conductors undergoing commutation. 

7-11. How does brush shifting affect the sparking problem in dc machines? 
7-12. What are com mutating poles? How are they used? 
7-13. What are compensating windings? What is their most serious disadvantage? 
7-14. Why are laminated poles used in modern dc machine construction? 

7-15. What is an insulation class? 
7- 16. What types of losses are present in a dc machine? 

PROBLEMS 

7-1. The following information is given about the simple rotating loop shown in Figure 
7-6: 

( 
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VB 
R 

48V 

0.4f1 

w = 500 radls 

(a) Is this machine operating as a motor or a generator? Explain. 
(b) What is the current i flowing into or out of the machine? What is the power 

flowing into or out of the machine? 
(c) If the speed of the rotor were changed to 550 radls, what would happen to the 

current flow into or out of the machine? 
(d) If the speed of the rotor were changed to 450 rad/s, what would happen to the 

current flow into or out of the machine? 

7- 2. Refer to the simple two-pole, eight-coil machine shown in Figure P7-1. The fol
lowing information is given about this machine: 

N 

\ Dead I Ir- zone--,' 
\ W I 
\ ..... I 

\ 5' / 

\ 
\ 

I I \ 

~---120°120°\ 
I I \ 
I \ 

S 

Given: B = 1.0 T in the air gap 
---- Lines on this side of rotor 

l :::: 0.3 m (length of sides) 
r :::: 0.10 III (radius of coils) 

11 :::: 1800 r/min 
- - - - Lines all other side of rotor 

FIGURE P7- 1 
The machine in Problem 7-2. 

• 
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B = 1.0 T in air gap 

l = 0.3 m (length of coil sides) 

r = 0.10 m (radius of coils) 

n = 1800 r/min ccw 

The resistance of each rotor coil is 0.04 Q. 
(aJ Is the armature winding shown a progressive or retrogress ive winding? 
(b) How many current paths are there through the armature of this machine? 
(c) What are the magnitude and the polarity of the voltage at the brushes in this 

machine? 
(d) What is the armature resistance RA of this machine? 
(e) If a 5-11 resistor is connected to the terminals ofth15 machjne, how much cur

rent flows in the machine? Consider the internal resistance of the machine in de
termin ing the current flow. 

(r) What are the magnitude and the direction of the resulting induced torque? 
(g) Assuming that the speed of rotation and magnetic flux density are constant, plot ( 

the terminal voltage of this machine as a functi on of the current drawn from it. 

7-3. Prove that the equation for the induced voltage of a single simple rotating loop 

(7-6) 

is just a special case of the general equation for induced voltage in a de machine 

(7-38) 

7-4. A dc machine has eight poles and a rated current of J.20 A. How much current will 
flow in each path at rated conditions if the armature is (a) simplex lap-wound, 
(b) duplex lap-wound, (c) simplex wave-wound? 

7- 5. How many parallel current paths will there be in the armature of a 20-pole machine 
if the armature is (a) simplex lap-wound, (b) duplex wave-wound, (c) triplex lap
wound, (d) quadruplex wave-wound? 

7- 6. The power converted from one form to another within a de motor was given by 

Use the equations for EA and Timl [Equations (7-38) and (7-49)] to prove that EAIA 
= Tindwm; that is, prove that the electric power disappearing at the point of power 
conversion is exactly equal to the mechanical power appearing at that point. 

7- 7. An eight-pole, 25-kW, 120-V de generator has a duplex lap-wound armature which 
has 64 coils with 10 turns per coil. Its rated speed is 3600 rlmin. 
(a) How much flux per pole is required to produce the rated voltage in this genera-

tor at no-load conditions? 
(b) What is the current per path in the armature of this generator at the rated load? 
(c) What is the induced torque in this machine at the rated load? 
(d) How many btushes must this motor have? How wide must each one be? 
(e) If the resistance of this winding is 0.011 Q per turn, what is the armature resis

tance RA of this machine? 

7-8. Figure P7-2 shows a small two-pole de motor with eight rotor coils and 10 turns per 
coil. The flux per pole in this machine is 0.006 Wb. 
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N S 

FIGURE P7-2 
The machine in Problem 7- 8. 

(a) If this motor is connected to a 1 2~ V de car battery, what will the no-load speed 
of the motor be? 

(b) If the positive terminal of the battery is connected to the rightmost brush on the 
motor, which way will it rotate? 

(e) If this motor is loaded down so that it consumes 600 W from the battery, what 
will the induced torque of the motor be? (Ignore any internal resistance in the 
motor.) 

7-9. Refer to the machine winding shown in Figu re P7-3. 
(a) How many parallel current paths are there through this armature winding? 
(b) Where should the brushes be located on this machine for proper commutation? 

How wide should they be? 
(e) What is the plex of this machine? 
(d) If the voltage on any single conductor under the pole faces in thi s machine is e, 

what is the voltage at the terminals of this machine? 

7-10. Describe in detail the winding of the machine shown in Figure P7-4. If a positive 
voltage is applied to the brush under the no((h pole face, which way will this motor 
rotate? 
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FIGUREP7-3 

(a) 

N S 

(b) 

(a) The machine in Problem 7- 9. (b) The armature winding diagram of thi s machine. 
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FIGUREP7-4 
The machine in Problem 7- 10. 
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Know the types of de motors in general use. 

Understand the equivalent circuit of a de motor. 

Understand how to derive the torque-speed characteristics of separately ex
cited, shunt, series, and compounded de motors. 

Be able to perform nonlinear analysis of de motors using the magnetization 
curve, taking into account armature reaction effects. 

Understand how to control the speed of different types of de motors. 

Understand the special characteristics of series de motors, and the applica
tions that they are especially suited for. 

Be able to explain the problems associated with a differentially compounded 
de motor. 

Understand the methods of starting dc motors safely. 

Understand the equivalent circuit of a de generator. 

Understand how a de generator can start without an external voltage source. 

Understand how to derive the voltage-current characteristics of separately 
excited, shunt, series, and compounded dc generators. 

Be able to perform nonlinear analysis of dc generators using the magnetiza
tion curve, taking into account armature reaction effects. 

( 
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Dc motors are de machines used as motors, and de generators are de machines 
used as generators. As noted in Chapter 7. the same physical machine can operate 
as either a motor or a generator- it is simply a question of the direction of the 
power flow through it. This chapter wi11 examine the different types of de motors 
that can be made and explain the advantages and disadvantages of each. It will in
clude a discussion of de motor starting and solid-state controls. Finally. the chap
ter will conclude wi th a discussion of de generators. 

8.1 INTRODUCTION TO DC MOTORS 

The earliest power systems in the United States were dc systems (see Figure 8- 1), 
but by the 1890s ac power systems were clearly winning out over dc systems. De
spite this fact, de motors continued to be a significant fraction of the machinery 
purchased each year through the 1960s (that fraction has declined in the last 40 
years) . Why were de motors so common, when de power systems themselves 
were fairly rare? 

There were several reasons for the continued popularity of de motors. One 
was that de power systems are sti ll common in cars, trucks, and aircraft. W hen a 
vehicle has a de power system, it makes sense to consider using de motors. An
other application for de motors was a situation in which wide variations in speed 
are needed. Before the widespread lise of power electronic rectifier-inverters, de 
motors were unexcelled in speed control applications. Even if no de power source 
were available, solid-state rectifier and chopper circuits were used to create the 
necessary de power, and de motors were used to provide the desi red speed controL 
(Today, induction motors with solid-state drive packages are the preferred choice 
over dc motors for most speed control applications. However, there are still some 
applications where dc motors are preferred.) 

DC motors are often compared by their speed regulations. The speed regu
lation (SR) of a motor is defined by 

r------W---l ----W--n------~ 

SR = m.n m. X 100% 
wm,n 

(8- 1) 

n 1 - n n SR = m.1l m. X 100% 
Hm,n 

(8-2) 

It is a rough measure of the shape of a motor's torque- speed characteristic- a 
.J.lQSitive sE..eed regulation means that a motor's .speed drops wJ!!t incr:§asingI oad, 
and a neg~tive sp,eedLegulation means a motor 's speed increases with increasing 
IQall. The magnitude- of the speed regu l~lls approxImately how steep the 
slope of the torque-speed curve is. 

DC motors are, of course, driven from a dc power supply. Unless otherwise 
specified, the input voltage to a dc malOr is assumed to be constant, because that 
assumption simplifies the analysis of motors and the comparison between differ
ent types of motors. 
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Ca) 

Cb) 

FIGURE 8--1 
Early de motors. (a) A very early de mOlor built by Elihu Thompson in 1886. It was rated at about 
M hp. (Collrtesy o/Gel/emf Eleclric Company.) (b) A larger four-pole de motor fTom about the turn 
of the century. Notice the handle for shifting the brushes (0 the neutral plane. (Collrtesy of General 
Electric Company. ) 

There are five major types of de motors in general use: 

1. The separately excited de motor 

2. The shunt de motor 

3. The permanent-magnet de motor 

4. The series de motor 

5. The compounded de motor 

Each of these types wi ll be examined in turn . 

( 
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8.2 THE EQUIVALENT CIRCUIT 
OFADCMOTOR 
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The equivalent c ircuit of a de motor is shown in Figure 8-2. In this fi gure, the ar
mature cifcuit is represented by an ideal voltage source EA and a resistor R,;.. This 
representation is really the Thevenin equivalent of the entire rotor structure, in
cluding rotor coils, interpoles, and compensating windings, if present. The brush 
voltage drop is represented by a small battery Vbrush opposing the direction of CUf

rent flow in the machine. The fi eld coils, which produce the magnetic flux in the 
generator, are represented by inductor LF and resistor RFo The separate resistor R adj 

represents an external variable resistor used to control the amount of current in the 
field circuit. 

There are a few variations and simplifications of this basic equivalent cir
cuit. The brush drop voltage is often only a very tiny fraction of the generated 
voltage in a machine. Therefore, in cases where it is not too critical, the brush 
drop voltage may be left out or approximately included in the value of Rk Also, 
the internal resistance of the field coils is sometimes lumped together with the 
variable resistor, and the total is caBed RF (see Figure 8-2b). A third variation is 
that some generators have more than one field coil , all of which will appear on the 
equivalent circuit. 

+ 

(a) 

F, RA fA _ A, 

RF 

+ 
EA 

LF 

A, 

(b) 

FIGURE S-2 
(a) The equivalent circuit of a dc motor. (b) A simplified equivalent circuit eliminating [he brush 
voltage drop and combining R~olj with the field resistance. 
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The internal generated voltage in this machine is given by the equation 

(7-38) 

and the induced torque developed by the machine is given by 

(7--49) 

These two equations. the Kirchhoff's voltage law equation of the armature circuit 
and the machine's magnetization curve, are all the tools necessary to analyze the 
behavior and performance of a de motor. 

8.3 THE MAGNETIZATION CURVE 
OF A DC MACHINE 

The internal generated voltage EA of a de motor or generator is given by Equation 
(7- 38): ( 

lEA - K¢wml (7-38) 

Therefore, EA is directly proportional to the flux in the machine and the speed of 
rotation of the machine. How is the internal generated voltage related to the field 
current in the mach ine? 

The field current in a de machine produces a field magnetomotive force 
given by o;g; = NFl F' This magnetomoti ve force produces a flux in the machine in 
accordance with its magnetization curve (Figure 8-3). Since the field current is di
rectly proportional to the magnetomotive force and since EA is dj rectly propor
tional to the flu x, it is customary to present the magnetization curve as a plot of EA 
versus field current for a given speed Wo (Figure 8--4) . 

It is worth noting here that, to get the maximum possible power per pound 
of weight out of a machine, most motors and generators are designed to operate 

'---------- --- --- fJf, A · turns 

FIGURE 8- 3 
The magnetization curve of a ferromagnetic material (¢ versus ~). 

I 

! 
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WIll =wo 
" ", = " 0 (consrant) 

"-~~~~~~~~~~~~~~- i F [= ~; ] 

FIGURE 8-4 
The magnetization curve of a dc machi ne expressed as a plot of E), versus I F' fo r a fi xed speed Wo. 

near the saturation point on the magnetization curve (at the knee of the curve). 
This implies that a fa irly large increase 111 field CUlTent is often necessary to get a 
small increase in EA when operation is near full load. 

The dc machi ne magnetization cu rves used in this book are also available 
in electronic form to simplify the solution of problems by MATLAB. Each 
magnetization curve is stored in a separate MAT fil e. Each MAT file contains 
three variables: if_values , containi ng the values of the fi eld current; 
ea_value s, containing the correspondi ng va lues of EA ; and n_O, containing 
the speed at which the magnetization curve was measured in uni ts of revolu
tions per minute. 

8.4 SEPARATELY EXCITED AND 
SHUNT DC MOTORS 

The equivalent circuit of a separately excited de motor is shown in Figure 8-5a, 
and the equi valent circuit of a shunt dc motor is shown in Figure 8- Sb. A sepa
rately excited dc motor is a motor whose field circuit is supplied from a separate 
constant-voltage power supply, while a shunt dc motor is a motor whose field 
circuit gets its power directly across the armature terminals of the motor. When 
the supply voltage to a motor is assumed constant, there is no practical difference 
in behavior between these two machines. Unless otherwise specified, whenever 
the behavior of a shunt motor is described, the separately excited motor is 
included, too. 

The Kirchhoff's voltage law (KVL) equation for the armature circuit of 
these motors is 

(8-3) 
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+C>--- - - ~-_'\M~-_<>+ 

I Sometimes 
lumped 
together and 

RF called RF 
VF EA 

LF 

I _ VF F- -RF 
Vr = EA + lARA 

'L = fA 

(aJ 

RA IA Ie 

+ 

Lumped 

1 

Id 

togelher and 
called RF 

RF 
EA VT 

LF 

VT IF= -
RF 

VT = EA + lARA 

IL= IA+ IF 

(b) 

FIGURE 8-5 
(a) The equivalent circuit of a separately excited dc motor. (b) The equivalent circuit of a shunt 
de motor. 

The Terminal Characteristic of a Shunt DC Motor 

A terminal characteristic of a machine is a plot of the machine's output quanti
ties versus each other. For a motor, the output quantities are shaft torque and 
speed, so the terminal characteristic of a motor is a plot of its output torque ( 
versus speed. 
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How does a shunt de motor respond to a load? Suppose that the load on the 
shaft of a shunt motor is increased. Then the load torque Tload will exceed the 
induced torque 'Tind in the machine, and the motor will start to slow down. When 
the motor slows down, its internal generated voltage drops (EA = K </>w",1), so 
the armature current in the motor fA = (V.,. - EAJ-)/RA increases. As the annature 
current rises, the induced torque in the motor increases ( 'Tind = K ¢ IA i ), and 
finally the induced torque will equal the load torque at a lower mechanical 
speed of rotation Will . 

The output characteristic of a shunt dc motor can be derived from the in
duced voltage and torque equations of the motor plus Kirchhoff's voltage law 
(KVL). The KVL equation for a shunt motor is 

The induced voltage EA = K¢wm' so 

v,. = K</>w", + l ARA 

Since 'Tind = K¢l A' current fA can be expressed as 

rjnd 

IA = K</> 

Combining Equations (8-4) and (8- 5) produces 

'Tind 
VT = K </>w", + K</> RA 

Finally, solving for the motor 's speed yields 

(8- 3) 

(8-4) 

(8-5) 

(8- 6) 

(8-7) 

This equation is just a straight line with a negative slope. The resulting 
torque- speed characteristic of a shunt de motor is shown in Figure 8-6a. 

It is important to realize that, in order for the speed of the motor to vary lin
early with torque, the other terms in this expression must be constant as the load 
changes. The terminal voltage supplied by the dc power source is assumed to be 
constant-if it is not constant, then the voltage variations will affect the shape of 
the torque-speed curve. 

Another effect internal to the motor that can also affect the shape of the 
torque-speed curve is armature reaction. If a motor has armature reaction, then 
as its load increases, the flux-weakening effects reduce its flux. As Equation 
(8-7) shows, the effect of a reduction in flu x is to increase the motor 's speed at 

( any given load over the speed it would run at without armature reaction. The 
torque- speed characteristic of a shunt motor with armature reaction is shown in 
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'------------------- 'find 

(b) 

FIGURE 8-6 
(n) Torque-speed characteristic of a shunt or separately excited de mOlar with compensating 
windings to eliminate armature reaction. (b) Torque-speed characteristic of the motor with annature 
reaclion present. 

Figure 8- 6b. If a motor has compensating windings, of course there wi ll be no 
flu x-weakening problems in the machine, and the flux in the machine will be 
constan t. 

If a shunt de motor has compensating windings so that its flux is constant 
regardless of load, and the motor 's speed and armature current are known at any 
one value of load, then it is possible to calculate its speed at any other value of 
load , as long as the almature current at that load is known or can be determined. 
Example 8-1 illustrates this calculation. 

Example 8- 1. A 50-hp, 2SD-V, 1200 r/min de shunt motor with compensating 
windings has an armature resistance (including the brushes, compensating windings, and 
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r-------\AAr------~--------~+ 

0.06 n 

50n 

+ 
VT=250V 

NF= 
1200 turns 

FIGURE 8-7 
The shunt motor in Example 8-1. 

interpoles) of 0.06 D . Its field circuit has a total resistance R"Jj + RF of 50 [2, which pro
duces a no-load speed of 1200 r/min. There are 1200 turns per pole on the shunt field wind
ing (see Figure 8- 7). 

(a) Find the speed of this motor when its input CUlTent is 100 A. 
(b) Find the speed of this motor when its input current is 200 A. 
(c) Find the speed of this motor when its input current is 300 A. 
(eI) Plot the torque-speed characteristic of this motor. 

Solution 
The internal generated voltage of a dc machine with its speed expressed in revolu tions per 
minute is given by 

(7-41 ) 

Since the field current in the machine is constant (because Vr and the fie ld resistance are 
both constant), and since there are no armature reaction effects, the flllx in this motor is 
constal1l. The relationship between the speeds and internal generated voltages of the motor 
at two different load conditions is thus 

(8- 8) 

The constant K' cancels, since it is a constant for any given machine, and the flux ¢ can
cels as described above. Therefore, 

EA2 
nm2 = Enml 

Al 
(8-9) 

( \.t no load, the armature current is zero, so EAl = Vr = 250 V, whi le the speed llnJl = 
1200 r/min. If we can calculate the internal generated voltage at any other load, it will be 
possible to determine the motor speed at that load from Equation (8- 9). 

- . 
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(a) If IL = 100 A, then the armature cunent in the motor is 

If 
IA = IL - IF = IL - R 

F 

~ 100 A - 250 V ~ 95 A 
50 !1 

Therefore, EA at this load will be 

EA VT - I"lRA 

250 V - (95 A)(0.06 11) ~ 244.3 V 

The resulting speed of the motor is 

EA2 2443V 
nm2 = ellm] = 250V 1200r/mm = 1173r/mm 

AI 

(b) If IL = 200 A, then the mmature Cllnent in the motor is 

I ~ 200 A - 250 V ~ 195 A 
A 50!1 

Therefore, EA at this load will be 

EA VT - lARA 

250 V - (195 A)(0.06 11) ~ 238 .3 V 

The resulting speed of the motor is 

E A2 2383V 
l1m2 = Film] = 250V 12001/mm = 1144r1min 

A I 

( c) If h = 300 A, then the armature current in the motor is 

VT 
IA = IL - iF = i L - R 

F 

~ 300 A - 250 V ~ 295 A 
50 !1 

Therefore, EA at this load will be 

EA V.,. - lARA 

250 V - (295 A)(0.06 11) ~ 232.3 V 

The resulting speed of the motor is 

EA 2 232.3 V 
11,,12=£11 1111 = 250V 1200r/mm= 1115r/min 

AI 

(d) To plot the output characteristic of this motor, it is necessary to find the torque 
corresponding to each value of speed. At no load, the induced torque Tind is 
clearly zero. The induced torque for any other load can be found from the fact 
that power converted in a dc motor is ( 

I £gonv - EAIA - Tind Win I (7-55,7-56) 
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From this equation, the induced torque in a motor is 

Ell/A 
Tind = wm 

Therefore, the induced torque when lL = 100 A is 

(244.3 V)(95 A) 190 N . m 
Tim] = (1173 r/min)(1 min/60s)(21T rad/f) = 

The induced torque when h = 200 A is 

(238.3 V)(95 A) ~ 388 N . m 
Tiod ~ (1144 r/min)(I minl60s)(27T rad/r) 

The induced torgue when h = 300 A is 

(232.3 V)(295 A) ~ 587 N • m 
Tiod ~ (1115 rlmin)(l minl60s)(27T rad/r) 

(8-10) 

The resulting torque-speed characteristic for this motor is plotted in Figure 8- 8. 

Nonlinear Analysis of a Shunt DC Motor 

The flux 4> and hence the internal generated voltage EA of a de machine is a non
linear function of its magnetomoti ve force. Therefore, anything that changes the 

1200 

1100 

c 1000 

~ 
:::.'€; 

900 

800 

700 

T 
a 200 400 600 800 

FIGURES-S 
The torque-speed characteristic of the motor in Example 8- 1. 
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magnetomotive force in a machine will have a nonlinear effect on the internal 
generated voltage of the machine. Since the change in EA cannot be calculated an
alytically, the magnetization curve of the machine must be used to accurately de
termine its EA for a given magnetomotive force. The two principal contributors to 
the magnetomotive force in the machine are its field current and its armature re
action, if present. 

Since the magnetization curve is a direct plot of EA versus iF for a given 
speed wo' the effect of changing a machine's field current can be determined di
rectly from its magnetization curve. 

If a machine has armature reaction, its flux will be reduced with each 
increase in load. The total magnetomotive force in a shunt de motor is the field 
circuit magneto motive force less the magnetomotive force due to armature re
action (AR): 

9'", = NFIF - 9'AR (8- 11) 

Since magnetization curves are expressed as plots of EA versus field current, it is ( 
customary to define an equivalent field current that would produce the same out
put voltage as the combination of all the magnetomotive forces in the machine. 
The resulting voltage EA can then be determined by locating that equivalent field 
current on the magnetization curve. The equivalent field current of a shunt dc mo
tor is gi yen by 

9' 
I , I AR 

,,~ = F - NF (8- 12) 

One other effect must be considered when nonlinear analysis is used to de
termine the intemal generated voltage of a de motor. The magnetization curves for 
a machine are drawn for a particular speed, usually the rated speed of the ma
chine. How can the effects of a given field current be determined if the motor is 
tuming at other than rated speed? 

The equation for the induced voltage in a dc machine when speed is ex
pressed in revolutions per minute is 

(7-4]) 

For a given effective field current, the flux in a machine is fixed, so the internal 
generated voltage is related to speed by 

(8-13) 

where EAG and no represent the reference values of voltage and speed, respectively. 
If the reference conditions are known from the magnetization curve and the actual 
EA is known from Kirchhoff's voltage law, then it is possible to determine the acl 

tual speed n from Equation (8-13). The use of the magnetizatiou curve and Equa
tions (8- 12) and (8-13) is illustrated in the following example, which analyzes a 
de motor with armature reaction. 
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FIGURES-9 
The magnetization curve of a typical 250-V de motor, taken al a speed of 1200 r/min. 

Example 8- 2. A 50-hp, 2S0-V, 1200 r/min de shunt motor without compensating 
windings has an armature resistance (including the brushes and interpoles) of 0.06 n. Its 
field circuit has a total resistance RF + Radj of 50 n, which produces a no-load speed of 
1200 rlmin. There are 1200 turns per pole on the shunt field winding, and the armature re
action produces a demagnetizing magnetomotive force of 840 A • turns at a load current of 
200 A. The magnetization curve of this machine is shown in Figure 8-9. 

(a) Find the speed of this motor when its input current is 200 A. 
(b) This motor is essentially identical to the one in Example 8-1 except for the ab

sence of compensating windings. How does its speed compare to that of the pre
vious motor at a load current of 200 A? 

(c) Calculate and plot the torque-speed characteristic for this motor. 

Solution 
(a) If IL = 200 A, then the armature current of the motor is 

VT 
IA = I[ - IF = I[ - R 

F 

~ 200 A - 250 V ~ 195 A 
son 

-
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Therefore, the internal generated voltage of the machine is 

EA VT - lARA 

250 V - (195 A)(006 il) ~ 238.3 V 

At IL = 200 A, the demagnetizing magnetomotive force due to armature reac
tion is 840 A • turns, so the effective shunt field current of the motor is 

'" r = I _ ---.M. 
F F NF 

= 5 0 A _ 840 A • turns 
. 1200 turns 

(8-12) 

4.3 A 

From the magnetization curve, this effective field current wou ld produce an in
ternal generated voltage EAO of 233 V at a speed no of 1200 r/min. 

We know that the internal generated voltage EAO would be 233 V at a speed 
of 1200 r/min. Since the actual internal generated voltage EA is 238.3 V, the ac
tual operating speed of the motor must be 

EA = nm 
EAO no 

nm ~ :A no ~ 2i~;/vV (1 200 r/min) ~ 1227 r/min 
AO 

(8-13) 

(b) At 200 A of load in Example 8-1, the motor's speed was nm = 1144 r/min. In 
this example, the motor's speed is 1227 rlmin. Notice that the speed of the mo
tor with armature reaction is higher than the speed of the motor with no anna
ture reaction. This relative increase in speed is due to the flux weakening in the 
machine with armatu re reaction. 

(c) To derive the torque-speed characteristic of this motor, we must calculate the 
torque and speed for many different conditions of load. Unfortunately, the de
magnetizing armature reaction magnetomotive force is only given for one con
dition of load (200 A). Since no additional information is available, we will as
sume that the strength of ;]FAR varies linearly with load current. 

A MATLAB M-file which automates this calculation and plots the resulting 
torque-speed characteristic is shown below. It performs the same steps as part a 
to determine the speed for each load current, and then calculates the induced 
torque at that speed. Note that it reads the magnetization curve from a fi le called 
f ig8_9 . rna t . This file and the other magnetization curves in this chapter are 
available for download from the book's World Wide Web site (see Preface for 
details). 

% M- fi l e: shun t ts curve.m 
% M- fi l e c r eate a plo t of the to r que- speed curve of t he 
% the shunt d c mo t o r wi t h a rmat u r e r e a ction i n 
% Examp l e 8-2. 

% Ge t the magnet izat i on cu r v e . Th i s f i le contain s the 
% t h ree variabl e s if_ value , ea_value, a nd n O. 
load f ig8_9.mat. 

% First, init i al i ze t he va lue s n e e ded in t h is p r ogram. 
v_t = 250i % Terminal voltage (V) 

( 
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50 ; % Fie l d resis tance (ohms ) 
r _a 0 .0 6 ; 
i 1 1 0 :10: 3 00; 
ll_f 120 0 ; 
f arO :;; 840; 

% Armat u r e resistan c e (ohms) 
% Line curre n t s (A) 
% Number o f t u r n s on fie ld 
% Armature rea c t ion @ 20 0 A (A- tim) 

% Ca lcu l a t e the a r ma t u r e c u r r e n t f or eac h l oa d. 
l _ a ~ i 1 - v t I r _ f ; 

% Now c a lcu l a t e the in t ern a l gene ra t e d v ol tage f or 
% eac h arma t ure current . 
e a = v t - i a * r _ aj 

% Calc ulate the armature r e a ct i on MMF f o r each a r ma t u r e 
% cur r en t . 
f _ar ~ (i_ a I 20 0 ) * f_arO ; 

% Cal cul a t e t h e e f fec t ive f i eld c ur r ent . 
l f = v t / r f - f _ar I n_ f ; 

% Ca l c u l ate t he resu l tin g int e r nal genera t e d v ol t age a t 
% 12 0 0 r l min by i n t e r po l a t i ng the mo to r ' s magne t i zat i on 
% cur ve . 
e_a O = in t erp1 ( if_va l u e s , e a_value s , i _ f , ' s p line ' ); 

% c a l c u la t e t he resu l t ing spe e d f r om Eq ua t ion (8 - 13 ). 

% Ca l culat e the i ndu ced t o r qu e c o r resp ond i ng to each 
% speed f r om Equati on s ( 7 - 55 ) a nd ( 7 - 56) . 
t ind :;; e _a . * i _a . I (n * 2 * p i I 60); 

% pl o t t h e t o r qu e - speed c u r ve 
p lot ( t _ i nd , n , ' k -' , ' Lin eWi d t h ' , 2 .0) ; 
h old on ; 
xlabe l ( ' \ bf \ t a u_ {ind} (N- m)'); 
y l abe l ('\ b f \i tn_ {m} (r /min ) ' ); 
t it l e ( ' \ bfShunt DC mo t o r t orque-speed c h a r ac ter i s ti c ' ); 
a xi s ([ 0 600 11 00 1300 ] ) ; 
g r i d on ; 
hold of f; 

The resulting torque- speed characteristic is shown in Figure 8- 10. Note that for any given 
load, the speed of the motor with armature reaction is higher than the speed of the motor 
without armature reaction. 

Speed Control of Shunt DC Motors 

How can the speed of a shunt dc motor be controlled? There are two common 
nethods and one less common method in llse. The common methods have already 

been seen in the simple linear machine in Chapter I and the simple rotating loop 
in Chapter 7. The two common ways in which the speed of a shunt dc machine 
can be controlled are by 

-
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FIGURE 8-10 
The torque- speed characteristic of the motor with armature reaction in Example 8-2. 

1. Adjusting the field resistance RF (and thus the field flux) 

2. Adjusting the terminal voltage applied to the armature. 

The less common method of speed control is by 

3. Inselt ing a resistor in series with the armature ci rcuit. 

Each of these methods is described in detail below. 

CHANGING THE FIELD RESISTANCE. To understand what happens when the 
field resistor of a de motor is changed, assume that the field resistor increases and 
observe the response. If the field resistance increases, then the field current de
creases (IF = VTIRp 1'), and as the field current decreases, the flux rp decreases 
with it. A decrease in flux causes an instantaneous decrease in the internal gener
ated voltage EA( = KcJ>l wm ), which causes a large increase in the machine's arma
ture current, since 

The induced torque in a motor is given by Tind = K¢IA' Since the flux ¢ in 
this machine decreases while the CUlTent f A increases, which way does the inducer' 
torque change? The easiest way to answer this question is to look at an example. 
Figure 8-11 shows a shunt de motor with an internal resistance of 0.25 i1. It 
is currently operating with a tenninal voltage of 250 V and an internal generated 
voltage of 245 V. Therefore. the armature current flow is fA = (250 V -
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RA = O.25n 

+ 

FIGURE 8-11 
A 250-V shunt de motor with typical values of Eel and RI\" 

245 V)/0.25 n = 20 A. What happens in this motor iftltere is a 1 percent decrease 
infLux? If the flux decreases by 1 percent, then EA must decrease by 1 percent too, 
because EA = K¢w/w Therefore, EA will drop to 

E A2 = 0.99 E Al = 0.99(245 V) = 242.55 V 

The armature current must then rise to 

I = 250 V - 242.55 V = 29 8 A 
A 0.25 n . 

Thus a 1 percent decrease in flux produced a 49 percent increase in armature 
current. 

So to get back to the original discussion, the increase in current predomi
nates over the decrease in flux, and the induced torque rises : 

H 
Tind = K¢IA 

Since Tinct> T]oad' the motor speeds up. 
However, as the motor speeds up, the internal generated voltage EA rises, 

causing fA to fall . As fA falls , the induced torque Tind falls too, and finally Ti nct again 
equals T[oad at a higher steady-state speed than originally. 

To summarize the cause-and-effect behavior involved in this method of 
speed control: 

1. IncreasingRFcauses /F (= VTIRFt) to decrease. 

2. Decreasing J F decreases 4>. 
3. Decreasing q, lowers E,l (= Kq,twm) . 

4. Decreasing EA increases 1A( = VT - EA t )/RA . 

5. Increasing fA increases Tind( = K¢UAII), with the change in f A dominant over 
the change in flux). 

6. Increasing Tind makes Tind > T1oad' and the speed Wm increases. 

7. Increasing Will increases EA = K¢wmi again. 

• 
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8. Increasing EA decreases fA-

FIGURES-12 
T he effect of field resistance speed 
control on a shunt motor's 

torque- speed characteristic: 
(a) over the motor' s normal 
operating range; (b) over the entire 
range from no-load to stall 
conditions. 

9. Decreasing fA decreases Tind until Tind = Tload at a higher speed WIn-

The effect of increasing the field resistance on the output characteristic of a shunt 
motor is shown in Figure 8-12a. Notice that as the nux in the machine decreases, 
the no-load speed of the motor increases, while the slope of the torque-speed 
curve becomes steeper. Naturally, decreasing RF would reverse the whole process, 
and the speed of the motor would drop. 

A WARNING ABOUT FIELD RESISTANCE SPEED CONTROL. The effect of in
creasing the field resistance on the output characteristic of a shunt dc motor i( 
shown in Figure 8- 12. Notice that as the flux in the machine decreases, the no
load speed of the motor increases, while the slope of the torque- speed curve be
comes steeper. This shape is a consequence of Equation (8-7), which describes 
the terminal characteristic of the motor. In Equation (8- 7), the no-load speed is 

( 
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VT is constant 
VA is variable 

+ 

Armatme vol tage control of a shunt (or separately excited) de motor. 

proportional to the reciprocal of the flux in the motor, while the slope of the curve 
is proportional to the reciprocal of the flu x squared. Therefore, a decrease in flux 
causes the slope of the torque-speed curve to become steeper. 

Figure 8- 12a shows the terminal characteristic of the motor over the range 
from no-load to full-load conditions. Over this range, an increase in fi eld resis
tance increases the motor's speed, as previously described in this section. For mo
tors operating between no-load and full-load conditions, an increase in RF may re
liably be expected to increase operating speed. 

Now examine Figure 8-12b. This figure shows the terminal characteristic of 
the motor over the full range from no-load to stall conditions. ]t is apparent from 
the figure that at very slow speeds an increase in field resistance will actually de
crease the speed of the motor. This effect occurs because, at very low speeds, the 
increase in armature current caused by the decrease in EA is no longer large 
enough to compensate for the decrease in flux in the induced torque equation. 
With the flux decrease actually larger than the armature current increase, the in
duced torque decreases, and the motor slows down. 

Some small dc motors used for control purposes actually operate at speeds 
close to stall conditions. For these motors, an increase in fi eld resistance might have 
no effect, or it might even decrease the speed of the motor. Since the results are not 
predictable, field resistance speed control should not be used in these types of de 
motors. Instead, the armature voltage method of speed control should be employed, 

CHANGING THE ARMATURE VOLTAGE. The second form of speed control in
volves changing the voltage applied to the armature of the motor without chang
ing the voltage applied to the f ield. A connection similar to that in Figure 8-13 is 
~ecessary for this type of control, In effect, the motor must be separately excited 
co use armature voltage control. 

If the voltage VA is increased, then the armature current in the motor must 
rise [IA = (VA i - EA)IRA ]. As IA increases, the induced torque T;od = K¢lA i in
creases, making 'Tind > 'Tload, and the speed W m of the motor increases. 
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'find 

FIGURE 8-14 
The effect of armature voltage speed control on a shunt motor's torque-speed characteristic. 

But as the speed Will increases, the internal generated voltage EA(= Kq)(JJmi) 
increases, causing the armature current to decrease. This decrease in fA decreases ( 
the induced torque, causing Tind to equal T\oad at a higher rotational speed w. 

To summarize the cause-and-effect behavior in this method of speed 
control: 

1. An increase in VA increases IA [ = (VA i - EA)IRAl 

2. Increasing fA increases Tind (= K¢IA i). 

3. Increasing Tind makes Tind > Tload increasing WIn' 

4. Increasing Wm increases EA( = K¢wm i). 

5. Increasing EA decreases IA [= (VA i - EA)IRAl 

6. Decreasing fA decreases Tind until Tind = T load at a higher Wm' 

The effect of an increase in VA on the torque-speed characteristic of a sepa
rately excited motor is shown in Figure 8-14. Notice that the no-load speed of the 
motor is shifted by this method of speed control, but the slope of the curve re
mains constant. 

INSERTING A RESISTOR IN SERIES WITH THE ARMATURE CIRCUIT. If a 
resistor is inserted in series with the armature circuit, the effect is to drastically in
crease the slope of the motor's torque- speed characteristic, making it operate 
more slowly if loaded (Figure 8-15), This fact can easily be seen from Equation 
(8-7). The insertion of a resistor is a very wasteful method of speed control, since 
the losses in the inselied resistor are very large. For this reason, it is rarely used. 
It will be found only in applications in which the motor spends almost all its time 
operating at full speed or in applications too inexpensive to justify a better form 
of speed controL ( 

The two most common methods of shunt motor speed control-field resis
tance variation and armature voltage variation- have different safe ranges of 
operation. 

In field resistance control, the lower the field current in a shunt (or sepa
rately excited) dc motor, the fas ter it turns; and the higher the field current, the 
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FIGURE 8-15 
The effect of armature resistance speed control on a shunt motor's torque-speed characteristic. 

slower it turns. Since an increase in field current causes a decrease in speed, there 
is always a minimum achievable speed by field circuit control. This minimum 
speed occurs when the motor's field drcuit has the maximum permissible current 
flowing through it. 

If a motor is operating at its rated terminal voltage, power, and field current, 
then it will be running at rated speed, also known as base speed. Field resistance con
trol can control the speed of the motor for speeds above base speed btlt not for speeds 
below base speed. To achieve a speed slower than base speed by field circuit control 
would require excessive field current, possibly burning up the field windings. 

In armature voltage control, the lower the armature voltage on a separately 
excited dc motor, the slower it turns; and the higher the armature voltage, the 
faster it turns. Since an increase in armature voltage causes an increase in speed, 
there is always a maximum achievable speed by armature voltage control. This 
maximum speed occurs when the motor's armature voltage reaches its maximum 
permissible leveL 

If the motor is operating at its rated voltage, field current, and power, it will 
be turning at base speed. Armature voltage control can control the speed of the 
motor for speeds below base speed btlt not for speeds above base speed. To 
achieve a speed faster than base speed by armature voltage control would require 
excessive armature voltage, possibly damaging the armature circuit. 

These two techniques of speed control are obviously complementary. Ar
mature voltage control works well for speeds below base speed, and field resis
tance or field current control works well for speeds above base speed. By com
bining the two speed-control techniques in the same motor, it is possible to get a 

( ange of speed variations of up to 40 to I or more. Shunt and separately excited dc 
motors have excellent speed control characteristics. 

There is a significant difference in the torque and power limits on the ma
chine under these two types of speed controL The limiting factor in either case is 
the heating of the armature conductors, which places an upper limit on the mag
nitude of the armature current fA-
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FIGURE!J.-16 
Power and torque limits as a function of speed for a shunt motor under armature volt and fi eld 
resistance control. 

For armature voltage control, the flux in the motor is constant, so the maxi
mum torque in the motor is 

(8-14) 

This maximum torque is constant, regardless of the speed of the rotation of the 
motor. Since the power out of the motor is given by P = 7W, the maximum power 
of the motor at any speed under armature voltage control is 

(8-15) 

Thus the maximum power out of the motor is directly proportional to its operat
ing speed under armature voltage contro1. 

On the other hand, when field resistance control is used, the flux does 
change. In this form of control, a speed increase is caused by a decrease in the ma
chine's flux. In order for the armature current limit not to be exceeded, the in
duced torque limit must decrease as the speed of the motor increases. Since the 
power out of the motor is given by P = TW, and the torque limit decreases as the 
speed of the motor increases, the maximum power out ofa dc motor under f ield 
current control is constant, while the maximum torque varies as the reciprocal of 
the motor's speed. 

These shunt dc motor power and torque limitations for safe operation as a 
function of speed are shown in Figure 8-16. 

The following examples illustrate how to find the new speed of a de motor 
if it is varied by field resis tance or armature voltage control methods. 

( 
Example 8-3. Figure 8-17a shows a 100-hp, 2S0-V, 1200 rlmin shunt de motor with 

an armature resistance of 0.03 n and a field resistance of 41.67 O. The motor has compen
sating windings, so armature reaction can be ignored. Mechanical and core losses may be as
sumed to be negligible for the purposes of this problem. The motor is assumed to be driving 

( 
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RA =0.03 Q IA IL 

+ 
IF I 

RF + Radj 

+ 
EA 250 V 

LF 

(a) 

IF 

+ 

RF + R adj 

+ 
VF =250V EA 

LF 

(b) 

FIGURE 8--17 
(a) The shunt motor in Example 8-3. (b) The separately excited de motor in Example 8--4. 

a load with a line current of 126 A and an initial speed of 11 03 r/min . To simplify the prob
lem, assume that the amount of armature current drawn by the motor remains constant. 

(a) If the machine's magnetization curve is shown in Figure 8- 9, what is the mo
tor's speed if the field resistance is raised to SO n? 

(b) Calculate and plot the speed of this motor as a function of the field resistance R,.. 
assuming a constant-current load. 

Solution 
(a) The Illotor has an initial line current of 126 A, so the in itial armature current is 

150V 
IAI = I Ll - I F! = 126 A - 41.67 fl = 120 A 

Therefore, the intemal generated voltage is 

EA I = VT - IA IR A = 250 V - (120 A)(0.03 fl) 

= 246.4 V 

After the field resistance is increased to 50 n, the fie ld ClIlTent will become 

VT 250 V 
IF2 = RF = 50 fl = 5 A 
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The ratio of the internal generated voltage at one speed to the internal generated 
voltage at another speed is given by the ratio of Equation (7--41) at the two speeds: 

EA2 = K'¢2'1 1112 

E" l K'cP1J1m l 
(8-16) 

Because the armature current is assumed constant, EA l = Eil2> and this equation 
reduces to 

or 

= cP2n m2 

q))flml 

(8-17) 

A magnetization curve is a plot of EA versus / p for a given speed. Since the val
ues of EA on the curve are directly proportional to the flux, the ratio of the inter
nal generated voltages read off the curve is equal to the ratio of the fluxes within 
the machine. At IF = 5 A, EAO = 250 V, while at IF = 6 A, EAO = 268 V. Tbere-( 
fore, the ratio of fluxes is given by 

!PI 268 V 
1>, ~ 250 V ~ 1.076 

and the new speed of the motor is 

11m2 = :~l1ml = (l .076)(l 103r/min) = 1187r/min 

(b) A MATLAB M-file that calculates the speed of the motor as a function of RF 
follows: 

% }:i - fi l e ; rf~speed~control . m 

% !>i - fi le c r ea t e a p lo t o f the s p eed of a s hun t dc 
% mo t o r as a f unct i on of f i e ld re sistance, assuming 
% a con sta nt a rmature curre n t (Exa mp le 8 - 3) . 

% Get t h e ma gnet izat i o n curve . Th i s f il e con tain s t he 
% thre e vari ables if~value , e a~value , a nd n~O. 

loa d f i g8~9.mat 

% Fi rs t , i n i t ia li z e 
v~t 250; 
r f 40 ; 1; 70; 
r~a 0 . 03; 
i~a 12 0 ; 

the va l ues n eeded in thi s progra m. 
% Terminal voltage (V) 
% F i eld r es i stanc e (ohms) 
% Arma t ure r e sis tan ce (ohms) 
% Ar mature c u rren ts (A) 

% The a pp r oa ch here is to c a lculat e the e aO a t toe 
% r e f e rence fi e l d curren t , and then t o ca l c u late the 
% e _ aO fo r every f i eld cur r ent. Th e r efere n ce s peed is 
% 1103 r / min , so by know i n g t he e~aO and r eferen ce 
% spee d, Ide wi ll be able t o ca l c ul a t e the speed a t t h e 
% other f ield c urrent. 

% Calcul ate the i nt erna l gen e ra t ed vo l tage a t 1200 r/min 
% fo r the r eference f i eld curre nt (5 A) by i nterpolat i n g 
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% the motor's magnetizat i on curve . The reference speed 
% correspond i ng to th i s fiel d current i s 1103 r/min . 
e_ aO_ ref = interpl {if_va l u e s,ea_values , S,t sp line 1

); 

n_ re f = 1103 i 

% Calcu l ate the f ield current for each valu e of field 
% r esistance . 
i f = v t ./ r_f ; 

% Ca l cu l a te the E_ a O fo r each field current by 
% interpo l at ing t he motor ' s magnetiza t ion c u rve. 
e_ aO = interpl (if_v alue s, e a_va l u es,i_f , 'spline ' ) ; 

% Ca l culat e t h e result i ng speed f r om Equation (8 -17 ) : 
(e_ aO_ l / e aD 2 ) * 01 % 02 (ph i l I phi2) * 01 

02 = ( e aD ref / e aD ) * 

% pl ot the speed versus r f curve . 
p lo t ( r_f, 02, ' k _ ' , 'Linevlidt h l

, 2.0) ; 
h old on; 
xlabel('\bfFi e l d resi stance, \Omega '); 
y label { I \b£\i t o _ {m} \rm\bf (r/min ) ' ) i 

t i tle ( ' \bfSpeed vs \itR_{F) \ rm\bffor a Shunt DC Motor') i 
ax i s ([ 4 0 70 0 1400J ); 

g ri d on i 
ho ld o ff ; 

The resulting plot is shown in Figure 8-18. 

Note that the assumption of a constant armature current as Rp changes is not 
a very good one for real loads. The current in the armature will vary with speed in 
a fashion dependent on the torque required by the type of load attached to the 
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FIGURE 8-18 
Plot of speed versus field resistance for the shunt dc motor of Example 8- 3. 
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motor. These differences will cause a motor's speed-versus-RF curve to be slightly 
different than the one shown in Figure 8- 18, but it will have a similar shape, 

Example 8-4. The motor in Example 8- 3 is now connected separately excited, as 
shown in Figure 8-17b. The motor is initially mnning with VA = 250 Y, fA = 120 A, and 
n = 1103 r/min, while supplying a constant-torque load. What will the speed of this motor 
be if VA is reduced to 200 V? 

Solution 
The motor has an initial line current of 120 A and an armature voltage VA of 250 V, so the 
internal generated voltage EA is 

EA = VT - lARA = 250 V - (120 A)(0.03 0) = 246.4 V 

By applying Equation (8-16) and realizing that the flux ¢ is constant, the motor's speed 
can be expressed as 

EA2 K'¢2n m2 
EAI = K'¢ln ml 

= nm2 

n ml 

En 
n m2 = EAl nm! 

To find E A2 use Kirchhoff's voltage law: 

E A2 = VT - JI\2RA 

(8- 16) 
( 

Since the torque is constant and the !lux is constant, IA is constant. This yields a voltage of 

E,\2 = 200 V - (120 A)(0.03 0) = 196.4 V 

The final speed of the motor is thus 

n m2 = ~A2 nml = ~~~:: ~ 1103 rfmin = 879 rfmin 
AI 

The Effect of an Open Field Circuit 

The previous section of this chapter contained a discussion of speed control by vary
ing the field resistance of a shunt motor. As the field resistance increased, the speed of 
the motor increased with it. What would happen if this effect were taken to the ex
treme, if the field resistor really increased? What would happen if the field circuit ac
tually opened while the m~as running? From the previous discussion, the flux in 
the machine would drop drastically, all the way down to q,,~ , and EA(= Kq,wm) would 
drop with it. This would cause an enormous increase in the armature current, and the 
resulting induced torque would be quite a bit higher than the load torque on the mo
tor. Therefore, the motor's speed would strut to rise and would just keep going up. 

The result, of an open field circuit can be quite spectacular. When the author was ! 
an undergraduate "in Electrical Engineeting at Louisiana State University," his labora
tory group once made a mistake of this sort. The group was work.i.ng with a small mo
tor-generator set being driven by a 3-hp shunt dc motor. The motor was connected and 
ready to go, but there was just one little mistake- when the field circuit was connected, 
it was fused with a O.3-A fuse instead of the 3-A fuse that was supposed to be used. 
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When the motor was staI1ed, it ran normally for about 3 s, and then sud
denly there was a flash from the fuse. Immediately, the motor's speed skyrock
eted. Someone turned the main circuit breaker off within a few seconds, but by 
that time the tachometer attached to the motor had pegged at 4000 r/min. The mo
tor itself was only rated for 800 r/min. 

Needless to say, that experience scared everyone present very badly and 
taught them to be most careful about field circuit protection. In de motor starting 
and protection circuits, afield loss relay is normally included to disconnect the 
motor from the line in the event of a loss of field current. 

A similar effect can occur in ordinary shunt de motors operating with light 
fields if their armature reaction effects are severe enough. If the armature reaction 
on a de motor is severe, an increase in load can weaken its flux enough to actually 
cause the motor's speed to rise. However, most loads have torque-speed curves 
whose torque increases with speed, so the increased speed of the motor increases 
its load, which increases its armature reaction, weakening its flux again. The 
weaker flux causes a further increase in speed, further increasing load, etc., until 
the motor overspeeds. This condition is known as runaway. 

In motors operating with very severe load changes and duty cycles, this 
flux-weakening problem can be solved by installing compensating windings. 
Unfortunately, compensating windings are too expensive for use on ordinary run
of-the-mi1l motors. The solution to the runaway problem employed for less
expensive, less-severe duty motors is to provide a turn or two of cumulative com
pounding to the motor 's poles. As the load increases, the rnagnetomotive force 
from the series turns increases, which counteracts the demagnetizing magneto
motive force of the armature reaction. A shunt motor equipped with just a few se
ries turns like this is called a stabilized shunt motor. 

8.5 THE PERMANENT· MAGNET DC MOTOR 

A permanent-magnet de (PMDC) motor is a dc motor whose poles are made of per
manent magnets. Pennanent-magnet dc motors offer a number of benefits compared 
with shunt dc motors in some applications. Since these motors do not require an ex
ternal field circuit, they do not have the field circuit copper losses associated with shunt 
dc motors. Because no field windings are required, they can be smaller than corre
sponding shunt dc motors. P1\IIDC motors can be commonly found in sizes up to about 
10 hp, and in recent years some motors have been built in sizes up to 100 hp. However, 
they are especially conunon in smaller fractional- and sub fractional-horsepower sizes, 
where the expense and space of a separate field circuit cannot be justified. 

PMDC motors are generally less expensive, smaller in size, simpler, and 
higher efficiency than corresponding dc motors with separate electromagnetic 
fields. This makes them a good choice in many dc motor applications. The arma
tures of PMDC motors are essentially identical to the armatures of motors with 
separate field circuits, so their costs are similar too. However, the elimination of 
separate electromagnets on the stator reduces the size of the stator, the cost of the 
stator, and the losses in the field circuits. 

PMDC motors also have disadvantages. Permanent magnets cannot produce as 
high a flux density as an externally supplied shunt field, so a PMDC motor will have 
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a lower induced torque 'Tjnd per ampere of annature current I A than a shunt motor of 
the same size and construction. In addition, PMDC motors run the risk of demagne
tization. As mentioned in Chapter 7, the armature current fA in a de machine produces 
an armature magnetic field of its own. The aI111ature mmf subtracts from the nunf of 
the poles under some portions of the pole faces and adds to the mmi of the poles un
der other portions of the pole faces (see Figures 8-23 and 8- 25), reducing the over
all net flux in the machine. This is the Qnnature reaction effect. In a PMDC machine, 
the pole flux is just the residual flux iu the permanent magnets. If the armature CUT

rent becomes very large, there is some risk that the annature mmf may demagnetize 
the poles, permanently reducing and reorienting the residual flux in them. Demagne
tization may also be caused by the excessive heating which can occur due to shock 
(dropping the motor) or during prolonged periods of overload. In addition, PMDC 
materials are weaker physically than most normal steels, so stators constructed out of 
them can be limited by the physical torque requirements of the motor. 

Figure 8-19a shows a magnetization CUI've for a typical ferromagnetic mater- ( 
ial. It is a plot of flux density B versus magnetizing intensity H (or equivalently, a 
plot of flu x c/> versus mmf ?F). When a strong external magnetomotive force is ap
plied to this material and then removed, a residual flux Bres will remain in the mater
ial. To force the residual flux to zero, it is necessary to apply a coercive magnetizing 
intensity He with a polarity opposite to the polarity of the magnetizing intensity H 
that originally established the magnetic fie ld. For normal machine applications 
such as rotors and stators, a ferromagnetic material should be picked which has the 
smallest Bres and He possible, since such a material will have low hysteresis losses. 

On the other hand, a good material for the poles of a PMDC motor should 
have the largest residual flux density Bres possible, while simultaneously having 
the largest coercive magnetizing intensity He possible. The magnetization curve 
of such a material is shown in Figure 8- 19b. The large Brcs produces a large flux 
in the machine, while the large He means that a very large current would be re
quired to demagnetize the poles. 

In the last 40 years, a number of new magnetic materials have been devel
oped which have desirable characteristics for making permanent magnets. The 
major types of materials are the ceramic (ferrite) magnetic materials and the rare
earth magnetic materials . Figure 8-19c shows the second quadrant of the magne
tization curves of some typical ceramic and rare-earth magnets, compared to the 
magnetization curve of a conventional ferromagnetic alloy (Alnico 5). It is obvi
OLlS from the comparison that the best rare-earth magnets can produce the same 
residual flux as the best conventional fenomagnetic al1oys, while simultaneously 
being largely immune to demagnetization problems due to armature reaction. 

A permanent-magnet dc motor is basically the same machine as a shunt dc 
motor, except that the flux of a PMDC motor is fixed. Therefore, it is not possible 
to control the speed of a PMDC motor by varying the field current or flu x. The 
only methods of speed control available for a PMDC motor are armature voltage 
control and armature resistance control. 

The techniques to analyze a PMDC motor are basically the same as the 
techniques to analyze a shunt dc motor with the field current held constant. 

I 
I 

I 
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(a) 

FIGURE 8-19 
(a) The magnetization curve of a typical ferromagnetic material. Note the hysteresis loop. After a 
large magnetizing intensity H is applied to the core and then removed, a residual flux density B",s 
remai ns behind in the core. This fl ux can be brought to zero if a coercive magnetizing intensity He is 
applied to the core with the opposite polarity. Tn Ihis case, a relatively small value of it wi ll 
demagneti'l..e the core. 

For more information about PMDC motors, see References 4 and 10. 

8.6 THE SERIES DC MOTOR 

A series de motor is a de motor whose field windings consist of a relatively few 
turns connected in series with the armature circui t. The equivalent ci rcuit of a se
ries dc motor is shown in Figure 8-20. In a series motor, the armature current, 
field current, and line cunent are all the same. The Kirchhoff's voltage law equa
tion for this motor is 

(8- 18) 

Induced Torque in a Series DC Motor 

The terminal characteristic of a series de motor is very different from that of the 
shunt motor previously studied. The basic behavior of a series dc motor is due to 
the fact that lhe flux is directly proportional to the armature current, at least until 
saturation is reached. As the load on the motor increases, its flux increases too. As 
seen earlier, an increase in flux in the motor causes a decrease in its speed. The re
sult is that a series motor has a sharply drooping torque- speed characteristic. 

The induced torque in this machine is given by Equation (7-49): 

(7-49) 
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(b) The magnetization curve of a ferromagnetic material suitable for use in permanent magnets. Note ( 
the high residual flux density B,c, and the relatively large coercive magnetizing intensity He. (c) The 
second quadrant of the magnetization curves of some typical magnetic materials. Note that the rare
earth magnets combine a high residual flux with a high coercive magnetizing intensity. 

( 



-

( 

DC MOTORS AND GENERATORS 495 

r-----\AAr----~VY----~rrYC-------o+ 

IA=ls =h 

VT = EA + IA (RA + Rs) 

FIGURE 8-20 
The equival ent circui t of a series de motor. 

The flux in this machine is directly proportional to its armature current (at least 
un til the metal saturates). Therefore, the flux in the machi ne can be given by 

(8-19) 

where c is a constant of proportionality. The induced torque in this machine is thus 
given by 

(8- 20) 

In other words, the torque in the motor is proportional to the square of its arma
ture current. As a resuJt of this relationship, it is easy to see that a series motor 
gives more torque per ampere than any other de motor. It is therefore used in ap
plications requiring very high torques . Examples of such applications are the 
starter motors in cars, elevator motors, and tractor motors in locomotives, 

The Terminal Characteristic of a Series DC Motor 

To determine the terminal characteristic of a series dc motor, an analysis will be 
based on the assumption of a linear magnetization curve, and then the effects of 
saturation will be considered in a graphical analysis. 

The assumption of a linear magnetization curve implies that the flux in the 
motor will be given by Equation (8-19): 

(8-19) 

This equation wi ll be used to derive the torque- speed characteristic curve for the 
series motor. 

( The derivation of a series motor 's torque-speed characteristic starts with 
Kirchhoff's voltage law: 

VT = EA + IA(RA + Rs) (8- 18) 

From Equation (8-20), the armature current can be expressed as 
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1 = ~ 
A VKc 

Also, EA ~ K</>w", . Substituting these expressions in Equation (8-18) yields 

If ~ Kq,w", + ti(RA + Rsl (8-21) 

If the flux can be eliminated from this expression, it will directly relate the 
torque of a motor to its speed. To eliminate the fl ux from the expression, notice that 

and the induced torque equation can be rewritten as 

Tind = ~ qi 

Therefore, the flu x in the motor can be rewritten as 

q, ~ ffc v:r:;:; (8-22) 

Substituting Equation (8- 22) into Equation (8-21) and solving for speed yields 

VT ~ Kffc v:r:;:; w'" + ti (RA + Rs) 

RA + Rs 
VKc ~wm = VT - VKC ~ 

VT RA + Rs w - -
II1 -VKC~ Kc 

The resulting torque- speed relationship is 

VT I RA + Rs 
wm = VKc vr;:; - Kc (8-23) 

Notice that for an unsaturated series motor, the speed of the motor varies as the 
reciprocal of the square root of the torque. That is quite an unusual relationship! 
This ideal torque-speed characteristic is plotted in Figure 8- 21. 

One disadvantage of series motors can be seen immediately from this equa
tion. When the torque on this motor goes to zero, its speed goes to infinity. In 
prac tice, the torque can never go entirely to zero because of the mechanical, core, 
and stray losses that must be overcome. However, if no other load is connected to 
the motor, it can turn fast enough to seriously damage itself. Never completely un
load a series motor, and never connect one to a load by a belt or other mechanism 
that could break. If that were to happen and the motor were to become unloaded 
while running, the results could be serious. 

The nonlinear analysis of a series de motor with magnetic saturation effects, 
but ignoring armature reaction, is illustrated in Example 8-5. 

( 

I 
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Wn - ~ ------ -

FIGURE 8-21 
The torque-speed characteristic of a series de motor. 

Example 8-5. Figure 8-20 shows a 250-V series de motor with compensating 
windings, and a total series resistance RA + Rs of 0.08 n. The series fi eld consists of 25 
turns per pole, with the magnetization curve shown in Figure 8-22. 

(a) Find the speed and induced torque of this motor for when its armature current 
is 50A. 

(b) Calculate and plot the torque-speed characteristic for this motor. 

Solution 
(aJ To analyze the behavior of a series motor with saturation, pick points along the 

operating curve and find the torque and speed for each point. Notice that the 
magnetization CUIve is given in units of magnetomotive force (ampere-turns) 
versus EA for a speed of 1200 rlmin, so calculated EA values must be compared 
to the equivalent values at 1200 r/min to determine the actual motor speed, 

ForIA = 50A, 

E" ~ VT - i"(R,, + Rs) ~ 250 V - (50A)(0.08 fl) ~ 246 V 

Since II. = IF = 50 A, the magnetomot ive force is 

?Ji ~ NI ~ (25 turns)(50A)~ 1250A - turns 

From the magnetization curve at ?F = 1250 A · turns, EAO = 80 V. To get the 
correct speed of the motor, remember that, from Equation (8-13), 

EA 
11m = Eno 

"0 

= 2866: 120 r/min = 3690 rlmin 

To find the induced torque supplied by the motor at that speed, recall that 

P eony = EAIA = 7indwm' Therefore, 



4'H ELECTR IC M ACHINERY FUNDAMEN'I'ALS 

> 
"," 
" '" " '6 
> 

'" ~ c 

" " .. 
~ .s 

(246 V)(50 A) 
31.8N ·m (3690 r/min)(1 minl60 s)(2". radlr) 

(b) To calculate the complete torque-speed characteristic, we must repeat the steps 
in a for many values of armature cutTent. A MATLAB M-file thal calculates the 
torque-speed characteristics of the series de motor is shown below. Note that the 
magnetization curve used by this program works in terms of field magnetomo
live force instead of effective field current. 

% M-file: series_t s_curve .m 
% M- file c r ea t e a plot of the torque - speed curve of the 
% the series de moto r wi t h armature reaction i n 
% Example 8-5 . 

% Get t he magnetization curve . This f i le con tains the 
% three variables mmf_values, ea_values , and n_O . 
l oad fig8_22 .mat 

300 

/ l,--
V 11m = 1200 r/min 

/ 
/ 

250 

200 

/ 
II 

150 

/ 
/ 

100 

50 

II 
00 1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000 

Field magnetomotive force '3', A . turn s 

FIGURE 8-22 
The magnetizat ion curve of the motor in Example 8- 5. This curve was taken at speed II", = 1200 r/m in. 
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% First. ini tialize the 
v_t 250: 
T_a 0.08; 
i_a 10:10 : 300 ; 
n_ s 25 i 

% Ca l culate the MMF for 
f = n s • i_a; -

% Calcul ate the internal 

e3 = v_t - i a • T_a; -
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values needed in this program . 
% Terminal voltage (V) 
% Armature + fie ld resistance (ohms) 
% Armature (l ine) currents (A) 
% Number of series t urns on fie ld 

each l oad 

generated voltage e_a. 

% Calculate the resulting interna l generated v olta ge at 
% 1200 r/min by interpolating the motor's magnetization 
% curve . 
e_aO ~ interpl (mmf_valu es, ea_va lues, f, 'sp line '}; 

% Calculate the motor's speed f r om Eq uat ion (8 -13). 

( n = (e_ a . / e_aO) * D_O; 

( 

% Cal culate the induced torque corresponding to each 
% speed f r om Equat ions (7 - 55 ) and (7 - 56). 
t ind = ea . * i _ a . / (n * 2 * p i / 60 ); 

% p l ot the torque - speed curve 
p lo t ( t_ind, n, 'Color' , 'k' , 'Line'i\fi dth' ,2.0) ; 
h o l d on; 
xlabel (' \bf\tau_ {ind) (N- m)') i 

y l abel ( ' \bf\itn_ {m} \rm\bf (r/min)'); 
t it l e (' \ bfSeries DC Motor Torque- Speed Characteristic'); 
axis([ a 700 a 5000]); 
grid on; 
hold off; 

The resulting motor torque-speed characteristic is shown in Figure 8- 23. Notice the 
severe overspeeding at very small torques. 

Speed Control of Series DC Motors 

Unlike with the shunt dc motor, there is only one efficient way to change the 
speed of a series dc motor. That method is to change the terminal voltage of the 
motor. If the terminal voltage is increased, the firs t term in Equation (8-23) is in
creased, resulting in a higher speed/or any given torque. 

The speed of series de motors can also be controlled by the insertion of 
a series resistor into the motor circui t, but this technique is very wasteful of 
power and is used only for intermittent periods during the start-up of some 
motors. 

Until the last 40 years or so, there was no convenient way to change VT , so 
the only method of speed control available was the wasteful series resistance 
method. That has all changed today with the introduction of solid-state control 
circuits. 
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FIGURE 8-23 
The torque-speed characteristic of the series de motor in Example 8- 5. 

8.7 THE COMPOUNDED DC MOTOR 

A compounded de motor is a motor with both a shunt and a series field. Such a mo
tor is shown in Figure 8-24. The dots that appear on the two field coils have the 
same meaning as the dots on a transfonner: Current flowing into a dot produces a 
positive magnetomotive force. If current flows into the dots on both field coils, the 
resulting magnetomotive forces combine to produce a larger total magnetomotive 
force. This situation is known as cumulative compounding. If current flows into the 
dot on one field coil and out of the dot on the other field coil, the resulting magne
tomotive forces subtract. In Figure 8- 24 the round dots correspond to cumulative 
compounding of the motor, and the squares cOlTespond to differential compounding. 

The Kirchhoff's voltage law equation for a compounded de motor is 

The currents in the compounded motor are related by 

IA ~ IL - IF 

VT 
IF ~ RF 

(8- 24) 

(8-25) 

(8- 26) 

The net magnetomotive force and the effective shunt field current in the com
pounded motor are given by 

8fPnet = ?fF ± ?fSE - ?fAR I (8-27) ( 

and 

(8-28) 
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FIGURE 8-24 
The equivalent circuit of compounded dc motors: (a) long-shunt connection; (b) short-shunt 
connection. 

~U l 

where the positive sign in the equations is associated with a cumulatively com
pounded motor and the negative sign is associated with a differentially com
pounded motor. 

The Torque- Speed Characteristic of a 
Cumulatively Compounded DC Motor 

In the cumulatively compounded dc motor, there is a component of flux which is 
constant and another component which is prop011ional to its armature cun-ent (and 
thus to its load). Therefore, the cumulatively compounded motor has a higher 
starting torque than a shunt motor (whose flux is constant), but a lower starting 
torque than a series motor (whose entire flux is proportional to armature cunent) . 

In a sense, the cumulati vely compounded dc motor combines the best fea
tures of both the shunt and the series motors. Like a series motor, it has extra 
torque for starting; like a shunt motor, it does not overspeed at no load. 

At light loads, the series field has a very small effect, so the motor behaves 
approximately as a shunt dc motor. As the load gets very large, the series flux 
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FIGURE 8-25 
(a) The torque-speed characteristic of a cumulatively compounded dc motor compared to series and 
shunt motors with the same fu ll-load rating. (b) The torque- speed characteri stic of a cumulatively 
compounded dc Illotor compared to a shunt motor with the same no-load speed. 

becomes quite important and the torque-speed curve begins to look like a series 
motor 's characteristic. A comparison of the torque- speed characteristics of each 
of these types of machines is shown in Figure 8- 25. 

To determine the characteristic curve of a cumulatively compounded de mo
tor by nonlinear analysis, the approach is similar to that for the shunt and series 
motors seen before. Such an analysis will be illustrated in a later example. 

The Torque-Speed Characteristic of a 
Differentially Compounded DC Motor 

In a differentially compounded de motor, the shunt magnetomolive force and se
ries magnetomotiveforce subtractfrom each other. This means that as the load on 
the motor increases, f A increases and the flux in the motor decreases . But as the 
flux decreases, the speed of the motor increases. This speed increase causes an
other increase in load, which further increases lA' further decreasi ng the flux, and 
increasing the speed again. The result is that a differentially compounded motor is 

( 



( 

( 

-

IJL.. IVI V J UK'::' I-\l~ U lJI:'.J~l::.t<' l\ I UI<.'::' ;:)UJ 

n" 

FIGURE 8-26 
The torque- speed characteristic of a 

'-- ------------- filld differential!y compounded de motor. 

unstable and tends to run away. This instabi1ity is much worse than that of a shunt 
motor with armature reaction. It is so bad that a differential1y compounded motor 
is unsuitable for any application. 

To make matters worse, it is impossible to start such a moto r. At starting con
ditions the armature Cllrrent and the series field current are very high. Since the se
ries flux subtracts from the shunt flux , the series fi eld can actually reverse the mag
netic polarity of the machine's poles. The motor wilI typicalIy remain still or turn 
slowly in the wrong direction while bUl11ing up, because of the excessive armature 
current. When this type of motor is to be started, its series field must be short
circuited, so that it behaves as an ordinary shunt motor during the starting period. 

Because of the stability problems of the di fferentially compounded dc motor, 
it is almost never intentionally used. However, a differentially compounded motor 
can result if the direction of power flow reverses in a c umulatively compounded 
generator. For that reason, if cumulatively compounded dc generators are used to 
supply power to a system, they will have a reverse-power trip cjrcuit to disconnect 
them from the line if the power flow reverses. No motor-generator set in which 
power is expected to flow in both directions can use a differentially compounded 
motor, and therefore it cannot use a cumulatively compounded generator. 

A typical terminal characteristic for a di fferentially compounded dc motor 
is shown in Figure 8- 26. 

The Nonlinear Analysis of 
Componnded DC Motors 

The determination of the torque and speed of a compounded dc motor is illus
trated in Example 8-6 . 

Example 8--6. A IOO-hp, 250-V compounded dc motor with compensating wind
ings has an internal resistance, including the series winding, of 0.04 fl. There are 1000 
turns per pole on the shunt field and 3 turns per pole on the series winding. The machine is 
shown in Figure 8-27, and its magnetization curve is shown in Figure 8-9. At no load, the 
field resistor has been adjusted to make the motor n ll1 at 1200 r/min. The core, mechanical, 
and stray losses may be neglected. 
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The compounded dc moLor in Example 8-6. 

•• 

(a) What is the shunt field current in this machine at no toad? 
(b) If the motor is cumulatively compounded, find its speed when IA = 200 A 
(c) If the motor is differenti ally compounded, find its speed when 1;1, = 200 A 

Solution 
(a) At no load, the armature current is zero, so the internal generated voltage of the 

motor must equal Vr. which means that it must be 250 V_ From the magnetiza
tion curve, a field current of 5 A will produce a voltage EA of 250 V at 1200 
r/min. Therefore, the shunt field current must be 5 A. 

(b) When an armature current of 200 A flows in the molor, the machine 's internal 
generated voltage is 

EA ~ Vr - IA(RA + Rs) 

~ 250 V - (200 A)(0.04 fl) ~ 242 V 

The effective fiel d current of this cumulatively compounded motor is 

* NSE _ 9PAR 
IF ~ IF + -N ' A N (8-28) 

F F 

3 
~ 5 A + 1000 200 A ~ 5.6 A 

From the magnetization curve, EAO = 262 V at speed 110 = 1200 rfmin. There
fore, the motor's speed will be 

EA 
Il m = EIJo 

AD 

~ ;~; ~ 1200 rfmin ~ 1108 rfmin 

(c) If the machine is differentially compounded, the effective field current is 

~ NSE _ sPAR 
IF = IF - N fA NF 

F 
(8-28) 

3 
~ 5 A - 1000200 A ~ 4.4 A 

( 

I 
I 
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From the magnetization curve, EAO = 236 V at speed no = 1200 r/min. There
fore, the motor's speed will be 

EA 
It m = Ello 

AO 

242 V . 
= 236 V 1200rlmln = 1230 li min 

Notice [hat the speed of the cumulatively compounded motor decreases wi th load, while 
the speed of the di ffe rentially compounded motor increases with load. 

Speed Control in the Cumulatively 
Compounded DC Motor 

The techniques available for the control of speed in a cumulatively compounded 
dc motor are the same as those available for a shunt motor: 

1. Change the field resistance RF• 

2. Change the armature voltage Vk 

3. Change the armature resistance RA . 

The arguments describing the effects of changing RF or V,\ are very similar to the 
arguments given earlier for the shunt moto r. 

Theoretically, the differentially compounded dc motor could be controlled 
in a similar manner. Since the differentially compounded motor is almost never 
used, that fact hardly matters. 

8.8 DC MOTOR STARTERS 

In order for a dc motor to function properly on the job, it must have some special 
control and protection equipment associated with it. The purposes of this equip
ment are 

1. To protect the motor against damage due to short circu its in the equipment 

2. To protect the motor against damage from long-term overloads 

3. To protect the motor against damage from excessive starting currents 

4. To provide a convenient manner in which to control the operating speed of 
the motor 

The first three functions wi11 be discussed in this section, and the fourth function 
will be considered in Section 8.9. 

DC Motor Problems on Starting 

In order for a dc motor to function properly, it must be protected from physical 
damage during the starting pe110d. At starting conditions, the motor is not turning, 
and so EA = 0 V. Since the internal resistance of a normal dc motor is very low 
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FIGURE 8-28 
A shunt motor with a starting res istor in series with its armature. Contacts lA, 2A, and 3A short
circuit portions of the starting resistor when they close. 

compared to its size (3 to 6 percent per unil for medium-size motors), a very high 
current flows. 

Consider, for example, the 50-hp, 250-V motor in Example 8- 1. This motor 
has an armature resistance RA of 0.06 fL, and a full-load cunent less than 200 A, 
but the current on starting is 

Vr - EA 
lA = 

RA 

= 250 V - 0 V = 4167 A 
0.06!l 

This current is over 20 times the motor 's rated full-load current. It is possible for 
a motor to be severely damaged by such currents , even if they last for only a 
moment. 

A solution to the problem of excess current during starting is to insert a 
starting resistor in series with the armature to limit the current flow until EA can 
build up to do the limiting. This resistor must not be in the circuit permanently, be
cause it would result in excessive losses and would cause the motor's 
torque-speed characteristic to drop off excessively with an increase in load. 

Therefore, a resistor must be inserted into the armature circuit to limit cur
rent flow at starting, and it must be removed again as the speed of the motor builds 
up. In modern practice, a starting resistor is made up of a series of pieces, each of 
which is removed from the motor circuit in succession as the motor speeds up, in 
order to limit the current in the motor to a safe value while never reducing it to too 
iowa value for rapid acceleration. 

Figure 8-28 shows a shunt motor with an extra starting resistor that can be 
cut out of the circui t in segments by the closing of the l A, 2A, and 3A contacts( 
Two actions are necessary in order to make a working motor starter. The first is to 
pick the size and number of resistor segments necessary in order to limit the 
starting current to its desired bounds. The second is to design a control circuit that 



( 

( 

u ...... !VIV!V I\'..)/·\ ! ~U UL,' ~I';' l' r\ I V"..) .1 .,' 

Off Run 

1-------<+ 

FIGURE 8-29 
A manual de motor starter. 

shuts the resistor bypass contacts at the proper time to remove those parts of the 
resistor from the circuit. 

Some older dc motor struters used a continuous starting resistor which was 
gradually cut out of the circuit by a person moving its handle (Figure 8-29). This 
type of starter had problems, as it largely depended on the person stmting tile mo
tor not to move its handle too quickly or too slowly. If the resistance were cut out 
too quickly (before the motor could speed up enough), the resulting current flow 
would be too large. On the other hand, if the resistance were cut out too slowly, the 
starting resistor could bum up. Since they depended on a person for their correct op
eration, these motor starters were subject to the problem of human error. They have 
almost entirely been displaced in new installations by automatic starter circuits. 

Example 8-7 illustrates the selection of the size and number of resistor seg
ments needed by an automatic starter circuit. The question of the timing required 
to cut the resistor segments out of the armature circuit will be examined later. 

Example 8-7. Figure 8-28 shows a 100-hp, 250-V, 350-A shunt dc motor with an 
armature resistance of 0.05 D. We wish to design a starter circuit for this motor which will 
limit the maximum starting current to twice its rated value and which will switch out sec
tions of resistance as the armature current falls to its rated value. 

(aJ How many stages of starting resistance will be required to limit the current to 
the range specified? 

(b) What must the value of each segment of the resistor be? At what voltage should 
each stage of the starting resistance be cut out? 

Solution 
(a) The starting resistor must be selected so that the current flow equals twice the 

rated current of the motor when it is first connected to the line. As the motor 
starts to speed up, an internal generated voltage E/I will be produced in the 
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motor. Since this voltage opposes the terminal vo1tage of the motor, the increas
ing internal generated voltage decreases the ClIlTent flow in the 111otor. When the 
current flowing in the motor faUs to rated current, a section of the starting resi s
tor must be taken out to increase the starting CUlTent back up to 200 percent of 
rated currenl. As the motor continues to speed up, EA continues to rise and the 
armature current continues to fa ll. When the current flowing in the motor fa lls 
to rated current again, another section of the starting resistor must be taken out. 
This process repealS until the starting res istance to be removed at a given stage 
is less than the resistance of the motor's armature circu it. At that point, the mo
tor's armature resistance will limit the current to a safe value all by itself. 

How many steps are required to accompli sh the current limiting? To find out, 
define R IOt as the original resistance in the starting ci rcui t. So RIOI is the sum of 
the resistance of each stage of the starting resistor together with the resistance of 
the armature circuit of the motor: 

(8-29) 

Now define Rlol.i as the total resistance left in the starting circuit after stages I [O( 
i have been shorted out. The resistance left in the circuit after removing stages 
1 through i is 

Rlot,i = Ri+ 1 + 
Note also that the initial starting resistance must be 

Vr 
Riol = -1-

max 

(8- 30) 

In the fi rst stage of the starter circuit, resistance R1 must be switched out of 
the circuit when the current fA fans to 

Vr - EA 
R = [mm 

'" 
After switching that part of the resistance out, the annature current must jump to 

Vr - Elt 
R = Imax 

101,1 

Since EA (= Kc/>w) is directly proportional to the speed of the motor, which can
not change instantaneously, the quantity Vr - EA must be constant at the instant 
the resistance is switched out. Therefore, 

or the resistance left in the circuit after the firs t stage is switched out is 

(8- 31) 

By direct extens ion, the resistance left in the circuit after the nth stage is 
switched out is 

( I mio ) " Rtot,/I = -1- Rt01 
max 

(8- 32) 

I 
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The starting process is completed when Rlol ," for stage It is less than or equal to 
the intemal annature resistance RA, of the motor. At that point, RA can limit the 
current to the desired value all by itself. At the boundary where RA = Reol .n 

(8- 33) 

(8- 34) 

Solving for n yields 

(8- 35) 

where n must be rounded up to the next integer value, since it is not possible to 
have a fractional number of starting stages. If n has a fractional part, then when 
the fi nal stage of starting resistance is removed, the armature current of the mo
tor will jump up to a value smaller than lma~ ' 

In thi s particular problem, the ratio Imin l/max = 0.5, and R tol is 

so 

log (RAIR,m) log (0.05 WO.357 !1) 
n- - -2M log (/"",lf mM) log (350 AflOO A) 

The nu mber of stages required wi ll be three. 
(b) The annature circu it will contain the armature res istor RA and three slarting re

sistors R]> R2, and R3 . This arrangement is shown in Figure 8-28. 
At first, EA = 0 V and IA = 700 A, so 

VT 
fA ~ R + R + R + R - 700 A 

A I 2 3 

Therefore, the total resistance must be 

(8- 36) 

This to tal resistance will be placed in the circuit until the current falls to 350 A. 
This occurs when 

When EA = 125 V, lit has fallen to 350 A and it is time to cut out the fi rst stmt ing 
resistor RI . When it is cut out, the current should jump back to 700 A. T herefore, 

250 V - 125 V 
700 A 0.1 786 fl (8- 37) 

This total resistance will be in the circuit unti l IA again falls to 350 A. This 
occurs when EA reaches 

EA - VT - fAR,m - 250 V - (350 A)(0. 1786 0) ~ 187.5 V 
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When EA = 187.5 V, IA has fallen to 350 A and it is time to cut out the second 
starting resistor Rz- When it is cut out, the current should jump back to 700 A. 
Therefore, 

RA + R, = VT - EA = 250 V - 187.5 V = 0.0893 n 
[max 700 A 

(8-38) 

This total resistance will be in the circu it untillA again fall s to 350 A . This 
occurs when £" reaches 

EA = VT - IAR,", = 250 V - (350 A)(0.0893 0) = 2 18.75 V 

When Ell = 218.75 V, IA has fallen to 350 A and it is Lime to cut o ut the third 
starting resistor R). When it is cut Ollt , on ly the internal resistance of the motor 
is left. By now, though, RA alone can limit the motor's current to 

250 V - 2 18.75 V 
0.05 n 

(less than allowed maximum) 

From this point on, the motor can speed up by itself. 
From Equations (8-34) to (8- 36), the required res istor values can be 

calculated: 

R, = R,m.3 - RA = 0.0893 n - 0.05 n = 0.0393 n 
R2 = Roo,.2 - R, - RA = 0.1786 n - 0.0393 n - 0.05 n = 0.0893 n 
R! = R, •. ! - R2 - RJ - RA = 0.357 n - 0.1786 n - 0.0393 n - 0.05 n = 0. 1786 n 

And R\, R2, and R3 are cut out when EA reaches 125, 187.5. and 2 18.75 V, 
respectively. 

DC Motor Starting Circuits 

Once the starting resistances have been selected, how can their shorting contacts 
be controlled to ensure that they shut at exactly the correct moment? Several dif
ferent schemes are used to accomplish this switching, and two of the most com
mon approaches will be examined in this section. Before that is done, though, it is 
necessary to introduce some of the components used in motor-starting circuits. 

Figure 8- 30 illustrates some of the devices commonly used in motor
control circuits. The devices illustrated are fuses, push button switches, relays, 
time delay relays, and overloads. 

Figure 8-30a shows a symbol for a fuse. The fuses in a motor-control cir
cuit serve to protect the motor against the danger of short circuits. They are placed 
in the power supply lines leading to motors. If a motor develops a short circuit, the 
fuses in the line leading to it will bum out, opening the circuit before any damage( 
has been done to the motor itself. 

Figure 8- 30b shows spring-type push button switches. There are two basic 
types of such switches-normally open and normally shut. Normally open con
tacts are open when the button is resting and closed when the button has been 

I 

I 
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(b) 

Normally Normally 
open closed 

(d) 

OL 
Heater 

Normally Normally 
open closed 

(e) 

OL contact 

(e) 

(a) A fuse. (b) Normally open and normally closed pusb button switches. (e) A relay coil and 
contacts. (d) A time delay relay and contacts. (e) An overload and its normally closed contacts. 

pushed, while normally closed contacts are closed when the button is resting and 
open when the button has been pushed. 

A relay is shown in Figure 8-30c. It consists of a main coil and a number of 
contacts. The main coil is symbolized by a circle, and the contacts are shown as par
allellines. The contacts are of two types- normally open and normally closed. A 
normally open contact is one which is open when the relay is deenergized, and a 
normally closed contact is one which is closed when the relay is deenergized. When 
electric power is applied to the relay (the relay is energized), its contacts change 
state: The normally open contacts close, and the nonnally closed contacts open. 

A time delay relay is shown in Figure 8-30d. It behaves exactly like an 
ordinary relay except that when it is energized there is an adjustable time delay 
before its contacts change state. 

An overload is shown in Figure 8-30e. It consists of a heater coil and some 
normally shut contacts. The current flowing to a motor passes through the heater 
coils. If the load on a motor becomes too large, then the current flowing to the mo
tor will heat up the heater coils, which will cause the normally shut contacts of the 
overload to open. These contacts can in turn activate some types of motor protec
jon circuitry. 

One common motor-starting circuit using these components is shown in 
Figure 8- 31. In this circuit, a series of time delay relays shut contacts which re
move each section of the starting resistor at approximately the COlTect time after 
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FIGURE 8-31 
A de mOlOr starling circuit rising time delay relays 10 cut out the starting resistor. 

power is applied to Ihe motor. When the start button is pushed in this circuit, the mo
tor's armantre circuit is connected to its power supply, and the machine starts with all 
resistance in the circuit. However, relay lTD energizes at the same time as the motor 
starts, so after some delay the 1 TD contacts will shut and remove part of the starting 
resistance from the circuit. Simultaneously, relay 2TD is energized, so after another 
time delay tile 2TD contacts will shut and remove the second part of the timing re 
sistor. When the 2TD contacts shut, the 3TD relay is energized, so the process repeaW 
again, and finally the motor runs at full speed with no starting resistance present in its 
circuit. If the time delays are picked properly, the struting resistors can be cut out at 
just the right times to limit the motor's current to its design values . 
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FIGURE 8-32 
(a) A de motor starting circuit using countervoltage-sensing relays to cut out the slarling resistor. 

Another type of motor starter is shown in Figure 8-32. Here, a series of re
lays sense the value of Ell in the motor and cut out the starting resistance as EA 
"ises to preset levels. This type of starter is better than the previous one, since if 
[he motor is loaded heavily and starts more slowly than normal, its armature re
sistance is still cut out when its current falls to the proper value. 

Notice that both starter circui ts have a relay in the field circuit labeled FL. 
Thi s is afield loss relay. If the field current is lost for any reason, the field loss -
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FIGURE 8-32 (concluded) ( 
(b) The armature current in a de motor durin g starting. 

relay is deenergized, which turns off power to the M relay. When the M relay 
deeoergizes, its normally open contacts open and disconnect the motor from the 
power supply. This relay prevents the motor from running away if its field current 
is lost. 

Notice also that there is an overload in each motor-starter circuit. If the 
power drawn from the motor becomes excessive, these overloads will heat up and 
open the OL normally shut contacts, thus turning off the M relay. When the M 
relay deenergizes, its normally open contacts open and disconnect the motor from 
the power supply, so the motor is protected against damage from prolonged 
excessive loads. 

8.9 THE WARD-LEONARD SYSTEM AND 
SOLID-STATE SPEED CONTROLLERS 

The speed of a separately excited, shunt, or compounded de motor can be varied in 
one of three ways: by changing the field resistance, changing the armature voltage, 
or changing the armature resistance. Of these methods, perhaps the most useful is 
armature voltage control, since it permits wide speed variations without affecting 
the motor's maximum torque. 

A number of motor-control systems have been developed over the years to 
take advantage of the high torques and variable speeds available from the arma
ture voltage control of dc motors. In the days before solid-state electronic compo
nents became available, it was difficult to produce a varying dc voltage. In fact( 
the normal way to vary the armature voltage of a dc motor was to provide it with 
its own separate dc generator. 

An armature voltage control system of this sort is shown in Figure 8-33. 
This figure shows an ac motor serving as a prime mover for a dc generator, which 
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FIGURES-33 
(a) A Ward-Leonard system for de motor speed control. (b) The circuit for producing field current in 
the de generator and de motor. 

in turn is used to supply a de voltage to a dc motor, Such a system of machines is 
called a Ward-Leonard system, and it is extremely versati le. 

In such a motor-control system, the armature voltage of the motor can be 
contro lled by varying the field current of the dc generator, This armature voltage 
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(-r reversed undO) normal) 
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Torque-speed curves 
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FIGURE 8-34 ( 
The operat ing range of a Ward-Leonard motor-control system. The motor can operate as a motor in 
either the forward (quadrant 1) or reverse (quadrant 3) direction and it can also regenerate in 
quadrants 2 and 4. 

allows the motor's speed to be smoothly varied between a very small value and 
the base speed. The speed of the motor can be adjusted above the base speed by 
reducing the motor's field CUlTent. With such a flexible arrangement, totaJ motor 
speed control is possible. 

Furthennore, if the field current of the generator is reversed, then the polar
ity of the generator' s armature voltage wiil be reversed, too. This will reverse the 
motor's direction of rotation. Therefore, it is possible to get a very wide range of 
speed variations in either direction of rotation out of a Ward-Leonard dc motor
control system. 

Another advantage of the Ward-Leonard system is that it can "regenerate," 
or return the machine's energy of motion to the supply lines. If a heavy load is first 
raised and then lowered by the dc motor of a Ward-Leonard system, when the load 
is falling, the de motor acts as a generator, supplying power back to the power sys
tem. In this fashion, much of the energy required to lift the load in the first place 
can be recovered, reducing the machine's overall operating costs. 

The possible modes of operation of the dc machine are shown in the 
torque- speed diagram in Figure 8-34. When th is motor is rotating in its normal 
direction and supplying a torque in the direction of rotation, it is operating in the 
first quadrant of this figure. If the generator's field cunent is reversed, that will re
verse the terminal voltage of the generator, in turn reversing the motor 's armature 
voltage. When the armature voltage reverses with the motor field current remain
ing unchanged, both the torque and the speed of the motor are reversed, and the 
machine is operating as a motor in tlle third quadrant of the diagram. If the torque 
or the speed alone of the motor reverses while the other quantity does not, then the 
machine serves as a generator, retnrning power to the dc power system. Because 
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FIGURE 8- 35 
(a) A two-quadrant solid-state de motor controller. Since current cannot flow out of the positive 
terminals of the armature, this mOlor cannot act as a generator, returning power to the system. 
(b) The possible operating quadrants of this motor controller. 

a Ward-Leonard system permits rotation and regeneration in either direction, it is 
called afour-quadrant control system. 

The disadvantages of a Ward-Leonard system should be obvious. One is that 
the user is forced to buy three full machines of essentially equal ratings, which is 
quite expensive. Another is that three machines will be much less efficient than 
one. Because of its expense and relatively low efficiency, the Ward-Leonard sys
'!n1 has been replaced in new applications by thyristor-based controller circuits. 

A simple de armature voltage controller circuit is shown in Figure 8-35. 
The average voJtage applied to the armature of the motor, and therefore the aver
age speed of the motor, depends on the fraction of the time the supply voltage is 
applied to the armature. This in turn depends on the relati ve phase at which the 
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( 

thyristors in the rectifier circuit are triggered. This particular circuit is only capa
ble of supplying an armature voltage with one polarity, so the motor can only be 
reversed by switching the polarity of its field connection. Notice that it is not pos
sible for an armature CUlTent to flow out the positive terminal of this motor, since 
current cannot flow backward through a thyristor. Therefore, this motor cannot re
generate, and any energy supplied to the motor cannot be recovered . This type 0C 
control circuit is a two-quadrant controller, as shown in Figure 8-35b. 

A more advanced circuit capable of supplying an armature voltage with ei
ther polarity is shown in Figure 8-36. This armature voltage control circuit can 
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(a) (b) 

FIGURE 8-37 
(a) A typical solid-state shunt de motor dri ve. (Courtesy of MagneTek, IlIc.) (b) A close-up view of 
the low-power eleclronics circuit board, showing the adjustments fo r cu rrent limits, acceleration rate, 
deceleration rale, mini mum speed, and maximum speed . (Courtesy of MaglleTek, fllc.) 

permit a cun-ent now out of the positive terminals of the generator, so a motor 
with this type of controller can regenerate. If the polari ty of the motor field circuit 
can be switched as well , then the solid-state circuit is a full four-quadrant COIl

troller li ke the Ward-Leonard system. 
A two-quadrant or a full four-quadrant controller buil t with thyristors is 

cheaper than the two extra complete machines needed for the Ward-Leonard sys
tem, so solid-state speed-control systems have largely displaced Ward-Leonard 
systems in new applications. 

A typical two-quadrant shunt de motor drive with armature voltage speed 
control is shown in Figure 8- 37, and a simplified block diagram of the drive is 
shown in Figure 8-38. This drive has a constant field voltage supplied by a three
phase fu ll-wave rectifier, and a variable annature tenninal voltage supplied by six 
thyristors arranged as a three-phase full-wave rectifier. The voltage supplied to the 
armature of the motor is controlled by adjusting the firing angle of the thyristors in 
the bridge. Since this motor controller has a fixed field voltage and a variab1e ar
TJ1ature voltage, it is only able to control the speed of the motor at speeds less than 
or equal to the base speed (see "Changing the Armature Voltage" in Section 8.4). 
The controller circuit is identical with that shown in Figure 8-35, except that all of 
the control e lectronics and feedback circuits are shown. 
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The major sections of this de motor drive include: 

1. A protection circuit section to protect the motor from excessive armature cur
rents. low terminal voltage, and loss of field current. 

2. A start/stop circuit to connect and disconnect the motor from the line. 

3. A high-power electronics section to convert three-phase ac power to de power 
for the motor 's armature and field circuits. 

4. A low-power electronics section to provide firing pulses to the thyristors 
which supply the armature voltage to the motor. This section contains several 
major subsections, which will be described below. 

Protection Circuit Section 

The protection circuit section combines several different devices which together 
ensure the safe operation of the motor. Some typical safety devices inc1uded in 
this type of drive are 

1. Currel1l· limitillg fuses, to disconnect the motor quickly and safely from the 
power line in the event of a short circuit within the motor. Current-limi ting 
fuses can interrupt currents of up to several hundred thousand amperes. 

2. An instan/aneolls sIalic trip, which shuts down the motor if the armature cur
rent exceeds 300 percent of its ra ted value. ff the armature current exceeds 
the maximum allowed value, the trip circuit acti vates the fau lt relay, which 
deenergizes the run relay, opening the main contactors and disconnecting the 
motor from the line. 

3. An inverse· time overload trip, which guards against sustained overcurrent 
conditions not great enough to trigger the instantaneous static trip but large 
enough to damage the motor if allowed to continue indefinitely. The term in
verse lime implies that the higher the overcurrent flowing in the motor, the 
faster the overload acts (Figure 8-39). For example, an inverse-time trip 
might take a full minute to trip if the current flow were 150 percent of the 
rated current of the motor, but take LO seconds to trip if the current flow were 
200 percent of the rated cunent of the motor. 

4. An undervoltage trip, which shuts down the motor if the line voltage supply
ing the motor drops by more than 20 percent. 

5. Afield loss trip, which shuts down the motor if the field circuit is lost. 

6. An overtemperature trip, which shuts down the motor if it is in danger of 
overheating. 

Star t/Stop Circuit Section 

The stmt/s top circuit section contains the controls needed to start and stop the mo
tor by opening or closing the main contacts connecting the motor to the line. The 
motor is started by pushing the run button, and it is stopped either by pushing the 
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FIGURE 8-39 
An inverse-time trip characteristic. 

stop button or by energizing the fault relay. In either case, the run relay is deener
gized. and the main contacts connecting the motor to the Hne are opened. 

High-Power Electronics Section 

The high-power electronics section conta ins a three-phase full-wave diode recti
f ier to provide a constant voltage to the field circuit of the motor and a three-phase 
full-wave thyristor rectifier to provide a variable voltage to the armature circuit of 
the motor. 

Low-Power Electronics Section 

The low-power electronics section provides firin g pulses to the thyristors. which 
supply the armature voltage to the motor. By adjusting the firing time of the 
thyristors. the low-power electronics section adjusts the motor's average rumature 
voltage. The low-power electronics section contains the following subsystems: 

1. Speed regulation circuit. This circuit measures the speed of the motor with a 
tachometer, compares that speed with the desired speed (a reference voltage 
level), and increases or decreases the armature voltage as necessary to keep the 
speed constant at the desired value. For example, suppose that the load on the 
shaft of the motor is increased. If the load is increased, then the motor will 
slow down. The decrease in speed will reduce the voltage generated by the 
tachometer, which is fed into the speed regulation circuit. Because the voltage 
level cOiTesponding to the speed of the motor has fallen below the reference 
voltage, the speed regulator circuit will advance the firing time of the thyristors, 
producing a higher annature voltage. The higher armature voltage will tend to 
increase the speed of the motor back to the desired levcl (see Figure 8-40). 
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FIGURE 8-40 
(a) The speed regulator circuit produces an output voltage which is propOIt ionai to the difference 
between the desired speed of the motor (set by V",f) and the actual speed of the motor (measured by 
Vlach)' This output voltage is applied 10 Ihe firi ng circuit in such a way that the larger the OUlput 
voltage becomes, the earlier the thyristors in the drive turn on and the higher the average lenninal 
voltage becomes. (b) The effect of increasing load on a shunt de mOlor with a speed regulator. The 
load in the motor is increased. If no regu lator were present, the motor wou ld slow down and operate 
at point 2. When the speed regulator is present, it detects the decrease in speed and boosts the 
armature voltage of the motor ( 0 compensate. This raises the whole torque-speed characteristic 
curve of the motor, resulting in operation at point 2'. 

f With proper design, a circuit of this type can provide speed regulations of 
0. 1 percent between no-load and full-load conditions. 

The desired operating speed of the motor is controlled by changing the ref
erence voltage level. The reference voltage level can be adjusted with a small 
potentiometer, as shown in Figure 8-40. 
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2. Current-limiting circuit. This circuit measures the steady-state current flow
ing to the motor, compares that current with the desired maximum current 
(set by a reference voltage level), and decreases the armature voltage as nec
essary to keep the current from exceeding the desired maximum value. The 
desired maximum current can be adjusted over a wide range, say from 0 to 
200 percent or more of the motor 's rated current. This current limit should 
typically be set at greater than rated current, so that the motor can accelerate 
under full-load conditions. 

3. Acceleration/deceleration circuit. This circuit limits the acceleration and de
celeration of the motor to a safe value. Whenever a dramatic speed change is 
commanded, th is ci rcuit intervenes to ensure that the transition from the orig
inal speed to the new speed is smooth and does not cause an excessive arma
ture current transient in the motor. 

The acceleration/deceleration circuit cornpletely elimi nates the need for a 
starting resistor, since starting the motor is j ust another kind of large speed 
change, and the acceleration/deceleration circui t acts to cause a smooth increase 
in speed over time. T his gradual smooth increase in speed li rni ts the current fl ow
ing in the machj ne's armature to a safe value. 

8.10 DC MOTOR EFFICIENCY 
CALCULATIONS 

To calculate the efficiency of a dc motor, the following losses rnust be determined: 

1- Copper losses 

2. Brush drop losses 

3. Mechanical losses 

4. Core losses 

5. Stray losses 

The copper losses in the motor are the [ 2R losses in the armature and field 
circuits of the motor. These losses can be found from a knowledge of the currents 
in the machine and the two resistances. To determine the resistance of the arma
ture circuit in a machine, block its rotor so that it cannot turn and apply a small dc 
voltage to the armature terminals. Adjust that voltage until the current flowing in 
the armature is equal to the rated armahlre current of the machine. The ratio of the 
applied voltage to Ihe resulting armature current flo w is RA' The reason that the 
cutTent should be about equal to full-load value when this test is done is that RA 
varies with temperature, and at the full-load value of the current, the armature 
wi ndings will be near their normal operating temperature. 

The resulting resistance will not be entirely accurate, because 

1. The cooling that normaIly occurs when the motor is spinning wi ll not be 
present. 
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2. Since there is an ac voltage in the rotor conductors during normal operation, 
they suffer from some amount of skin effect, which fur ther raises armature 
resistance. 

IEEE Standard 11 3 (Reference 5) deals with test procedures for dc machines. It 
gives a more accurate procedure for determining RA • which can be used if needed. 

The field resistance is determined by supplying the full-rated field voltage 
to the field circuit and measuring the resulting field current. The fi eld resistance 
RF is just the ratio of the field voltage to the field current. 

Brush drop losses are often approximately lumped together with copper 
losses. If they are u'eated separately, tl1ey can be determined from a plot of contact 
potential versus current for the pal1icular type of brush being used. The brush drop 
losses are just the product of the brush voltage drop Veo and the armature CUlTent lA-

The core and mechanica110sses are usuaLly determined together. If a motor 
is allowed to nun freely at no load and at rated speed, then there is no output power 
from the machine. Since the motor is at no load, fA is very small and the armature 
copper losses are negligible. Therefore, if the field copper losses are subtracted 
from the input power of the motor, the remaining input power must consist of the 
mechanical and core losses of the machine at that speed. These losses al'e called the 
no-load rotational losses of the motor. As long as the motor's speed remains nearly 
the same as it was when the losses were measured, the no- load rotational losses are 
a good estimate of mechanical and core losses under load in the machine. 

Example 8- 8 illustrates the determination of a motor's efficiency. 

E xample 8- 8. A 50-hp, 2S0-V, 1200 rfmin shunt dc motor has a rated armature 
current of 170 A and a rated field CUlTent of 5 A. When its rotor is blocked, an armature 
voltage of 10.2 V (exclusive of brushes) produces 170 A of current flow, and a field volt
age of 250 V produces a field current flow of 5 A. The brush voltage drop is assumed to be 
2 V. At no load wi th the terminal voltage equal to 240 V, the armature cun'ent is equal to 
13.2 A, the field current is 4.8 A, and tbe motor 's speed is 1150 rllllin. 

(a) How much power is output from this motor at rated conditions? 
(b) What is the motor's efficiency? 

Solution 
The armature resistance of this machine is approximately 

and the field resismnce is 

10.2 V 
RA = 170 A = 0.06.fl 

RF = 250 V = 50.fl 
5A 

Therefore, at fu ll load the armature / 2R losses are 

P" = (170 A)2(0.06 It) = 1734 W 

and the field circuit J1R losses are 

~---- . 
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PF ~ (5 A)'(50 0) ~ 1250 W 

The brush losses at full load are given by 

Pbru.' ~ VBol'A ~ (2 V)( 170A) ~ 340W 

The rotationa l losses at full load are essentially equivalent to the rotational losses at no 
load, since the no- load and full -load speeds of the motor do not differ too greatly. These 
losses may be ascertained by determining the input power to the armature circuit at no load 
and assuming that the armature copper and brush drop losses are negligible, meaning that 
the no-load armature input power is equal to the rotational losses: 

PlOl = Pcorc + Pmcch = (240 V)(13.2A) = 3168 W 

(a) The input power of this motor at the rated load is given by 

Pi, ~ Vrh ~ (250 V)(175 A) ~ 43,750 W 

Its ou tput power is given by 

43,750 W - 340 W - 1734 W - 1250 W - 3168 W - (0.01)(43,750 W) 

36,820W 

where the stray losses are taken to be 1 percent of the input power. 
(b) The efficiency of this motor at fu ll load is 

~ut 
'T] ~ p x 100% 

0", 

36,820 W 1000' - 842m 43750 W x m - . '/0 

8.11 INTRODUCTION TO DC GENERATORS 

DC generators are de machines used as generators. As previously noted, there is 
no real difference between a generator and a motor except for the direction of 
power fl ow. There are five major types of dc generators, classified according to 
the manner in which their field flux is produced: 

1. Separately excited generator. In a separately excited generator, the field flux 
is derived from a separate power source independent of the generator itself. 

2. Shunt generator. In a shunt generator, the field flux is derived by connecting 
the field circuit directly across the terminals of the generator. 

3. Series generato r. In a series generator, the field flux is produced by connect
ing the fie ld circuit in series with the armature of the generator. 

4. Cumulatively compounded generator. In a cumulatively compounded gener
ator, both a shunt and a series field are present, and their effects are additive. 

5. Differentially compounded generator. In a differentially compounded genera
tor, both a shunt and a series field are present, but their effects are subtractive. 

These various types of dc generators differ in their term inal (voltage--current) 
ci1lll'Uclcl'i slics.llnci lli t' rc /'orc in Ihe :1 ')piic!ll iolls 10 which Ihey life suilCd. 

( 

! 
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FIGURE 8-41 
The first practical de generator. This 
is an exact duplicate of the "long
legged Mary An n," Thomas Edison's 
first commercial de generator, which 
was built in 1879. It was rated at 5 kW, 
100 V, and 1200 r/min. (Courtesy of 
General Electric Company.) 

DC generators are compared by their voltages. power ratj ngs, efficiencies, 
and voltage regulations. Voltage regulation (V R) is defined by the equation 

Vn1 - Vn 
VR ~ x 100% 

V;, 

where Vol is the no-load tenninal voltage of the generator and Vfl is the full- load ter
minal voltage of the generator. It is a rough measure of the shape of the generator's 
voltage--current characteristic- a positive voltage regulation means a drooping 
characteristic, and a negative voltage regulation means a rising characteristic. 

All generators are driven by a source of mechanical power, which is usually 
called the prime mover of the generator. A prime mover for a de generator may be 
a steam turbine, a diesel engine, or even an electric motor. Since the speed of the 
prime mover affects the output voltage of a generator, and since prime movers can 
vary widely in their speed characteristics, it is cus tomary to compare the voltage 
regulation and output characteristics of different generators, assuming constant
speed prime movers. Throughout this chapter, a generator 's speed will be assumed 
to be constant unless a specific statement is made to the contrary. 

Dc generators are quite rare in modem power systems. Even dc power sys
tems such as those in automobiles now use ac generators plus recti fie rs to produce 
dc power. However, they have had a lim ited renaissance in the last few years as 
power sources for standalone cellular telephone towers. 

The equivalent circuit of a dc generator is shown in Figure 8-42, and a sim
plified version of the equivalent circuit is shown in Figure 8-43. They look simi
lar to the equi valent circuits of a dc motor, except that the direction of current flow 
.. .. rI .h .. hi· . .. h I L~' II , ,A,,,,,· •• 1 ------------------------------------------.----. 



-

528 ELECTRIC MACHINERY FUNDAMENTALS 

FIGURE 8-42 
The equivalent circuit of a de generator. 

FIGURE 8-43 
A simplified equivalent circuit of a de generator, with R[' combining the resistances of the field coils 
and the variable control resistor. 

8.12 THE SEPARATELY 
EXCITED GENERATOR 

A separately excited de generator is a generator whose field current is supplied by 
a separate external de voltage source. The equivalent circuit of such a machine is 
shown in Figure 8--44. In this circuit, the voltage V.r represents the actual voltage 
measured at the terminals of the generator, and the current IL represents the cur
rent flowing in the lines connected to the terminals. The internal generated volt
age is EA , and the armature Cllnent is Ik It is clear that the armature current IS 
equal to the line current in a separately excited generator: 

The Terminal Characteristic of a Separately 
Excited DC Generator 

(8-40) 

The tennincll characteristic of a device is a plot of the output quantities of the de
vice versus each other. For a dc generator, the output quantities are its terminal volt
age and line current. The terminal characteristic of a separately excited generator is 
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FIGURE &-44 
A separately excited de generator. 

thus a plot of VT versus Ie for a constant speed w. By Kirchhoff's voltage law, the 
terminal voltage is 

(8-41) 

Since the internal generated voltage is independent of lA, the terminal characteris
tic of the separately excited generator is a straight line, as shown in Figure 8---453. 

What happens in a generator of th is sort when the load is increased? When 
the load supplied by the generator is increased, fL (and therefore f A) increases . 
As the armature current increases, the lARA drop increases, so the terminal vo1t
age of the generator falls. 

This terminal characteristic is not always entirely accurate. In generators 
without compensating windings, an increase in IA causes an increase in armature 
reaction, and armature reaction causes fl ux weakening. This fl ux weakening 
causes a decrease in EA = KcfJ t Will which further decreases the terminal voltage of 
the generator. The resulting terminal characteristic is shown in Figure 8-4Sb. In 
all future plots, the generators will be assumed to have compensating windings 
unless stated otherwise. However, it is important to realize that armature reaction 
can modify the characteristics if compensating windings are not present. 

Control of Terminal Voltage 

The terminal voltage of a separately excited dc generator can be controlled by 
changing the internal generated voltage EA of the machine. By Kirchhoff's volt
age law VT = EA - lARA' so if EA increases , VT will increase, and if EA decreases, 
Vr will decrease. Since the intemal generated voltage EA is given by the equation 
EA = K¢wlII' there are two possible ways to control the voltage of this generator: 

1. Change the speed of rotation. If w increases, then EA = K<J>wmi increases, so 
VT = EA l' - lARA increases as wel l. 
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FIGURE 8-45 
The terminal characteristic of a 
separately excited de generator Ca) with 
and (b) without compensati ng 
windings. 

2. Change the field current. If RF is decreased. then the field current increases 
(IF = VFIRFt). Therefore, the flux", in the machine increases. As the flu x 
rises, EA = Kcpi wm must rise too, so Vr = EA i -lARA increases. 

In many applications, the speed range of the prime mover is quite limited, 
so the terminal voltage is most commonly controlled by changing the field cur
rent. A separately exci ted generator driving a resistive load is shown in Figure 
8-46a. Figure 8-46b shows the effect of a decrease in fi eld resistance on the ter
minal voltage of the generator when it is operating under a load. 

Nonlinear Analysis of a Separately Excited 
DC Generator 

Because the internal generated voltage of a generator is a nonli near function of its 
magnetomotive force, it is not possible to calculate simply the value of EA to be 
expected from a given field current. The magnetization curve of the generator 
must be used to accurately calculate its output voltage for a given input voltage. 

In addition, if a machine has armature reaction, its flux will be reduced with 
each increase in load, causing EA to decrease. The only way to accurate ly deter
mine the output voltage in a machine with armature reaction is to use graphical 
analysis. 

The total magnetomotive force in a separately excited generator is the field 
circuit magnetomotive force less the magnetomotive force due to armature reac
tion (AR): 

( 



( 

-

DC MOTORS AND GENERATORS 531 

+ 0---------

FIGURE 8-46 

+ 

(a) 

~ ____ ~L_ _________ ~ 

h h' 
(b) 

+ 

(a) A separately excited de generator with a resistive load. (b) The effect of a decrease in field 
resistance on the Olltput voltage of the generator. 

(8-42) 

As with de motors, it is customary to define an equivalent field current that would 
produce the same output voltage as the combination of all the magnetomotive 
forces in the machine. The resulting voltage EAO can then be determined by locat
ing that equivalent field current on the magnetization curve. The equivalent field 
current of a separately excited de generator is given by 

IF = IF - :?liAR (8-43) 
NF 

Also, the difference between the speed of the magnetization curve and the 
real speed of the generator must be taken into account using Equation (8-13) : 

EA nm 
- = - (8- 13) 
EAO no 

The following example illustrates the analysis of a separately excited de 
generator. 
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N F = \ODD lurns LF 

FIGURE 8-47 
The separately excited de generator in Example 8- 9. 

Example 8-9. A separately excited de generator is rated at 172 kW. 430 V, 400 A, 
and 1800 r/min. It is ~hown in Figure 8-47 , and its magnetization curve is shown in ( 
Figure 8-48. This machine has the following characteristics: 

R, ~ 0.05 f1 
RF ~ 20 f1 

R,di ~ 0 to 300 f1 
N F = 1000 turns per pole 

(a) If the variable resistor R rulj in thi s generator's field circuit is adjusted to 63 nand 
lhe generator's prime mover is driving it at 1600 r/min, what is this generator's 
no-load terminal voltage? 

(b) What would its voltage be if a 360-A load were connected to its terminals? As
sume that the generator has compensating windings. 

(c) What would its voltage be if a 360-A load were connected to its terminals but 
the generator does not have compensating windings? Assume that its armature 
reaction at this load is 450 A • turns. 

(ei) What adjustment could be made to the generator to restore its terminal voltage 
to the value found in part a? 

(e) How much fleld current would be needed to restore the terminal voltage to its 
no-load value? (Assume that the machine has compensating windings .) What is 
the required value for the resistor R adj to accomplish this? 

Solution 
(a) If (he generator 's total field circuit resistance is 

RF + R'di ~ 83 f1 

then the field current in the machine is 

VF 430 V 
IF~ RF ~ 83 n ~ S.2A 

From the machine's magnetization curve, this much cunent would produce r 
voltage EAO = 430 V at a speed of 1800 r/min. Since this generator is actuall 
turning at 11m = 1600 r/min, its internal generated voltage E}, wi ll be 

(8-13) 

I 

II 
I 
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Note: When the field current is zero, EA is about 3 V. 

FIGURE 8-48 
The magnetization curve for the generator in Example 8- 9. 

E ~ 1600 r/min 430 V ~ 382 V 
A 1800 r/mm 

Since VT = EA at no-load conditions, the output voltage of the generator is VT = 

382 V. 
(b) If a 360-A load were connected to this generator's terminals, the terminal volt

age of the generator would be 

(c) If a 360-A load were connected to this generator's terminals and the generator 
had 450 A • turns of armature reaction, the eff ective field current would be 

I ' ~ I - 9'AR ~ 5 2 A - 450 A • turns ~ 4 75 A 
F F N

F
' 1000 turns . 
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From the magnetization curve, EAO = 410 V. so the internal generated voltage at 
1600 r!min would be 

EA =.!!. 
EAO no 

E ~ 1600 r/mi n 410 V ~ 364 V 
A 1S00r/mm 

Therefore, the terminal voltage of the generator would be 

VT ~ EA - lARA ~ 364 V - (360 A)(0.05 fl) ~ 346 V 

It is lower than before due to the am1ature reaction. 

(8-13) 

(d) The voltage at the terminals of the generator has fa llen, so to restore it to its 
original value, the voltage of the generator must be increased. This req uires an 
increase in EA , which implies that R adj must be decreased to increase the field 
current of the generator. 

(e) For the terminal voltage to go back up to 382 V, the required value of EA is 

EA ~ VT + I"RA ~ 382 V + (360 A)(0.05 fl) ~ 400 V 

To get a voltage EA of 400 V at Il", = 1600 r/m in, the equivalent voltage at 
1800 r!min would be 

EA =~ 
E AO no 

E ~ 1800 r/min 400 V ~ 450 V 
AO 1600 r/mm 

(8-13) 

From the magnetization curve, this voltage would requ ire a field current of IF = 

6. 15 A. The field ci rcuit res istance would have to be 

VF 
RF + Radj = T 

F 

430 V 
20!l + R ,dj ~ 6. 15 A ~ 69.9!l 

R,dj ~ 49.9!l = 50!l 

Notice that, for the same field current and load current, the generator with 
armature reaction had a lower output voltage than the generator without armature 
reaction. The armature reaction in this generator is exaggerated to illustrate its 
effects- it is a good deal smaller in wen-designed modern machines. 

8.13 THE SHUNT DC GENERATOR 

A shunt dc generator is a dc generator that supplies its own field current by hav
ing its field connected directly across the terminals of the machine. The equiva
lent circuit of a shunt dc generator is shown in Figure 8-49 . In this circuit, the 
armature current of the machine supplies both the field circui t and the load at 
tached to the machine: 

(8-44) 

- --------------------------------
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FIGURE 8-49 
The equivalent circuit of a shunt de 
generator. 

Tbe Ki rchhoff's voltage law equation for the armature circuit of this machine is 

(8--45) 

This type of generator has a distinct advantage over the separately excited 
de generator in that no external power supply is requi red for the field circui t. But 
that leaves an important question unanswered: If the generator supplies its own 
field current, how does it get the initial field flux to start when it is first turned on? 

Voltage Buildup in a Shunt Generator 

Assume that the generator in Figure 8--49 has no load connected to it and that the 
prime mover starts to turn the shaft of the generator. How does an initial voltage 
appear at the terminals of the machine? 

The voltage buildup in a de generator depends on the presence of a residual 
flux in the poles of the generator. When a generator first starts to turn, an internal 
voltage will be generated, which is given by 

This voltage appears at the terminals of the generator (it may only be a volt or two). 
But when that voltage appears at the terminals, it causes a current to flow in the 
generator 's field coil (IF = VT i IRF) . This fie ld Clment produces a magnetomotive 
force in the poles. which increases the flux in them. The increase in flux causes an 
increase in EA = K¢ i wm, which increases the terminal voltage VT . When VTrises, 
IF increases further, increasing the flux ¢ more, which increases EA. etc. 

This voltage buildup behavior is shown in Figure 8-50. Notice that it is the 
effec t of magnetic saturation in the pole faces which eventually limits the tenni
nal voltage of the generator. 
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FIGURE 8-50 
Voltage buildup on stalting in a shunt de generator. 

Figure 8-50 shows the voltage buildup as though it occurred in discrete 
steps. These steps are drawn in to make obvious the positive feedback between the 
generator's internal voltage and its field current. In a real generator, the voltage 
does not build up in discrete steps: Instead, both EA and IF increase simultaneously 
unti1 steady-state conditions are reached. 

What if a shunt generator is started and no voltage builds up? What could be 
wrong? There are several possible causes for the voltage to fail to build up during 
starting. Among them are 

1. There may be no residual magnetic flux in the generator to start the process 
going. If the residual flux <Pc" = 0, then EA = 0, and the vol tage never builds 
up. If this problem occurs, disconnect the fie ld from the armature ci rcuit and 
connect it directly to an external dc source, such as a battery. The current flow 
from this external dc source will leave a residual flux in the poles, which will 
then allow normal starting. This procedure is known as "flashing the field."' 

2. The direction oj rotation oj the generator may have been reversed, or the con
nections of the field may have been reversed. In either case, the residual flux 
produces an internal generated voltage Ek The voltage EA produces a field 
current which produces a flux opposing the residual flux , instead of adding to 
it. Under these circumstances, the flux actually decreases below CPres and no 
voltage can ever build up. 

If this problem occurs, it can be fixed by reversing the direction of rotation, 
by reversing the field connections, or by fl ashing the field with the opposite 
magnetic polarity. 

---------------------------------------------------------------------

( 
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'--------------IF, A 

FIGURES-51 
The effect of shunt field resistance on lIo-load terminal voltage in a de generator. If RF > R2 (the 
cd tical resistance), then the generator's voltage will never build up. 

3. The field resistance may be adjusted to a value greater than the critical re
sistance. To understand this problem, refer to Figure 8- 5 1. Normally, the 
shunt generator will build up to the point where the magnetization curve in
tersects the field resistance line. If the field resistance has the value shown at 
R2 in the figure, its line is nearly parallel to the magnetization curve. At that 
point, the voltage of the generator can flu ctuate very widely with only tiny 
changes in Rp or 1;\ . This value of the resistance is called the critical resis
tance. If Rp exceeds the critical resistance (as at R3 1n the figure), then the 
steady-state operating voltage is essentially at the residual level, and it never 
builds up. The solution to this problem is to reduce RI" 

Since the vol tage of the magnetization curve varies as a function of shaft 
speed, the critical resistance also varies with speed. In general, the lower the 
shaft speed, the lower the critical resistance. 

The Terminal Characteristic of a 
Shunt DC Generator 

The terminal characteristic of a shunt dc generator di ffers from that of a separately 
excited dc generator, because the amount of field current in the machine depends 
on its terminal Vol tage. To understand the terminal characteristic of a shunt gen
erator, start with the machine unloaded and add loads, observing what happens. 

As the load on the generator is increased, IL increases and so IA = IF + IL 
I' also increases. An increase in lA increases the armature resistance voltage drop 
lARA. causing Vr = EA -IA 1'RA to decrease. Thi s is precisely the same behavior 
observed in a separately excited generator. However, when Vr decreases, the 
field current in the machine decreases with it. Thi s causes the flux in the ma-



538 ELECfRlC MACHINERY FUNDAMENTALS 

-~=====- -- ---- ------ --- ---- }-- ------------- ~~ 

- - - - - - - -}- ;i:ld weakening 

effect 

L-________________________________ ~ 

FIGURES-52 
The terminal characteristic of u shunt de generator. 

chine to decrease, decreasing EA- Decreasing EA causes a further decrease in the 
terminal voltage VT = EAt - lARA- The resulting terminal characteristic is 
shown in Figure 8- 52. Notice that the voltage drop-off is steeper than just the 
lARA drop in a separately excited generator. In other words, the voltage regula
tion of this generator is worse than the voltage regulation of the same piece of 
equipment connected separately excited. 

Voltage Control for a Shunt DC Generator 

As with the separately excited generator, there are two ways to control the voltage 
of a shunt generator: 

1. Change the shaft speed W m of the generator. 

2. Change the field resistor of the generator, thus changing the field CUlTent. 

Changing the field resistor is the principal method used to control terminal 
voltage in real shunt generators. If the field resistor Rr is decreased, then the field 
current IF = VTIRF'l- increases. When IF increases, the machine's flux ¢ increases, 
causing the internal generated voltage EA to increase. The increase in EA causes 
the terminal voltage of the generator to increase as well. 

The Analysis of Shunt DC Generators 

( 

The analysis of a shunt dc generator is somewhat more complicated than thr 
analysis of a separately excited generator, because the field current in the machin 
depends directly on the machine's own output Voltage. First the analysis of shunt 
generators is studied for machines with no armature reaction, and afterward the 
effects of armature reaction are included. 
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FIGURE 8--53 
Graphical analysi s of a shunt de generator with compensating windings. 

Figure 8-53 shows a magnetization curve for a shunt de generator drawn at 
the actual operating speed of the machine. The field resistance RF• which is just 
equal to Vr / i F' is shown by a straight line laid over the magnetization curve. At no 
load, Vr = EA and the generator operates at the voltage where the magnetization 
curve intersects the field resistance line. 

The key to understanding the graphical analysis of shunt generators is to re
member Kirchhoff's voltage law (KVL): 

or 

VT ~ EA - lARA 

I EA - VT ~ lARA 

(8--45) 

(8--46) 

The difference between the internal generated voltage and the terminal voltage is 
just the lARA drop in the machine. The line of all possible values of EA is the mag
netization curve, and the line of all possible termjnal voltages is the resistor line 
(IF ~ VT IRF) · Therefore, to find the terminal voltage for a given load, just deter
mine the lARA drop and locate the place on the graph where that drop fits exactly 
between the EA line and the Vr line. There are at most two places on the curve 
where the lARA drop will fi t exactly. If there are two possible positions, the one 
nearer the no-load voltage will represent a normal operating point. 

A detailed plot showing several different points on a shunt generator's char
lcteristic is shown in Figure 8-54. Note the dashed line in Figure 8-54b. This line 
is the terminal characteristic when the load is being reduced. The reason that it 
does not coincide with the line of increasing load is the hysteresis in the stator 
poles of the generator. 
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FIGURE S-54 
Graphical derivation of the terminal characteristic of a shunt de generator. 

/ 
I'; 

(b) 

, 
/ 

If armature reaction is present in a shunt generator, this process becomes a 
little more complicated. The armature reaction produces a demagnetizing magne
tamotive force in the generator at the same time that the lARA drop occurs in the 
machine. 

To analyze a generator with armature reaction present, assume that its ar
mature current is known. Then the resistive voltage drop l ARA is known, and the 
demagnetizing magnetomotive force of the armature current is known. The tenni
nal voltage of thi s generator must be large enough to supply the generator's flux 
after the demagnetizing effects of armature reaction have been subtracted. To 
meet this requirement both the armature reaction magnetomotive force and the 
lARA drop must fit between the EA line and the VT line. To determine the output 
voltage for a given magnetomotive force, simply locate the place under the mag
netization curve where the triangle formed by the armature reaction and lARA ef
fects exactly fits between the line of possible VT values and the line of possible EA 
values (see Figure 8-55). 

8.14 THE SERIES DC GENERATOR 

( 

A series dc generator is a generator whose field is connected in series with its ar
mature. Since the armature has a much higher current than a shunt field, the series 
field in a generator of this sort will have only a very few turns of wire, and the 
wire used will be much thicker than the wire in a shunt field. Because magneto
motive force is given by the equation gy = NI, exactly the same magnetomotivy 
force can be produced from a few turns with high current as can be produced fro~ 
many turns with low current. Since the full-load current flow s through it, a series 
field is designed to have the lowest possible resistance. The equivalent circuit of 
a series dc generator is shown in Figure 8- 56. Here, the armature current, field 
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EA = Vr at no load f---------- =r- "-
lARA drop EA versus IF 

EA with load 1-----"'--"- -'-'''''''' 
VT with load f-----~,L"*=i/ 

Demagnetizing mmf 
(converted to an equivalent field current) 

~--------------------------- ~ 

FIGURE S-55 
Graphical analysis of a shunt de generator with armature reaction. 

(NS E turns) 

r--~vv--JVV\r--IY"YL---~+ 

Ls ) 

VT 

L-______ ~~~--------~ FIGURE 8- 56 
1,\ = Is=h 

Vr = EA - IA(RA + Rs) 
The equivalent circuit of a serie.<; de 
geneml0r. 

current, and line current all have the same value. The Kirchhoff's voltage law 
equation for this machine is 

(8-47) 

The Terminal Characteristic of a Ser ies Generator 

The magnetization curve of a selies de generator looks very much Uke the magne
tization curve of any other generator. At no load, however, there is no field eun'ent, 
so VT is reduced to a small level given by the residual flux in the machine. As the 
load increases, the field current rises , so EA rises rapidly The IA (RA + Rs) drop goes 
up too, but at fIrst the increase in EA goes up more rapidly than the IA(RA + Rs) drop 
rises, so Vr increases. After a while, the machine approaches saturation, and EA 
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FIGURE 8-57 
Derivalion of the terminal characteristic for a series de generator, 

L-______________________________ ~~ 

FIGURE 8-58 
A series generator tenninal characteristic with large armature reaction effects, suitable for electric 
welders. 

becomes almost constant. At that point, the resistive drop is the predominant effect, 
and VT starts to fall . 

This type of characteristic is shown in Figure 8-57. It is obvious that this 
machine would make a bad constant-voltage source. In fact, its voltage reguiation 
is a large negative number. 

( 

Series generators are used only in a few specialized applications, where the 
steep voltage characteristic of the device can be exploited. One such application 
is afC welding. Series generators used in arc welding are deliberately designed to 
have a large armature reaction, which gives them a terminal characteristic like the 
one shown in Figure 8- 58. Notice that when the welding electrodes make contacr 
with each other before welding commences, a very large current flows. As the op 
erator separates the welding electrodes, there is a very steep rise in the generator's 
voltage while the current remains high. This voltage ensures that a welding arc is 
maintained through the air between the electrodes. 
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FIGURE 8-59 

1,.,= IL+ 1,.. 

Vr=EA - IA(RA+RS) 

VT 
IF= RF 

~net = NFl F + NSEIA - S'AR 

The equi valent circuit of a cumulatively compounded de generator with a long-shunt connection. 

8.15 THE CUMULATIVELY COMPOUNDED 
DC GENERATOR 

A cumulative ly compounded de generator is a de generator with both series and 
shunt fields, connected so that the magnetomotive forces from the two fields are 
additive. Figure 8-59 shows the equivalent circuit of a cumulatively compounded 
de generator in the "long-shunt'· connection. The dots that appear on the two field 
coils have the same meaning as the dots on a transformer: Current flowing into a 
dot produces a positive magnetomotive force . Notice that the armature current 
flows into the dotted end of the series field coil and that the shunt current IF flows 
into the dotted end of the shunt field coil. Therefore. the total magnetomotive 
force on this machine is given by 

I ;!Filet = tJFF + ~SE - ~AR I (8-48) 

where '?fF is the shunt field magnetomotive force. '?fSE is the series field magneto
motive force, and ~AR is the armature reaction magnetomotive force. The equivalent 
effective shunt field current for this machine is given by 

NFl ; = NFIF + NSEIA - '?fAR 

The other voltage and current relationships for this generator are 

I IA = IF + IL I 

(8-49) 

(8-50) 

(8- 51) 
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FI GURE 8-60 
The equivalent circuiL of a cumulatively compounded de generator with a short-shunt connection. 

(8-52) 

There is another way to hook up a cumulatively compounded generator. It 
is the "short-shunt" connection, where the series field is outside the shunt field 
circuit and has cutTent lL flowing through it instead of f4.' A short-shunt cumula
tively compounded de generator is shown in Figure 8- 60. 

The Terminal Characteristic of a Cnmulatively 
Compounded DC Generator 

To understand the terminal characteristic of a cumulatively compounded de gen
erator, it is necessary to understand the competing effects that occur within the 
machine. 

Suppose that the load on the generator is increased. Then as the load in
creases, the load current IL increases. Since IA = IF + ILl, the armature current IA 
increases too. At this point two effects occur in the generator: 

1. As fA increases, the fA(RA + Rs) voltage drop increases as well. This tends to 
cause a decrease in the terminal voltage VT = EA - IA I (RA + Rs). 

2. As IA increases, the series field magnetomotive force ~SE = NsEIA increases 
too. This increases the total magnetomotive force 8FWt = NFIF + Ns£IA I 
which increases the flux in the generator. The increased flux in the generator 
increases EA, which in turn tends to make Vr = EA I - lARA + Rs) rise. 

( 

These two effects oppose each other, with one tending to increase Vr and 
the other tending to decrease Vr. Which effect predominates in a given machine? 
It all depends on just how many series turns were placed on the poles of the rna(' 
chine. The question can be answered by taking several individual cases: ,, ) 

1. Few series turns (NSE small). If there are only a few series turns, the resistive 
voltage drop effect wins hands down. The voltage fall s off just as in a shunt 
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Overcompounded 

Flal com pounded 

Undercol11pounded 

Shunt 

L-----------------------7/~--------~ 
FL 

FIGURE &-<;1 
Terminal characteristics of cumulatively compounded de generators. 

generator, but not qui te as steeply (Figure 8- 61 ). This type of construction, 
where the full-load terminal voltage is less than the no-load terminal voltage, 
is called undercompounded. 

2. More series turns (NSE larger). If there are a few more series turns of wi re on 
the poles. then at first the flux-strengthening effect wins, and the terminal 
voltage rises with the load. However, as the load continues to increase, mag
netic saturation sets in, and the resistive drop becomes stronger than the flux 
increase effect. In such a machine, the terminal voltage first rises and then 
fa lls as the load increases. If Vr at no load is equal to Vr at full load, the gen
erator is calledjlat-compounded. 

3. Even more series turns are added (NSE large). If even more series turns are 
added to the generator, the flux-strengthening effect predominates for a 
longer time before the resistive drop takes over. The result is a characteristic 
with the fu ll -load terminal voltage actually higher than the no-load terminal 
voltage. If Vr at a full load exceeds Vr at no load, the generator is called aver
compounded. 

All these possibili ties are illustrated in Figure 8-6 1. 
It is also possible to realize all these voltage characteristics in a single gen

erator if a diverter resistor is used. Figure 8- 62 shows a cumulatively com

pounded de generator with a relatively large number of series turns NSE- A diverter 
resistor is connected around the series field. If the resistor Rdiv is adjusted to a 
large value, most of the armature current flows through the series field coil, and 
the generator is overcompounded. On the other hand, if the resistor Rdiv is adjusted 
to a small value. most of the current flows around the series field through Rdi" , and 
the generator is undercompounded. It can be smoothly adjusted with the resistor 
to have any desired amount of compounding. 
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FIGURE 8-62 
A cu mulatively compounded de generator with a series divelter resistor. 

Voltage Control of Cumulatively Compounded 
DC Generators 

The techniques available for controlling the terminal voltage of a cumulatively 
compounded de generator are exactly the same as the techniques for controlling 
the voltage of a shunt dc generator: 

1. Change the speed of rotation. An increase in w causes EA = Kq;Wml to in
crease, increasing the terminal voltage Vr = EA i -IA(RA + Rs). 

2. Change the field current. A decrease in RF causes IF = VTIRF.J,. to increase, 
which increases the total magneto motive force in the generator. As $'itot 

increases, the flux ¢ in the machine increases, and EA = Kcp i wm increases. 
Finally, an increase in EA raises VT_ 

Analysis of Cumulatively Compounded 
DC Generators 

Equations (8- 53) and (8-54) are the key to describing the terminal characteristics 
of a cumulatively compounded dc generator. The equivalent shunt field current l ,q 
due to the effects of the series field and armature reaction is given by 

Therefore, the total effective shunt field current in the machine is 

1;~IF+ I,q 

(8-53) 

(8-54) 

This equivalent current I eq represents a horizontal distance to the left or the 
right of the field resistance line (RF ~ VTi RF) along the axes of the magnetization 
curve. 

( 
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Magnetization curve (EA versus IF) 

EA' loaded 

EA and VT• no load 1=======;;~~c=J} IR drop 
Vr. loaded 

L-_____________________________ ~ 

FIGURE 8-63 
Graphical analysis of a cumulatively compounded de generator. 

The res istive drop in the generator is given by lA(RA + Rs), which is a length 
along the vertical axis on the magnetization curve. Both the equivalent current l eq 

and the resistive voltage drop lA(RA + Rs) depend on the strength of the armature 
current fA- Therefore, they form the two sides of a triangle whose magnitude is a 
function of lA- To find the output voltage for a given load, determine the size of the 
triangle and find the one point where it exactly fits between the field current line 
and the magnetization curve. 

This idea is illustrated in Fignre 8-<i3. The terminal voltage at no-load con
ditions will be the point at which the resistor line and the magnetization curve in
tersect, as before. As load is added to the generator, the series field magnetomotive 
force increases, increasing the equivalent shunt field current leq and the resistive 
voltage drop l, (R, + Rs) in the machine. To find the new output voltage in this 
generator, slide the leftmost edge of the resulting triangle along the shunt field cur
rent line until the upper tip of the triangle touches the magnetization curve. The up
per tip of the triangle then represents the internal generated voltage in the machine, 
while the lower line represents the terminal voltage of the machine. 

Figure 8-64 shows this process repeated several times to construct a com
plete terminal characteristic for the generator. 

8.16 THE DIFFERENTIALLY COMPOUNDED 
DC GENERATOR 

A differentially compounded de generator is a generator with both shunt and se
ries fields, but this time their magnetomotive forces subtract from each other. 
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L-----------_ I,. ~--------------- ~ ( 
J1IGURE 8-64 
Graphical derivation of the terminal characteristic of a cumulatively compounded de generator. 

FIGURE 8-65 

lll=h+ lp 

VT 
IF=/? 

F 

VT=EA -il.JRA + Rs) 

The equivalent circuit of a differentially compounded de generator with a long· shunl connection. 

The equivalent circuit of a differentially compounded de generator is shown in 
Figure 8-65. Notice that the armature current is now flowing out of a dotted coil 
end, while the shunt field current is flowin g into a dotted coil end. In this ma
chine, the net magnetomotive force is 

I 2Fnet = ?:foF - ?:FSE - ;:r-AR I (8-55) 

I :?Fnet = NFIF - NSEIA - ~AR I (8- 56) 

--------------
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and the equivalent shunt field current due to the series field and armature reaction 
i. given by 

(8-57) 

The total effective shunt field current in this machine is 

(8-58a) 

or 

(8-58b) 

Like the cumulatively compounded generator, the differentially com
pounded generator can be connected in either long-shunt or short-shunt fashion. 

The Terminal Characteristic of a Differentially 
Compounded DC Generator 

In the differentially compounded de generator, the same two effects occur that 
were present in tbe cumulatively compounded dc generator. This time, though, the 
effects both ac t in the same direction. They are 

1. As fA increases, the i A(RA + Rs) voltage drop increases as wel l. This increase 
tends to cause the terminal voltage to decrease Vr = EA - fA r (RA + Rs). 

2. As fA increases, the series field magnetomotive force ~Sll = N SE /A increases 
too. This increase in series field magnetomotive force reduces the net mag
netomotive force on the generator (gitO! = NFl F - NsE /A i), which in turn re
duces the net flux in the generator. A decrease in flux decreases E ll.> which in 
tum decreases V r. 

Since both these effects tend to decrease V" the voltage drops drastically as 
the load is increased on the generator. A typical terminal characteristic for a dif
ferentially compounded dc generator is shown in Figure 8- 66. 

Voltage Control of Differentially Compounded 
DC Generators 

Even though the vol tage drop characteristics of a differentially compounded dc 
generator are quite bad, it is still possible to adjust the terminal voltage at any 
given load setting. The techniques available for adjusting terminal voltage are ex
actly the same as those for shunt and cumulatively compounded de generators: 

1. Change the speed of rotation W m• 

2. Change the field current 1,.-. 
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Shunt 
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FIGURE 8- 66 
The terminal characteristic of a differentially compounded de generator, 

EAnl and VTn1 f---- -----:-::-:------:7IO--
IR drop 
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FIGURE 8-67 
Graphical analys is of a differentially compounded de generator. 

Graphical Analysis of a Differentially 
Compounded DC Generator 

The voltage characteristic of a differentially compounded dc generator is graphi
cally determined in precisely the same manner as that lIsed for the cumulatively 
compounded de generator. To find the terminal characteristic of the machine, re
fer to Figure 8-67. 

( 
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t-::::------_~ __ Shu nl 
D.f------+--"'-. 

~.,::::,,/_-------_+----~:_ Differentia lly 
compounded 
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FIGURE 8-68 
Graphical deri vat jon of the terminal characteristic of a differentially compounded de generator. 

The portion of the effective shunt field current due to the actual shunt field 
is always equal to VTIRF , since that much current is present in the shunt fi eld. Tbe 
remainder of the effective field current is given by I cq and is the sum of the series 
field and armature reaction effects. This equivalent current fer) represents a nega
tive horizontal distance along the axes of the magnetization curve, since both the 
series field and the armature reaction are subtractive. 

The resistive drop in the generator is given by iA(RA + Rs), which is a length 
along the vertical axis on the magnetization curve. To find the output voltage for 
a given load, determine tbe size of the triangle formed by the res istive voltage 
drop and 1" , and find the one point where it exactly fits between the field current 
line and the magnetization curve. 

Figure 8- 68 shows this process repeated several times to construct a com
plete terminal characteristic for the generator. 

8.17 SUMMARY 

There are several types of de motors, differing in the manner in which their 
field fluxes are derived. These types of motors are separately excited, shunt, 
permanent-magnet, series, and compounded. The manner in which the flux is de
rived affects the way it varies with the load, which in turn affects the motor's 
overall torque-speed characteristic. 

A shunt or separately excited de motor has a torque- speed characteristic 
whose speed drops linearly with increasing torque. Its speed can be controlled by 
changing its field current, its armature voltage, or its armature res istance. 

A permanent-magnet de motor is the same basic machine except that its flux 
is derived from permanent magnets. Its speed can be controlled by any of the 
above methods except varying the field cun'ent. 
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A series motor has the highest starting torque of any de motor but tends to 
overspeed at no load. It is used for velY high-torque applications where speed reg
ulation is not impOItant, such as a car starter. 

A cumulatively compounded de motor is a compromise between the series 
and the shunt motor, having some of the best characteristics of each. On the other 
hand, a differentially compounded de motor is a complete disaster. It is unstable 
and tends to overspeed as load is added to it. 

DC generators are de machines used as generators. There are several differ
ent types of de generators, differing in the manner in which their field fluxes are 
derived. These methods affect the output characteristics of the ditIerent types of 
generators. The common de generator types are separately excited, shunt, series, 
cumulatively compounded, and differentially compounded. 

The shunt and compounded dc generators depend on the nonlinearity of 
their magnetization curves for stable output voltages. If the magnetization curve 
of a dc machine were a straight line, then the magnetization curve and the termi- ( 
nal voltage line of the generator would never intersect. There would thus be no 
stable no-load voltage for the generator. Since nonlinear effects are at the heart of 
the generator's operation, the output voltages of dc generators can only be deter
mined graphically or numerically by using a computer. 

Today, dc generators have been replaced in many applications by ac power 
sources and solid-state electronic components. This is true even in the automobile, 
which is one of the most common users of de power. 

QUESTIONS 

8-1. What is the speed regulation of a dc motor? 
8- 2. How can the speed of a shunt dc motor be controlled? Explain in detail. 
8-3. What is the practical difference between a separately excited and a shunt de mo

tor? 
8- 4. What effect does armature reaction have on the torque-speed characteristic of a 

shunt de motor? Can the effects of armature reaction be serioLls? What can be done 
to remedy this problem? 

8-5. What are the desirable characteristics of the permanent magnets in PMDC 
machines? 

8-6. What are the principal characteristics of a series de motor? What are its uses? 
8-7. What are the characteristics of a cumulatively compounded de motor? 
8-8. What are the problems associated with a differentially compounded de motor? 
8-9. What happens in a shunt de motor if its field circuit opens while it is running? 

8- 10. Why is a starting resistor used in de motor circuits? 
8-11. How can a de starting resistor be cut out of a motor's armature circuit at just the 

right time during starting? 
8-12. What is the Ward-Leonard motor control system? What are its advantages anc( 

disadvantages? 
8-13. What is regeneration? 
8- 14. What are the advantages and disadvantages of solid-state motor drives compared to 

the Ward-Leonard system? 

) 
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8- 15. What is the purpose of a field loss relay? 

8-16. What types of protective features are included in typical solid-state de motor drives? 
How do they work? 

8- 17. How can the direction ofrotation of a s'eparately excited de motor be reversed? 

8-18. How can the direction of rotation of a shunt de motor be reversed? 

8- 19. How can the direction of rotation of a series de motor be reversed? 

8- 20. Name and describe the features of the five types of generators covered in this chapter. 

8-21. How does the voltage buildup occur in a shunt de generator during starting? 

8- 22. What could calise voltage buildup on starting to fail to occur? How can this problem 
be remedied? 

8-23. How does armature reaction affect the output voltage in a separately excited dc 
generator? 

8- 24. What causes the extraordinarily fast voltage drop with increasing load in a differen
tially compounded dc generator? 

PROBLEMS 

Problems 8-1 to 8- 12 refer to the following dc motor: 

P ratcu = 30 hp 

VT~240V 

nrateJ = 1800 rlmin 

RA ~ 0.19 n 
Rs ~ 0.Q2 n 

IL,ratcd = 110 A 

NF = 2700 turns per po le 

NSE = 14 turns per pole 

RF ~ 75 f1 
R,dj ~ 100 to 400 f1 

Rotational losses = 3550 W at full load. 

Magnetization curve is as shown in Figure P8-1. 

In Problems 8-1 through 8-7, assume that the motor can be connected in shunt. The 
equ ivalent circui t of the shunt motor is shown in Figure P8-2, 

8- 1. If the resistor Radj is adjusted to 175 n what is the rotational speed of the motor at 
no-load conditions? 

8- 2. Assuming no armature reaction, what is the speed of the motor at fu ll load? What is 
the speed regulation of the motor? 

8- 3. If the motor is operating at full load and if its variable resistance Rndj is increased to 
250 Q, what is the new speed of the motor? Compare the full-load speed of the mo
tor with R adj = 175 n to the full-load speed with Radj = 250 n, (Assume no arma
ture reaction , as in the previous problem.) 

8-4. Assume that the motor is operating at full load and that the variable resistor Radj is 
again 175.0. If the armature reaction is 2000 A· turns at fu ll load, what is the speed 

(J of the motor? How does it compare to the result for Problem 8- 2? 

-~---

8-5. If Radj can be adjusted from 100 to 400 0., what are the maximum and minimum 
no-load speeds possible with this motor? 

8-6. What is the starting current of this machine if it is started by connecting it directly 
to the power supply VT? How does this starting current compare to the fu ll-load cur
rent of the motor? 
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FIGUREP8-1 
The magnetization curve for the de motor in Problems 8- 1 to 8- 12. This curve was made at a 
constant speed of 1800 r/min. 

8-7. Plot the torque- speed characteristic of this motor assuming no armature reaction, 
and again assuming a full -load annature reaction of 1200 A · turns. (Assume that the 
armature reaction increases linearly with increases in armature current.) 

For Problems 8-8 and 8-9, the shunt de motor is reconnected separately excited, as shown 
in Figure PS-3 . It has a fixed field voltage VF of 240 V and an armature voltage VA that can ( 
be varied from 120 to 240 V. 

8- 8. What is the no-load speed of this separately excited motor when Radj = 175 n and 
(a) VA ~ 120 V, (b) VA ~ 180 V, (e) VA ~ 240 V' 

8- 9. For the separately excited motor of Problem 8-8: 
(a ) What is the maximum no- load speed attainable by varying both Vii and Radj? 
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0.19!l 

75 !l VT = 240 V 

FIGURE P8-2 
The equivalent circuit of the shunt motor in Problems 8- 1 to 8-7. 

+0----- - , ,-------~vv--------o+ 

0.19 !l 

+ 
VA = 120 to 240 V 

FIGUREP8- 3 
The equi valent circuit of the separately excited motor in Problems 8- 8 and 8- 9. 

(b) What is the minimum no-load speed attainable by varying both VA and Radj? 

(c) What is the motor's efficiency at rated conditions? [Note: Assume that (1) the 
brush voltage drop is 2 V; (2) the core loss is to be determined at an armature 
voltage equal to the armature voltage under full load; and (3) stray load losses 
are 1 percent of full load.] 

For Problems 8-1 0 to 8- 11 , the motor is connected cumulatively compounded as shown in 
Figure P8-4 

8-10. If the motor is connected cumulat ive ly compounded with Rndj = 175 n: 
(a) What is its no-load speed of the motor? 
(b) \¥hat is its ftill-ioad speed of the motor? 
(c) \¥hat is its speed regulation? 
(d) Calculate and plot the torque- speed characteristic for this motor. (Neglect ar

mature effec ts in this problem.) 
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• = Cumulatively compounded 
• = Differentially compounded 

+ 
75 n v.r = 240 V 

FIGUREP8-4 
The equivalent circuit of the compounded motor in Problems 8-10 to 8-12. 

8-11. The motor is connected cumulatively compounded and is operating at full load. 
What will the new speed of the motor be if R~dj is increased to 250 [!.? How does the 
new speed compare to the full-load speed calculated in Problem 8- ]0? 

For Problem 8-12, the motor is now connected differentially compounded as shown in 
Figure P8-4. 

8-12. The motor is now connected differentially compounded. 
(a) If Ra<Jj = 175 n, what is the no-load speed of the motor? 
(b) What is the motor's speed when the armature current reaches 20 A? 40 A? 60 A? 
(c) Calculate and plot the torque-speed characteristic curve of this motor. 

8-13. A IS-hp, 120-V series dc motor has an armature resistance of 0.1 D and a series field 
resistance of 0.08 D. At fu ll load, the current input is 115 A, and the rated speed is 
1050 r/min. Its magnetization curve is shown in Figure P8-S. The core losses are 
420 W, and the mechanical losses are 460 W at full load. Assume that the mechanical 
losses vary as the cube of the speed of the motor and that the core losses are constant. 
(a) What is the efficiency of the motor at ful l load? 
(b) What are the speed and effi ciency of the motor if it is operating at an armature 

current of 70 A? 
(c) Plot the torque-speed characteristic for this motor. 

8- 14. A 20-hp, 240-V, 76-A, 900 rlmin series motor has a field winding of 33 turns per 
pole. Its armature resistance is 0.09 fl, and its fie ld resistance is 0.06 D. The mag
netization curve expressed in terms of magneto motive force versus EA at 900 rlmin 
is given by the following table: 

243 

2i' ,Ao turns 3000 

An11ature reaction is negligible in this machine. 
(a) Compute the motor's torque, speed, and output power at 33, 67, 100, and 133 

percent of full -load armature current. (Neglect rotational losses.) 
(b) Plot the terminal characteristic of this machine. 

( 
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FIGURE P8- 5 
The magnetization curve for the series motor in Problem 8- \ 3. This cu rve was taken at a constant 
speed of 1200 r/m in. 

70 

8--15. A 300-hp, 440-V, 560-A, 863 r/min shunt de motor has been tested, and the follow
ing data were taken: 

Blocked-rotor test: 

VA = 14.9 V exclusive of brushes 

IA=500A 

No-load operation: 

VA = 440 V including brushes 

IA = 23.IA 

VF =440V 

IF = 7.52A 

II' = 7.50 A 

11 = 863 r/m in 
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FIGUREP8-6 
The magnetization curve for the de motor in Problems 8- 16 to 8- 19. This curve was made at a 
constant speed of 3000 r/min. 

What is this motor's efficiency at the rated conditions? [Note: Assume that (1) the 
brush voltage drop is 2 V; (2) the core loss is to be determined at an armature volt
age equal to the armature voltage under fu ll load; and (3) stray load losses are 1 per
cent of fu ll load.] 

Problems 8- 16 to 8- 19 refer to a 240-V, lOO-A de motor which has both shunt and series 
windings. Its characteristics are 

RA ~ 0.1411 

Rs ~ 0.0511 

Rp ~ 20011 

Rndj :::: 0 to 300 0, cUlTently set to 120 n 

NF :::: 1500 turns 

NSE = 15 turns 

nlll = 3000 r/min 
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This motor has compensating windings and interpoJes. The magnetization curve for this 
motor at 3000 r/min is shown in Figure P8-6. 

8-16. The motor described above is connected in shunt. 
(aJ What is the no-load speed of this motor when Radj = 120!1? 
(b) What is its full-load speed? 
(e) What is its speed regulation? 
(el) Plot the torque-speed characteristic for this motor. 
(e) Under no-load conditions, what range of possible speeds can be achieved by 

adjusting RUdj? 

8-17. This machine is now connected as a cumulatively compounded de motor with 
R,dj ~ 120 fl. 
(a) What is the no-load speed of this motor? 
(b) What is its full-load speed? 
(e) What is its speed regulation? 
(d) Plot the torque-speed characteristic for this motor. 

8-18. The motor is reconnected differentially compounded with Radj = 120 fl. Derive the 
shape of its torque-speed characteristic. 

8-19. A series motor is now constructed from this machine by leaving the shunt field out 
entirely. Derive the torque-speed characteristic of the resulting motor. 

8-20. An automatic starter circuit is to be designed for a shunt motor rated at 20 hp, 
240 Y, and 75 A. The annature resistance of the motor is 0.12 fl, and the shunt field re
sistance is 40 n. The motor is to start with no more than 250 percent of its rated armature 
current, and as soon as the current falls to rated value, a starting resistor stage is to be cut 
out. How many stages of starting resistance me needed, and how big should each one be? 

8-21. A lO-hp, 120-V, 1000 r/min shunt dc motor has a full -load armature current of 
70 A when operating at rated conditions. The mmature resistance of the motor is RA 
= 0.12 n, and the field resistance Rf' is 40 fl.The adjustable resistance in the fie ld 
circuit Radj may be varied over the range from 0 to 200 n and is currently set to 100 
£1. Armature reaction may be ignored in this machine. The magnetization curve for 
this motor, taken at a speed of 1000 rlmin, is gi ven in the following table: 

5 95 liZ J 18 126 

0.00 1.00 1.28 1.44 2.88 

(a) What is the speed of this motor when it is running at the rated conditions spec
ified above? 

(b) The output power from the motor is 10 hp at rated conditions. What is the out
put torque of the motor? 

(c) What are the copper losses and rotational losses in the motor at full load (ignore 
stray losses)? 

(d) What is the efficiency of the motor at full10ad? 
(e) If the motor is now unloaded with no changes in terminal voltage or Radjo what 

is the no-load speed of the motor? 
(f) Suppose that the motor is running at the no-load conditions described in part (e). 

What would happen to the motor if its field circuit were to open? Ignoring ar
mature reaction, what would the final steady-state speed of the motor be under 
those conditions? 

(g) What range of no-load speeds is possible in this motor, given the range of field 
resistance adjustments available with RaJj? 
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The magnetization curve for Problems 8-22 to 8-28. This curve was taken at a speed of 1800 r/min. 

8-22. The magnetization curve for a separately exci ted de generator is shown in Figure 
1'8- 7. The generator is rated at 6 kW, 120 V, 50 A, and 1800 r/min and is shown in 
Figure P8- S. Its field circuit is rated at SA. The following data are known about the 
machine: 

RA~ 0.18fl 

R actj = Oto40n 

N F = 1000 turns per pole 

v, ~ 120 V 

R, ~ 20 fl 

( 

I 
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+o-----=~-_, 

0. 18 !l 

FIGUREP8-8 
The separately excited de generator in Problems 8-22 to 8-24. 

.==-------AP,A,----------~-------=~+ 

0.18 !l 

+ 

FIGUREP8-9 
The shunt de generator in Problems 8- 25 and 8- 26 , 

Answer the following questions about this generator. assuming no armature reaction. 
(a) If this generator is operating at no load, what is the range of voltage adjustments 

that can be achieved by changing R~dj? 
(b) lfthe field rheostat is allowed to vary from 0 to 30 n and the generator 's speed 

is allowed to vary from 1500 to 2000 r/min, what are the maximum and mini
mum no-load voltages in the generator? 

8-23. If the armature cunent of the generator in Problem 8- 22 is 50 A, the speed of the 
generator is 1700 r/min, and the terminal vo ltage is 106 V, how much fie ld current 
lTIust be flowing in the generator? 

8- 24. Assuming that the generator in Problem 8- 22 has an armature reaction at full load 
( equivalent to 400 A · turns of magnetomotive force, what will the terminal voltage 

of the generator be when IF = 5 A, 11m = 1700 r/min, and fA = 50 A? 

8- 25. The machine in Problem 8- 22 is reconnected as a shunt generator and is shown in 
Figure P8-9. The shunt field resistor R,,<1j is adjusted to 10 £1, and the generator 's 
speed is 1800 r/min. 
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FIGURE P8-10 
The compounded dc generator in Problems 8-27 and 8-28. 

(a) What is the no-load terminal voltage of the generator? 
(b) Assuming no armature reaction, what is the terminal voltage of the generator 

with an armature cunent of 20 A? 40 A? 
(c) Assuming an armature reaction equal to 300 A · turns at full load, what is the 

terminal voltage of the generator with an annature current of 20 A? 40 A? 
(d) Calculate and plot the terminal characteristics of this generator with and with

out armature reaction. 
8-26. If the machine in Problem 8- 25 is running at 1800 r/rnin with a field resistance 

Radj = IOn and an armature current of 25 A, what will the resulting terminal volt
age be? If the field resistor decreases to 5 !1 while the armature current remains 
25 A, what will the new terminal voltage be? (Assume no armature reaction.) 

8-27. A 120-V, 50-A, cumulatively compounded dc generator has the fo llowing 
characteristics: 

RA + Rs ~ 0.21 D 

Rp ~ 20D 

R~dj = 0 to 30 fl, set to 10 n 

NF = 1000 turns 

NS E = 25 turns 

11m = 1800 r/min 

The machine has the magnetization curve shown in Figure P8-7. Its equivalent cir
cuit is shown in Figure P8-1O. Answer the following questions about this machine, 
assuming no armature reaction. 
(a) If the generator is operating at no load, what is its terminal voltage? 
(b) If the generator has an 3lmature ClJn"ent of 20 A, what is its tenninal voltage? 
(c) If the generator has an armature current of 40 A, what is its terminal voltage? 
(d) Calculate and plot the terminal characteristic of this machine. 

8-28. If the machine described in Problem 8-27 is reconnected as a differentially com
pounded dc generator, what will its terminal characteristic look like? Derive it in the 
same fashion as in Problem 8- 27. ( 

8-29. A cumulatively compounded de generator is operating properly as a flat-compounded 
dc generator. The machine is then shut down, and its shunt field connections are 
reversed. 

( 
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FIGURE P8-11 
The motor-generator set in Problem 8-30. 

DC MOTORS AND GENERATORS 563 

AC machine 

AC power 
system 

(infinite bus) 

(a) If this generator is turned in the same direction as before, will an output voltage 
be built up at its terminals? Why or why not? 

(b) Will the voltage build up for rotation in the opposite direction? Why or why 
not? 

(c) For the direction of rotation in which a voltage bui lds up, will the generator be 
cumulatively or differentially compounded? 

8-30. A three-phase synchronous machine is mechanically connected to a shunt de machine, 
forming a motor-generator set, as shown in Figure P8-11. The de machine is connected 
to a de power system supplying a constant 240 V, and the ac machine is connected to a 
480-V, 60-Hz infinite bus. 

The dc machine has four poles and is rated at 50 kW and 240 V. It has a per-unit 
annature resistance of 0.03. The ac machine has four poles and is Y-connected. It is 
rated at 50 kVA, 480 V, and 0.8 PF, and its saturated synchronous reactance is 3.0 Q 

per phase. 

All losses except the dc machine's armature resistance may be neglected in this 
problem. Assume that the magnetization curves of both machines are linear. 
(a) lnitially, the ac machine is supplying 50 kVA at 0.8 PF lagging to the ac power 

system. 
1. How much power is being supplied to the dc motor from the dc power 

system? 
2. How large is the internal generated voltage EA of the dc machine? 
3. How large is the intemal generated voltage EA of the ac machine? 

(b) The field current in the ac machine is now decreased by 5 percent. What effect 
does this change have on the real power supplied by the motor- generator set? 
On the reactive power supplied by the motor- generator set? Calculate the real 
and reactive power supplied or consumed by the ac machine under these condi
tions. Sketch the ac machine's phasor diagram before and after the change in 
field current. 
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(c) Starting from the conditions in part (b), the field current in the dc machine is 
now decreased by 1 percent. What effect does this change have on the real 
power supplied by the motor-generator set? On the reactive power supplied by 
the motor-generator set? Calculate the real and reactive power supplied or con
sumed by the ac machine under these conditions. Sketch the ac machine's pha
sor diagram before and after the change in the dc machine's field ClllTent. 

(d) From the preceding results, answer the following questions: 
1. How can the real power flow through an ac-dc motor- generator set be 

controlled? 
2. How can the reactive power supplied or consumed by the ac machine be 

controlled without affecting the real power flow? 
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CHAPTER 

9 
SINGLE-PHASE AND 

SPECIAL-PURPOSE 
MOTORS 

LEARNING OBJECTIVES 

Understand why a universal motor is called "universal." 

Understand how it is possible to develop unidirectional torque from a pulsing 
magnetic field in a single-phase induction motor. 

Understand how to start single-phase induction motors. 

Understand the characteIistics of the different single-phase induction motor 
classes: split-phase, capacitor-type, and shaded pole. 

Be able to calculate induced torque in a single-phase induction motor. 

Understand the basic operation of reluctance and hysteresis motors. 

Understand the operation of a stepper motor. 

Understand the operation of a brushless de motor. 

Chapters 3 through 6 were devoted to the operation of the two major classes of ac 
machines (synchronous and induction) on three-phase power systems. Motors and 
generators of these types are by far the most common ones in larger commercial 
and industrial settings. However, most homes and small businesses do not have 
three-phase power available. For such locations, all motors must run from single
phase power sources. This chapter deals with the theory and operation of two 
major types of single-phase motors: the universal motor and the single-phase 
induction motor. The universal motor, which is a straightforward extension of the 
Jeries de motor, is descIibed in Section 9.1. 

The single-phase induction motor is described in Sections 9.2 to 9.5. The 
major problem associated with the design of single-phase induction motors is that, 
unlike three-phase power sources, a single-phase source does not produce a 

565 
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FIGURE 9-1 
Equivalent circuit of a universal motor. 

rotating magnetic field. Instead, the magnetic jleld produced by a single-phase 
source remains stationary in position and pulses with time. Since there is no net 
rotating magnetic field, conventional induction motors cannot function, and 
special designs are necessary. 

In addition, there are a number of special-purpose motors which have not 
been previously covered. These include reluctance motors, hysteresis motors, 
stepper motors, and brushless dc motors. They are included in Section 9.6. ( 

9.1 THE UNIVERSAL MOTOR 

Perhaps the simplest approach to the design of a motor that will operate on a 
single-phase ac power source is to take a dc machine and run it from an ac supply. 
Recall from Chapter 7 that the induced torque of a dc motor is given by 

(7-49) 

If the polarity of the voltage applied to a shunt or series de motor is reversed, both 
the direction of the field flux and the direction of the armature current reverse, and 
the resulting induced torque continues in the same direction as before. Therefore, 
it should be possible to achieve a pulsating but unidirectional torque from a de 
motor connected to an ac power supply. 

Such a design is practical only for the series dc motor (see Figure 9- 1), 
since the armature current and the field current in the machine must reverse at ex
actly the same time. For shunt dc motors, the very high field inductance tends to 
delay the reversal of the field current and thus to unacceptably reduce the average 
induced torque of the motor. 

In order for a series dc motor to function effectively on ac, its field poles and sta
tor frame must be completely laminated. If they were not completely laminated, their 
core losses would be enormous. When the poles and stator are laminated, this motor 
is often called a universal motor, since it can run from either an ac or a dc source. 

When the motor is running from an ac source, the commutation will be 
much poorer than it would be with a dc source. The extra sparking at the brushes 
is caused by transformer action inducing voltages in the coils undergoing com
mutation. These sparks significantly shorten brush life and can be a source or 
radio-frequency interference in certain environments. 

A typical torque- speed characteristic of a universal motor is shown in 
Figure 9-2. It differs from the torque- speed characteristic of the same machine 
operating from a de voltage source for two reasons: 
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......... Series DC motor 

", 
............. 

Universal mo:; ............ 
(Ae supply) ............. 

............ 
L _ _______________ 'rind 

FIGURE 9-2 
Comparison of the torque-speed 
characteri stic of a universal motor 
when operating from <Ie and de 
power supplies. 

1. The armature and field windings have quite a large reactance at 50 or 60 Hz. 
A significant part of the input voltage is dropped across these reactances, and 
therefore EA is smaller for a given input voltage during ac operation than it is 
during de operation. Since EA = K¢wm• the motor is slower for a given 
armature current and induced torque on alternating current than it would be 
on direct CUlTent. 

2. In addition, the peak voltage of an ac system is V2 times its rms value, so 
magnetic saturation could occur near the peak CUlTent in the machine. This 
saturation could significantly lower the rms flu x o f the motor for a given cur
rent level, tending to reduce the machine's induced torque. Recall that a de
crease in flu x increases the speed of a dc machine, so this effect may partially 
offset the speed decrease caused by the first effect. 

Applications of Universal Motors 

The universal motor has the sharply drooping torgue-speed characteristic of a de 
series motor, so it is not suitable for constant-speed applications. However, it is 
compact and gives more torque per ampere than any other single-phase motor. It 
is therefore used where light weight and high torque are important. 

Typical applications for this motor are vacuum cleaners, drills, similar 
portable tools, and kitchen appliances. 

Speed Control of Universal Motors 

As with dc series motors, the best way to control the speed of a universal motor is 
to vary its nns input voltage. The higher the rms input voltage, the greater the re
sulting speed of the motor. Typical torque-speed character istics of a universal 
motor as a function of voltage are shown in Figure 9-3. 

In practice, the average voltage applied to such a motor is valied with a solid
state speed control circu it. Two such speed control circuits are shown in Figure 9-4. 
The variable res istors shown in these fjgures are the speed adjustment knobs of the 
motors (e.g. , such a resistor would be the trigger of a vaJiable-speed dlill). 
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FIGURE 9- 3 
The effect of changi ng terminal voltage on the torque-speed characteristic of a universal motor. 
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Sample universal motor speed-control circuits. (a) Half-wave; (b) full-wave. 
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Stator 

FIGURE 9-5 
Construction of a single· phase induction 
motor. The rotor is the same as in a three
phase induction motor, but the stator has 
only a singJe distri buted phase. 

9.2 INTRODUCTION TO SINGLE-PHASE 
INDUCTION MOTORS 

Another common single-phase motor is the single-phase version of the induction 
motor. An induction motor with a squirrel-cage rotor and a single-phase stator is 
shown in F igure 9- 5. 

Single-phase induction motors suffer from a severe handicap. Since there is 
only one phase on the stator winding, the magnetic field in a single-phase induc
tion motor does not rotate. Instead, it pulses, getting first larger and then smaller, 
but always remaining in the same direction. Because there is no rotating stator 
magnetic fi eld, a single-phase induction motor has no starting torque. 

This fact is easy to see from an examination of the motor when its rotor is 
stationary. The stator flux of the machine first increases and then decreases, but it 
always points in the same direction. Since the stator magnetic field does not ro
tate, there is 110 relative motion between the stator fi eld and the bars of the rotor. 
Therefore, there is no induced voltage due to relative motion in the rotor, no rotor 
current flow due to relative motion, and no induced torque. Actually, a voltage is 
induced in the rotor bars by transformer action (dl/>ldt), and since the bars are 
short-circu.i ted, curren t flows in the rotor. However, this magnetic field is lined up 
with the stator magnetic field, and it produces no net torque on the rotor, 

'rind = kBR X Bs 

= kBRBs sin y 

= kBRBs si n 1800 = 0 

(3-58) 

At stall conditions, the motor looks like a transformer with a short~ circuited sec
ondary winding (see Figure 9-6). 
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FIGURE 9-6 
The single-phase induction motor at 
starting conditions. The stator winding 
induces opposing voltages and currents into 
the rotor circuit, resulting in a rotor 
magnetic field lined up with the stator 
magnetic field. 'TiDd = O. 

The fact that single-phase induction motors have no intrinsic starting torque 
was a serious impediment to early development of the induction motor. When in
duction motors were first being developed in the late 1880s and early 1890s, the 
first available ac power systems were 133-Hz, single-phase. With the materials 
and techniques then available, it was impossible to build a motor that worked 
well. The induction motor did not become an off-the-shelf working product until 
three-phase, 25-Hz power systems were developed in the mid-1 890s . 

However, once the rotor begins to turn, an induced torque will be produced 
in it. There are two basic theories which explain why a torque is produced in the 
rotor once it is turning. One is called the double-revolvingjield theory of single
phase induction motors, and the other is called the cross1ield theory of single-phase 
induction motors. Each of these approaches will be described below. 

The Double-Revolving-Field Theory of 
Single-Phase Induction Motors 

The double-revolving-field theory of single-phase induction motors basically 
states that a stationary pulsating magnetic fi eld can be resolved into two rotating 
magnetic fields, each of equal magnitude but rotating in opposite directions. The 
induction motor responds to each magnetic field separately, and the net torque in 
the machine wi ll be the sum of the torques due to each of the two magnetic fields. 

Figure 9-7 shows how a stationary pulsating magnetic field can be resolved 
into two equal and oppositely rotating magnetic fields. The flux density of the sta 
tionary magnetic field is given by I 

Bs (t) = (Bm" cos wt) j (9-1) 

A clockwise-rotating magnetic field can be expressed as 

( 
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The resolution of a single pulsating magnetic fi eld into two magnetic fields of equal magnitude by 
rotation in opposite directions . Notice that at all times the vector su m of the two magnetic fie lds lies 
in the vel't icul plane. 

and a counterclockwise-rotating magnetic field can be expressed as 

Bccw(t) = (~Bn", cos WI)l + (~ Bm", sin WI)} 

(9- 2) 

(9-3) 

Notice that the sum of the clockwise and counterclockwise magnetic fields is 
equal to the stationary pulsating magnetic field Bs: 

Bit) = Bcw(t) + Bccw(t) (9-4) 

The torque- speed characteristic of a three-phase induction motor in re
sponse to its single rotating magnetic field is shown in Figure 9-8a. A single
phase induction motor responds to each of the two magnetic fields present wi thin 
it, so the net induced torque in the motor is the difference between the two 
torque- speed curves. This net torque is shown in Figure 9-8b. Notice that there is 
no net torque at zero speed, so this motor has no starting torque. 

The torque- speed characteristic shown in Figure 9- 8b is not quite an accu
rate description of the torque in a single-phase motor. It was formed by the 

-
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FIGURE 9- 8 
(a) The torque-speed characteri stic of a three-phase induction motor. (b) The torque- speed 
characteristic curves of lhe two equal and oppos ite ly rotating SLator magnetic fields. 

superposition of two three-phase characteristics and ignored the fact that both 
magnetic fields are present simultaneously in the single-phase motor. 

If power is applied to a three-phase motor while it is forced to tum back
ward. its rotor currents win be very high (see Figure 9-9a). However, the rotor 
frequency is also very high, making the rotor 's reactance much larger than its 
resistance. Since the rotor's reactance is so very high, the rotor cunent lags the 
rotor voltage by almost 90°, producing a magnetic field that is nearly J 80° from 
the stator magnetic fieJd (see Figure 9- 10). The induced torque in the motor is 
proportional to the sine of the angle between the two fields, and the sine of an 
angle near 180° is a very small number. The motor's torque would be very small, 
except that the extremely high rotor currents partially offset the effect of the mag- I 
netic field angles (see Figure 9-9b). 

On the other hand, in a single-phase motor, both the forward and the reverse 
magnetic fields are present and both are produced by the same cutTent. The forward 
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FIGURE 9-9 
The torque-speed characteristic of a 
three-phase induction motor is 
proportiona l to both the strength of the 
rotor magnetic field and the sine of the 
angle between the fi elds. When the 
rotor is turned backward, I f{ and Is are 
very high. but the angle between the 
fi elds is very large, and that angle 
lim its the torque of the motor. 

and reverse magnetic fields in the motor each contribute a component to the total 
voltage in the stator and, in a sense, are in series with each other. Because both 
magnetic fie lds are present, the forward-rotati ng magnetic fie ld (which has a high 
effective rotor resistance R2/s) will limit the stator current flow in the motor (which 
produces both the forward and reverse fields). Since the Cllnent supplying the re
verse stator magnetic field is limited to a small value and since the reverse rotor 
magnetic fieJd is at a very large angle with respect to the reverse stator magnetic 
field, the torque due to the reverse magnetic fields is velY small near synchronous 
speed. A more accurate torque- speed characteristic for the single-phase induction 
motor is shown in Figure 9-11. 

In addition to the average net torque shown in Figure 9- 11 , there are torque 
pulsations at twice the stator frequency. These torque pulsations are caused when 
the fo rward and reverse magnetic fields cross each other twice each cycle. AI-

( though these torque pulsations produce no average torque, they do increase vibra
tion, and they make single-phase induction 111otors noisier than three-phase motors 
of the same size. There is no way to eliminate these pulsations, since instantaneous 
power always comes in pulses in a single-phase circuit. A motor des igner must al
low for this inherent vibration in the mechanical design of single-phase motors. 
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The Cross-Field Theory of 
Single-Phase Induction Motors 

The cross-field theory of single-phase induction motors looks at the induction mo
tor from a totally different point of view. This theory is concerned with the volt
ages and CUlTents that the stationary stator magnetic field can induce in the bars of 
the rotor when the rotor is moving. 

Consider a single-phase induction motor with a rotor which has been 
brought up to speed by some external method. Such a motor is shown in 
Figure 9-12a. Voltages are induced in the bars of this rotor, with the peak voltage 
occurring in the windings passing directly under the stator windings. These rotor 
voltages produce a current flow in the rotor, but because of the rotor's high reac
tance, the current lags the voltage by almost 90' . Since the rotor is rotating at 
nearly synchronous speed, that 90° time lag in current produces an almost 90° 
angular shift between the plane of peak rotor voltage and the plane of peak cur
rent. The resulting rotor magnetic field is shown in Figure 9-12b. 

The rotor magnetic field is somewhat smaller than the stator magnetic field, 
because of the losses in the rotor, but they differ by nearly 90' in both space and 

Plane of 
max IR 

Plnne of 
max imum 

--+@-HB+--==,.-""i.'=+nRC:o;;to::Or.L-=~""'f@+-f4<)j-- voltage 

voltage----... ER \ . 
• 

(a) 

FIGURE 9-12 
(a) The development of induced torque in a single-phase induction motor, as explained by the cross
field theory. ]f the stator field is pulsing, it will induce voltages ill the rotor bars, as shown by the marks 
inside the rotor. However, the rotor current is delayed by nearly 90° behind the rotor voltage, and if the 
rotor is turn ing, the rotor current will peak at an angle different from that of the rotor voltage. 
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BR lags Bs by about 80° 

(a) 

(a) The /Ill/gllilJldes of the magnetic fie lds as a fu nction of lime. 

titlte. If these two magnetic fields are added at different times, one sees that the 
total magnetic fi eld in the motor is rotating in a counterclockwise direction (see 
Figure 9- 13) , Wi th a rotating magnetic field present in the motor, the induction 
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(b) The vector sti rn of the rotor and stator magnetic fi elds at various times, showing a net magnetic 
field which rotates in a counterclockwise direction. 

motor will develop a net torque in the direction of motion , and that torque will 
keep the rotor turning. 

If the motor's rotor had originally been turned in a clockwise direction, the 
resulting torque would be clockwise and would again keep the rotor turning. 

I 
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9.3 STARTING SINGLE-PHASE 
INDUCTION MOTORS 

As previously explained, a single-phase induction motor has no intrinsic starting 
torque. There are three techniques commonly used to start these motors, and / ' 
single-phase induction motors are classified according to the methods used to pro-
duce their starting torque. These starting techniques differ in cost and in the 
amount of starting torque produced, and an engineer normally uses the least ex-
pensive technique that meets the torque requirements in any given application. 
The three major starting techniques are 

1. Split-phase windings 

2. Capacitor-type windings 

3. Shaded stator poles 

All three starting techniques are methods of making one of the two revolv- ( 
ing magnetic fields in the motor stronger than the other and so giving the motor 
an initial nudge in one direction or the other. 

Split-Phase Windings 

A split-phase motor is a single-phase induction motor with two stator windings, a 
main stator winding (M) and an auxiliary starting winding (A) (see Figure 9-14). 
These two windings are set 90 electrical degrees apart along the stator of the 
motor, and the auxiliary winding is designed to be switched out of the circuit at 
some set speed by a centrifugal switch. The auxiliary winding is designed to have 

() 
Auxiliary winding 

jXA RA 

(a) 

~ 1M I 

(b) 

FIGURE 9-14 

IA 

V 

Centrifugal 
switch 

(a) A split-phase induction motor. (b) The currents in the motor at starting conditions. i 
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a higher resistance/reactance ratio than the main winding, so that the cun-ent in the 
auxiliary winding leads the cuneot in the main winding. This higher RIX ratio is 
usually accomplished by using smaller wire for the auxiliary winding. Smaller 
wire is permissible in the auxiliary winding because it is used only for starting and 
therefore does not have to take full current continuously. 

To understand the function of the auxiliary winding, refer to Figure 9- 15. 
Since the current in the auxiliary winding leads the current in the main winding, 

Line 

f ind 
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/Auxiliary 
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/ Main winding 

Centrifugal switch 

-+-~==-{----------''------ "m 
nsync 

Main 
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alone 

(e) 

FIGURE 9-15 
(a) Relationship of main and auxiliary magnetic fields. (b) IA peaks before 1M, producing a net 
counterclockwise rotation of the magnetic fields. (c) The resulting torque-speed characteristic. 
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FIGURE 9-16 
Cutaway view of a split-phase motor, showing the main and auxiliary windings and the cenlrifugal 
switch. (Courtesy of Westinghouse Electric Corporation.) 

the magnetic field BA peaks before the main magnetic field BM . Since BA peaks 
first and then BM , there is a net counterclockwise rotation in the magnetic field. In 
other words, the auxiliary winding makes one of the oppositely rotating stator 
magnetic fields larger than the other one and provides a net starting torque for the 
motor. A typical torque-speed characteristic is shown in Figure 9- 15c. 

A cutaway diagram of a split-phase motor is shown in Figure 9-16. It is 
easy to see the main and auxiliary windings (the auxiliary windings are the 
smaller-diameter wires) and the centrifugal switch that cuts the auxiliary windings 
out of the circuit when the motor approaches operating speed. 

Split-phase motors have a moderate starling torque with a fairly low start
ing current. They are used for applications which do not require very high starting 
torques, such as fans, blowers, and centrifugal pumps. They are available for sizes 
in the fractional-horsepower range and are quite inexpensive. 

In a split-phase induction motor, the current in the auxiliary windings 
always peaks before the current in the main winding, and therefore the magnetic 
field from the auxiliary winding always peaks before the magnetic field from the 
main winding. The direction of rotation of the motor is determined by whether the 
space angle of the magnetic field from the auxiliary winding is 900 ahead or 
900 behind the angle of the main winding. Since that angle can be changed from ( 
900 ahead to 900 behind just by switching the connections on the auxiliary wind
ing, the direction of rotation of the motor can be reversed by switching the con
nections of the auxiliary winding while leaving the main winding's connections 
unchanged. 
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(a) A capacitor-starl induction motor. (b) Current angles at starting in this motor. 

Capacitor-Start Motors 

For some applications, the starting torque supplied by a split-phase motor is insuf
ficient to start the load on a motor's shaft. In those cases, capacitor-start motors 
may be used (Figure 9- 17). In a capacitor-strut motor, a capacitor is placed in se
ries with the auxiliruy winding of the motor. By proper selection of capacitor size, 
the magnetomotive force of the starting current in the auxiliary winding can be ad
justed to be equal to the magnetomotive force of the CUlTell l in the main winding. 
and the phase angle of the current in the auxiliary winding can be made to lead the 
current in the main winding by 90°. Since the two windi ngs are physically sepa
rated by 90', a 90' phase difference in current will yield a single unifonn rotating 
stator magnetic field, and the motor will behave just as though it were staIting from 
a three-phase power source. In this case, the starting torque of the motor can be 

( more than 300 percent of its rated value (see Figure 9- 18). 

-

Capacitor-start motors are more expensive than split-phase motors, and they 
are used in applications where a high starting torque is absolutely required. Typi
cal applications for such motors are compressors, pumps, air conditioners, and 
other pieces of equipment that must stOlt under a load (See Figure 9- 19). 
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FIGURE 9-18 
Torque- speed characteristic of a capacitor-start induction motor. 

Permanent Split-Capacitor and Capacitor-Start, 
Capacitor-Run Motors 

The starting capacitor does such a good job of improving the torque- speed char
acteristic of an induction motor that an auxiliary winding with a smaller capaci tor 
is sometimes left permanently in the motor circuit. If the capacitor's value is cho
sen correctly, such a motor will have a perfectly uniform rotating magnetic field 
at some specific load, and it will behave just like a three-phase induction motor at 
that point. Such a design is called a permanent split-capacitor or capacitor-start
and~ run motor (Figure 9- 20). Permanent split-capacitor motors are simpler than 
capacitor-start motors, since the starting switch is not needed. At normal loads, 
they are more efficient and have a higher power factor and a smoother torque than 
ordinary single-phase induction motors. 

However, pennanent split-capacitor motors have a lower starting torque than 
capacitor-start motors, since the capacitor must be sized to balance the currents in 
the main and auxiliary windings at nonnal-Ioad conditions. Since the starting cur
rent is much greater than the normal-load current, a capacitor that balances the 
phases under norl1lalloads leaves them very unbalanced under stru1ing conditions. 

If both the largest possible starting torque and the best running conditions 
are needed, two capacitors can be used with the auxiliary winding. Motors with 
two capacitors are called capacitor-start, capacitor-run, or two-value capacitor 
motors (Figure 9- 21). The larger capacitor is present in the circuit only during 
starting, when it ensures that the currents in the main and auxiliary windings are 
roughly balanced, yielding very high stmting torques. When the motor gets up to 
speed, the centlifugal switch opens, and the permanent capacitor is left by itself in ( 
the auxiliary winding circuit. The permanent capacitor is just large enough to bal
ance the currents at normal motor loads, so the motor again operates efficiently 
with a high torque and power factor. The permanent capacitor in such a motor is 
typically about IO ta 20 percent of the size of the starting capacitor. 
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(a) A capacitor-start induction motor. (Courtesy of Emerson Electric Company.) (b) Exploded view 
of a capacitor-start induction mOlar. (Courtesy o/Westinghouse Electric Corporation) 

The direction of rotation of any capacitor-type motor may be reversed by 
switching the connections of its auxiliary windings. 
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FIGURE 9-20 
(a) A pCfln<lncnl spli t-capacitor induction motor. (b) Torque- speed characteristic of this motor. 

Shaded-Pole Motors 

A shaded-pole induction motor is an induction motor with only a main winding. 
Instead of having an auxiliary winding, it has salient poles. and one portion of 
each pole is surrounded by a short-circuited coil called a shading coil (see Figure 
9-22a). A time-varying flu x is induced in the poles by the main winding. When 
the pole fl ux varies, it induces a voltage and a current in the shading coil which 
opposes the original change in flux. This opposition retards the flux changes un-

( 

der the shaded portions of the coils and therefore produces a slight imbalance be- I 
tween the two oppositely rotating stator magnetic fields. The net rotation is in the( I 

direction from the unshaded to the shaded portion of the pole face . The I 
torque- speed characteristic of a shaded-pole motor is shown in Figure 9- 22b. II 

Shaded poles produce less starting torque than any other type of induction 
motor starting system. They are much less efficient and have a much higher sl ip J 
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FIGURE 9-21 
(a) A capacitor-start, capacitor-run induction motor. (b) Torque-speed characteri stic of this motor. 

than other Iypes of single-phase induction motors_ Such poles are used only in 
very small motors ( ~(} hp and less) with very low starting torque requirements. 
Where it is possible to lise them, shaded-pole motors are the cheapest design 
available_ 

Because shaded-pole motors rely on a shading coil for their starting torque, 
there is no easy way to reverse the direction of rotation of such a motor. To 
achieve reversa l, it is necessary to instaH two shading coils on each pole face and 
to selectively short one or the other of them_ See Figures 9- 23 and 9-24_ 

Comparison of Single-Phase Induction Motors 

Single-phase induction motors may be ranked from best to worst in terms of their 
starting and running characteristics : 

1. Capacitor-start, capacitor-run motor 

2. Capacitor-start motor 
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FIGURE 9-22 
(a) A basic shaded-pole induction motor. (b) The resulting torque- speed characteristic . 
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Cutaway view of a shaded-pole induction motor. (Courtesy afWestinghouse Electric Corporation.) 
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FIGURE 9-24 
Close-up views of the construction of a four-pole shaded-pole induction motor. (Courtesy of 
Westinghouse EleclriC CO/poration.) 

3. Permanent split-capacitor motor 

4. Split-phase motor 

5. Shaded-pole motor 
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NaturalIy, the best motor is also the most expensive, and the worst motor is the 
least expensive. Also, not all these starting techniques are available in all motor 
size ranges. It is up to the design engineer to select the cheapest available motor 
for any given application that will do the job. 

9.4 SPEED CONTROL OF SINGLE· PHASE 
INDUCTION MOTORS 

In general, the speed of single-phase induction motors may be controlled in the 
same manner as the speed of polyphase induction motors. For squirrel-cage rotor 
motors, the following techniques are available: 

1. Vary the stator frequency. 

2. Change the number of poles. 

3. Change the applied terminal voltage V,.. 

In practical designs involving fairly high-slip motors, the usual approach to 
speed control is to vary the terminal voltage of the motor. The voltage applied to 
a motor may be varied in one of three ways: 

1. An autotransformer may be used to continually adjust the line voltage. This 
is the most expensive method of voltage speed control and is used only when 
very smooth speed control is needed. 

2. A solid-state controller circuit may be used to reduce the rms voltage applied 
to the motor by ac phase control. Solid-state control circuits are considerably 
cheaper than autotransformers and so are becoming more and more common. 

3. A res istor may be inserted in series with the motor's stator circuit. This is the 
cheapest method of voltage control, but it has the disadvantage that consider
able power is lost in the resistor, reducing the overall power conversion 
efficiency. 

Another technique is also used with very high-slip motors such as shaded
pole motors. Instead of using a separate autotransformer to vary the voltage 
applied to the stator of the motor, the stator winding itse(f can be used as an auto
transformer. Figure 9- 25 shows a schematic representation of a main stator 
winding, with a number of taps along its length. Since the stator winding is 
wrapped about an iron core, it behaves as an autotransformer. 

When the full line voltage V is applied across the entire main winding, then 
the induction motor operates normally. Suppose instead that the ful1line voltage is 
applied to tap 2, the center tap of the winding. Then an identical voltage will be in
duced in the upper half of the winding by transformer action, and the total winding 

( 

voltage will be twice the applied line voltage. The total voltage applied to the wind- I 
iog has effectively been doubled. I 

I 
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FIGURE 9- 25 
The use of a stator wind ing as an 
autotransformer. If voltage V is applied to the 
winding at the cen ter tap, the total winding 

Ferromagnetic core voltage will be 2V. 

The torque-speed characteristic of a shaded-pole induction motor as the terminal voltage is changed. 
[ncreases in Vr may be accomplished either by actually raising the voltage across the whole winding 
or by switching to a lower tap on the stator winding. 

Therefore, the smaller the fraction of the total coil Ulat the line voltage is 
applied across, the greater the total voltage will be across the whole winding, and 
the higher the speed of the motor will be for a given load (see Figure 9-26). 

This is the standard approach used to control the speed of single-phase mo
tors in many fan and blower applications. Such speed control has the advantage 
that it is quite inexpensive, since the only components necessary are taps on the 

( main motor winding and an ordinary multiposition switch. It also has the advan
tage that the autotransformer effect does not consume power the way series resis
tors would. 
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9.5 THE CIRCUIT MODEL OF A 
SINGLE-PHASE INDUCTION MOTOR 

As previously described, an understanding of the induced torque in a single-phase 
induction motor can be achieved through either the double-revolving-field theory 
or the cross-field theory of single-phase motors. Either approach can lead to an 
equivalent circu it of the motor, and the torque- speed characteristic can be deri ved 
through either method. 

Thjs section is restlicted to an examination of an equivalent circuit based on 
the double-revolving-field theory-in fact, to only a special case of that theory. 
We will develop an equivalent circuit of the main winding of a single-phase in
duction motor when it is operating alone. The technique of symmetrical compo
nents is necessary to analyze a single-phase motor with both main and auxiliary 
windi ngs present, and since symmetrical components are beyond the scope of this 
book, that case will not be discussed. For a more detai led analys is of single-phase 
motors, see Reference 4. ( ( 

The best way to begin the analys is of a single-phase induction motor is to 
consider the motor when it is stalled. At that time, the motor appears to be just a 
single-phase transformer with its secondary circuit shorted out, and so its equiva
lent circuit is that of a transformer. This equivalent circui t is shown in Figure 
9- 27a. In th is figure, HI and X I are the resistance and reactance of the stator wind
ing, XM is the magnetizing reactance, and R2 and X2 are the referred values of the 
rotor's resistance and reactance. The core losses of the machine are not shown and 
will be lumped together with the mechanical and stray losses as a part of the mo
tor's rotational losses. 

Now recalI that the pulsating ai r-gap flux in the motor at stall conditions can 
be resolved into two equal and opposite magnetic fields within the motor. Since 
these fields are of equal size, each one contributes an equal share to the resistive 
and reactive voltage drops in the rotor circuit. It is possible to split the rotor 
equi valent circui t into two sections, each one corresponding to the effects of one 
of the magnetic fields. The motor equivalent circuit with the effects of the forward 
and reverse magnetic fields separated is shown in Figure 9- 27b. 

Now suppose that the motor's rotor begins to turn with the help of an auxil
iary winding and that the winding is switched out again after the motor comes up 
to speed. As shown in Chapter 8, the effective rotor resistance of an induction mo
tor depends on the amount of relative motion between the rotor and the stator 
magnetic fields. However, there are two magnetic fields in this motor, and the 
amount of relative motion differs for each of them. 

For the forward magnetic field, the per-unit difference between the rotor 
speed and the speed of the magnetic field is the slip s, where slip is defined in the 
same manner as it was for three-phase induction motors. The rotor resistance in 
the part of the circuit associated with the forward magnetic field is thus O.5H,/s. r 

The forward magnetic field rotates at speed nsync and the reverse magnetic 
field rotates at speed - n,y". Therefore, the total per-unit difference in speed (on a 
base of n",, ) between the forward and reverse magnetic fields is 2. Since the rotor / 
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FIGURE 9- 27 
(a) The equ ivalent ci rcuit of a single-phase induction molor at standstill . Only iL" main windings are 
energized. (b) The equiv alent circuit with the effects of the forw;ml and reverse magnetic fields 

separated. 

is turning at a speed s slower than the forward magnetic field, the total per-unit 
ditference in speed between the rotor and the reverse magnetic field is 2 - s. 
Therefore, the effective rotor resistance in the part of the circuit associated with the 
reverse magnetic field is O.SR,I(2 - s). 

The final induction motor equivalent ci rcuit is shown in Figure 9- 28. 

Circuit Analysis with the Single-Phase Induction 
Motor Equivalent Circuit 

The single-phase induction motor equivalent c ircuit in Figure 9-28 is similar to 
the three-phase equivalent circuit, except that there are both forward and back
ward components of power and torque present. The same general power and 
torque relationships that applied for three-phase motors also apply for either the 
forward or the backward components of the si ngle-phase motor, and the net power 
and torque in the machine is the difference between the forward and reverse 
components. 

The power-flow diagram of an induction motor is repeated in Figure 9-29 
for easy reference. 
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v 

o 

FIGURE 9- 28 
The equivulent circuit of a si ngle-phase induction motor nl1lning at speed with only its main 
windings energized. 

Pin = VI COS (} 

Stator 
copper 
losses 

FIGURE 9-29 

Rotor losses 
copper 
losses 

Rotational losses 

The power-flow diagram of a si ngle-phase induction motor. 

To make the calculation of the input current flow into the motor simpier, it 
is customary to define impedances ZF and Z8. where ZF is a single impedance 
equivalent to all the forward magnetic fi eld impedance elements and ZB is a sin
gle impedance equivalent to all the backward magnetic field impedance elements 
(see Figure 9-30). These impedances are given by 

. (Ri s + jX, )(jXM ) 

ZF = RF + lXF = (Ris + jX, ) + jX
M 

(9-5) 

( ( 

I 
I 

I 
I 

I 
I 
I 
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«> R, 
> , 

FIGURE 9-30 
A series combination of RF nnd jXF is the 
Thevenin equivalent of (he forward-field 
impedance elements, and therefore RF 
mu st consume the same power from a 
given cunent as R2/S wou ld. 

(9-6) 

In terms of ZF and Zn, the current flowing in the induction motor's stator winding is 

V I, = -=---:-=---:-~:=---:-:,--:-=
R , + jX , + 0.5 2F + 0.52B 

(9- 7) 

The per-phase air-gap power of a three-phase induction motor is the power 
consumed in the rotor circui t resistance 0.5R2/s. Similarly, the forward air-gap 
power of a si ngle-phase induction motor is the power consumed by O.5R,Is, and 
the reverse air-gap power of the motor is the power consumed by 0.5R,I(2 - s). 
Therefore, the air-gap power of the motor could be calculated by determining the 
power in the forward resistor O.5R/s, determining the power in the reverse resis
tor 0.5R2/(2 - s), and subtracting one from the other. 

The most diffic ul t part of this calculation is the determination of the sepa
rate currents flowing in the two resistors. Fortunately, a simplification of this 
calculation is possible. Notice that the only resistor within the circuit elements 

( composing the equivalent impedance Zr is the resistor R/'i. Sjnce Zr is equivalent 
to that circui t, any power consumed by ZF must also be consumed by the original 
circuit, and since Ris is the only resistor in the original circuit, its power con
sumption must equal that of impedance 2F• Therefore, the air-gap power for the 
forward magnetic field can be expressed as 
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(9-8) 

Similarly, the air-gap power for the reverse magnetic field can be expressed as 

(9-9) 

The advantage of these two equations is that only the one current I J needs to be 
calculated to determine both powers. 

The total air-gap power in a single-phase induction motor is thus 

(9-10) 

The induced torque in a three-phase induction mOlor can be found from the 
equation 

(9- 11) 

where PAG is the net air-gap power given by Equation (9-10). 
The rotor copper losses can be found as the sum of the rotor copper losses ( ( 

due to the forward field and the rotor copper losses due to the reverse field. 

(9-12) 

The rotor copper losses in a three-phase induction motor were equal to the per
unit relative motion between the rotor and the stator field (the slip) times the 
air-gap power of the machine. Similarly, the forward rotor copper losses of a 
single-phase induction motor are given by 

PRCL,F = SPAG,F (9-13) 

and the reverse rotor copper losses of the motor are given by 

(9-14) 

Since these two power losses in the rotor are at different frequencies, the total ro
tor power loss is just their sum. 

The power converted from electrical to mechanical form in a single-phase 
induction motor is given by the same equation as Peony for three-phase induction 
motors. This equation is 

Since (;Jill = (l - s)wsync> this equation can be reexpressed as 

From Equation (9- 11), PAG = 'TindWsyne, so l{onv can also be expressed as 

Peony = (1 - s) PAG 

(9- 15) 

(9-16) 

(9-17) 

As in the three-phase induction motor, the shaft output power is not equal to 
Peony, since the rotational losses must still be subtracted. In the single-phase in
duction motor model used here, the core losses, mechanical losses, and stray 
losses must be subtracted from Peony in order to get POUl" 

I 

! 
I 

I 
I...-. 
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Example 9- 1. A X-hp, 110-Y, 60-Hz, six-pole, split-phase induction motor has the 
following impedances: 

R, = 1.52 Q 

R, = 3. 13 Q 

x, =2. 10 Q 

X, = 1.56 Q 

X,,= 58.2 Q 

The core losses of this motor are 35 W, and the fr iclion, windage, and stray losses are 16 W. 
The motor is operating at the rated voltage and frequency with its starting winding open, and 
the motor's slip is 5 percent Find the following quantitie!\ in the motor at these conditions: 

(a) Speed in revolutions per minute 
(b) Stator current in amperes 
(c) Stator power factor 

(d) l1" 
(e) PAG 

(fJ Peony 

(g) Tind 

(h) P OUI 

(i) 7 'ood 

UJ Efficiency 

Solutioll 
The fo rward and reverse impedances of this motor at a sli p of 5 percent are 

. (R,j' + jX,)(jXM ) 

ZF = RF + JXF = (R,js + jX,) + jXM 
_ (3 .13 W O.05 + jl.56 Q)(j58.2 il) 
- (3. 13 WO.05 + j l.56 il) + j58_2 il 

(62.6L 1.43° il)(j58.2 il) 
= (62 6 Q + j 1.56 n) + j58.2 n 
= 39.9L50.5' n = 25.4 + j30.7 n 

(9-5) 

. [R,j(2 - s) + jX, ]CJXM) 

ZB = RB + jXB = [R,j(2 - s) + jX,] + jX
M 

(9-6) 

(3.13 W l.95 + j l.56 n )(j58.2 n ) 
= (3.13 f1/ 1.95 + jl.56 n) + j58.2 n 

(2.24L44.2° n )(j58.2 n ) 
(1.61 n + j1.56 n) + j5S .2 n 

= 2.1SL 45.9 ' n = 1.5] + j 1.56 n 
These values will be used to detennine the motor cu rrent, power, and torque. 

(a) The synchronous speed of this motor is 

120t" 120(60 Hz) 
ll~yl\C = - P- = 6 pole 1200 r/min 

Since the motor is operating at 5 percent slip, its mechanical speed is 

nil! = (1 - s)nSY nc 

• 
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n", ~ (I - 0.05)(1200 r/min) ~ 1140 r/min 

( b) T he stator current in this motor is 

llOL O° V 
1.52.f! + j2.10 .f! + 0.5(25.4.f! + j30.7 .f!) + 0.5(1.5 1 .f! + j I.56 .f!) 

lIOLO° V 11OLO° V _ _ 0 

23.6L50.60 .f! - 4.66L 50.6 A 14.98 .f! + j18.23 .f! 

(c) The stator power factor of this motor is 

PF ~ cos (- 50.6°) ~ 0.635 lagging 

(d) The input power to this motor is 

Pin = VI cos () 

~ ( llO V)(4.66 A)(0 .635) ~ 325 W 

(e) The forward-wave air-gap power is 

PAG,F = fi(O.5 R F) 

~ (4.66 A)2( 12.7 J!) ~ 275.8 W 

and the reverse-wave air-gap power is 

PAG.B = n(o.S RB) 

~ (4.66A)2(0.755 V) ~ 16.4 W 

Therefore. the total air-gap power of thi s motor is 

PAG = PAG.!, - PAG,lI 

~ 275.8 W - 16.4 W ~ 259.4 W 

(f) The power converted from electrical to mechanical form is 

Peon" = (1 - s) PAG 

~ (1 - 005)(259.4 W) ~ 246 W 

(g) The induced torque in the motor is given by 

259.4W ~206 N' 
(1200 r/min)(l min/60 . )(2". rad/r) . m 

(h) The outpu t power is given by 

~ 246W - 35W - 16W ~ 195W 

(0 The load torque of the motor is given by 

(9-7) 

( ( 

(9- 8) 

(9-9) 

(9- 10) 

(9-17) 

(9-1 1) 
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19SW 
(l 1401'lmin)(l minl60 S)(27T radlr) ~ 1.63 N · Tn 

(j) Finally, the efficiency of the motor at these conditions is 

7J = f6L1t x 100% = 31
2
9s5 ~ x 100% = 60% 

~n 

9.6 OTHER TYPES OF MOTORS 

Two other types of motors-reluctance motors and hysteresis motors- are used in 
certain special-purpose applications. These motors differ in rotor construction 
from the ones previously described, but use the same stator design. Like induction 
motors, they can be built with either single- or three-phase stators. A third type of 
special-purpose motor is the stepper motor. A stepper motor requires a polyphase 
stator, but it does not require a three-phase power supply. The final special
purpose motor discussed is the brushless dc motor, which, as the name suggests, 

( runs on a dc power supply. 

Reluctance Motors 

A reluctance motor is a motor which depends on reluctance torque for its opera
tion. Reluctance torque is the torque induced in an iron object (such as a pin) in 
the presence of an external magnetic field, which causes the object to line up with 
the external magnetic field. This torque occurs because the external field induces 
an internal magnetic field in the iron of the object, and a torque appears between 
the two fields, twisting the object around to line up with the external field. In or
der for a reluctance torque to be produced in an object, it must be elongated along 
axes at angles corresponding to the angles between adjacent poles of the external 
magnetic field. 

A simple schematic of a two-pole reluctance motor is shown in Figure 9- 31 . 
It can be shown that the torque applied to the rotor of this motor is propOltional to 
sin 28, where 8 is the electrical angle between the rotor and the stator magnetic 
fields. Therefore, the reluctance torque of a motor is maximum when the angle be
tween the rotor and the stator magnetic fields is 45°. 

A simple reluctance motor of the sort shown in Figure 9-31 is a synchro
nous motor, since the rotor will be locked into the stator magnetic fields as long 
as the pullout torque of the motor is not exceeded. Like a nOlmal synchronous mo
tor, it has no starting torque and will not start by itself. 

A self-starting reluctance t11.Otor that will operate at synchronous speed 
until its maximum reluctance torque is exceeded can be built by modifying the 
rotor of an induction motor as shown in Figure 9-32. In this figure, the rotor has 
salient poles for steady-state operation as a reluctance motor and also has cage or 
amortisseur windings for starting. The stator of such a motor may be of either 
singJe- or three-phase construction. The torque- speed characteristic of this 
motor, which is sometimes called a synchronous induction motor, is shown in 
Figure 9- 33. 
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Single-phase 
0; 

three~phase 

stator 

FIGURE 9-31 

T ind OC sin20 

The basic concept of a reluctance motor. 

o 
FIGURE 9-32 
The rotor design of a "synchronous induction" or self-staJt ing 
reluctance motor. 

An interesting variation on the idea of the reluctance motor is the Syn
crospeed motor, which is manufactured in the United States by MagneTek, Inc. 
The rotor of this motor is shown in Figure 9-34. It uses "flux guides" to increase 
the coupling between adjacent pole faces and therefore to increase the maximum
reluctance torque of the motor. With these flux guides, the maximum-reluctance 
torque is increased to about 150 percent of the rated torque, as compared to just 
over 100 percent of the rated torque for a conventional reluctance motor. 

Hysteresis Motors 

( 

Another special-purpose motor employs the phenomenon of hysteresis to produce I 

a mechanical torque. The rotor of a hysteresis motor is a smooth cylinder of mag
netic material with no teeth, protmsions, or windings. The stator of the motor can 
be either single- or three-phase; but if it is single-phase, a permanent capacitor 

( 

-
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FIGURE 9- 34 

FIGURE 9- 33 
The torque-speed characteristic of a 
single-phase self-starting reluctance 
motor. 

(b) 

(a) The al umi num casti ng of a Synchrospeed mOlar rotor. (b) A rotor laminll tion from the motor. 
Notice the fl ux guides connecting the adjacent poles. These guides increase the reluctllllce torque of 
the motor. (COImesy of MaglleTek, Inc. ) 

should be used with an auxi liary winding to provide as smooth a magnetic field as 
possible, since this greatly reduces the losses of the motor. 

Figure 9-35 shows the basic operation of a hysteres is motor. When a three
phase (or single-phase with auxiliary winding) cunent is applied to the stator of 
the motor, a rotating magnetic fjeld appears within the machine. Th is rotating 
magnetic field magnetizes the metal of the rotor and induces poles within jr. 

When the motor is operating below synchronous speed, there are two 
sources of torque within it. Most of the torque is produced by hysteresis. When the 
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Stator 

Bs 
I BR 1-° __ 1 
I , 
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( ( 

FIGURE 9-35 
The construction of a hysteresis mOlOr. The mai n compo nent of torque in this motor is prop0l1ional 
to the angle between the rotor and stator magnetic fields. 

magnetic field of the stator sweeps around the surface of the rotor, the rotor flux 
cannot follow it exactly, because the metal of the rotor has a large hysteresis loss. 
The greater the intrinsic hysteresis loss of the rotor material, the greater the angle 
by which the rotor magnetic field lags the stator magnetic field. Since the rotor 
and stator magnetic fields are at different angles, a finite torque will be produced 
in the motor. In addition, the stator magnetic field will produce eddy currents in 
the rotor, and these eddy currents produce a magnetic fi eld of their own, further 
increasing the torque on the rotor. The greater the relative motion between the ro
tor and the stator magnetic field, the greater the eddy currents and eddy-current 
torques. 

When the motor reaches synchronous speed, the stalor flu x ceases to sweep 
across the rotor, and the rotor acts like a permanent magnet. The induced torque in 
the mola r is then proportional to the angle between the rotor and the stator mag
netic field, up to a maximum angle set by the hysteresis in the rotor. 

The torque-speed characteristic of a hysteresis motor is shown in Figure 
9-36. Since the amount of hysteresis within a particular rotor is a function of only 
the stator flux density and the material from which it is made, the hysteresis 
torque of the motor is approximately constant for any speed from zero to nsync ' The I 

eddy-current torque is roughly proportional to the slip of the motor. These two 
facts taken together account for the shape of the hysteresis motor's torque-speed 
~~~~. t 

I 

i 
I 
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FIGURE 9- 37 

FIGURE 9-36 
The torque-speed characteristic 

of a motor. 

A small hysteresis motor w ith a shaded-pole stator, suitable for running an electric clock. Note the 

shaded stator poles. (SlCphen J. Chapman) 

Since the torque of a hysteresis motor at any subsynchronous speed is 
greater than its maximum synchronous torque, a hysteresis motor can accelerate 
any load that it can carry during normal operation. 

A very small hysteresis motor can be built with shaded-pole stator con
struction to create a tiny self-starting low-power synchronous motor. Such a mo
tor is shown in Figure 9- 37. It is conunonly used as the driving mechanism in 
electric clocks. An electric clock is therefore synchronized to the line frequency of 
the power system, and the resulting clock js just as accurate (or as inaccurate) as 
the frequency of the power system to which it is tied. 

• 
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Stepper Motors 

A stepper motor is a special type of synchronous motor which is designed to ro
tate a specific number of degrees for every electric pulse received by its control 
unit. Typical steps are 7.5° or 15° per pulse. These motors are used in many con
trol systems, since the position of a shaft or other piece of machinery can be con
trolled precisely with them. 

A simple stepper motor and its associated control unit are shown in Figure 
9-38. To understand the operation of the stepper motor, examine Figure 9- 39. 
This figure shows a two-pole. three-phase stator with a permanent-magnet rotor. 
If a de voltage is applied to phase a of the stator and no voltage is applied to 
phases band c, then a torque will be induced in the rotor which causes it to line up 
with the stator magnetic field Bs, as shown in Figure 9-39b. 

Now assume that phase a is turned off and that a negative dc voltage is ap
plied to phase c. The new stator magnetic field is rotated 60' with respect to the 
previous magnetic field, and the rotor of the motor follows it around. By continu- ( 
ing this patte111, it is possible to construct a table showing the rotor position as ( 
function of the voltage applied to the stator of the motor. If the voltage produced 
by the control unit changes with each input pulse in the order shown in Table 9-1, 
then the stepper motor will advance by 60' with each input pulse. 

It is easy to build a stepper motor with finer step size by increasing the 
number of poles on the motor. From Equation (3- 31) the number of mechanical 
degrees corresponding to a given number of electrical degrees is 

(9- 18) 

Since each step in Table 9- 1 corresponds to 60 electrical degrees, the number of 
mechanical degrees moved per step decreases with increasing numbers of poles. 
For example, if the stepper motor has eight poles, then the mechanical angle of the 
motor's shaft will change by 15° per step. 

The speed of a stepper motor can be related to the number of pulses into its 
control unit per unit time by using Equation (9-18). Equation (9-18) gives the 
mechanical angle of a stepper motor as a function of the electrical angle. If both 
sides of this equation are differentiated with respect to time, then we have a rela
tionship between the electrical and mechanical rotational speeds of the motor: 

2 
(9- 19a) Will = P we 

2 
(9-19b) or nm = p ne 

Since there are six input pulses per electrical revolution, the relationship between 
the speed of the motor in revolutions per minute and the number of pulses per 
minute becomes 

(9- 20) 

where l1pulses is the number of pulses per minute. 
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.,GURE 9-38 
(a) A simple three-phase stepper motor and its associated control unit. The inputs to the control 
unit consist of a dc power source and a control signal consisting of a train of pulses . (b) A sketch 
of the output voltage from the control unit as a series of control pulses are input. (c) A table showing 
the output voltage from the control unit as a function of pulse number. 
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c' 

a' 
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FIGURE 9-39 
Operation of a stepper motor. (a) A voltage V is applied to phase a of the stator, causing a current to 
flow in phase (/ and produc ing a stator magnetic field Bs- The interaction of BR and Bs produces a 
counterclockwise torque on the rotor. (b) When the rotor lines up with the stator magnetic fie ld, the 
net torque falls to zero. (e) A vo ltage - V is appUed to phase c of the slutor, causing a current to flow 
in phase c and produc ing a stator magnetic field Bs. The interaction of BR and Bs produces a 
counterclockwise torque on the rotor, causing the rotor to li ne up with the new position of the 
magnetic field . 

There are two basic types of stepper motors, differing only in rotor con
struction: permanent-magnet type and reluctance type . The permanent-magnet 
type of stepper motor has a permanent-magnet rotor, while the reluctance-type 
stepper motor has a ferromagnetic rotor which is not a permanent magnet. (The 
rotor of the reluctance motor described previously in this section is the reluctance 
type.) In general, the permanent-magnet stepper motor can produce more torque 

( ( 



( 

( 

-

SINGLE-PHASE AND SPECIAL-PURPOSE MOTORS 605 

TABLE 9-1 

Rotor position as a function of voltage in a two-pole stepper motor 

Phase voltages 

Input pulse number a b c Rotor position 

V 0 0 0' 

2 0 0 -V 60' 

3 0 V 0 120' 

4 -V 0 0 180' 

5 0 0 V 240" 

6 0 -V 0 3000 

than the reluctance type, since the permanent-magnet stepper motor has torque 
from both the permanent rotor magnetic field and reluctance effects. 

Reluctance-type stepper motors are often built with a four-phase stator 
winding instead of the three-phase stator winding described previously. A four
phase stator winding reduces the steps between pulses from 60 electrical degrees 
to 45 electrical degrees. As mentioned earlier, the torque in a reluctance motor 
varies as sin 28, so the reluctance torque between steps wjJJ be maximum for an 
angle of 45°, Therefore, a given reluctance-type stepper motor can produce more 
torque with a four-phase stator winding than with a three-phase stator winding. 

Equation (9-20) can be generalized to apply to all stepper motors, regard
less of the number of phases on their stator windings. In general, if a stator has 
N phases, it takes 2N pulses per electrical revolution in that motor. Therefore, 
the relationship between the speed of the motor in revolutions per minute and the 
number of pulses per minute becomes 

(9-21) 

Stepper motors are very useful in control and positioning systems because 
the computer doing the controIling can know both the exact speed and position of 
the stepper motor without needing feedback information from the shaft of the mo
tor. For example, jf a control system sends 1200 pulses per minute to the two-pole 
stepper motor shown in Figure 9-38, then the speed of the motor will be exactly 

3(2 ;0IeS)(1200 pulses/min) 

= 200 r/min 

(9-20) 

Furthermore, if the initial position of the shaft is known, then the computer can de
termine the exact angle of the rotor shaft at any future time by simply counting the 
total number of pulses which it has sent to the control unit of the stepper motor. 
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Example 9-2. A three-phase permanem-magnet stepper motor required for one 
particular application must be capable of controlling the position of a shaft in steps of7.5°, 
and it must be capable of running at speeds of up to 300 clmin. 

(a) How many poles must this motor have? 
(b) At what rate must control pulses be received in the motor's control unit if it is to 

be driven at 300 rfmin? 

Solution 
(a) In a three-phase stepper motor, each pulse advances the rotor 's position by 

60 electrical degrees. This advance must correspond to 7.5 mechanical degrees. 
Solving Equation (9-18) for P yields 

8 (60') P ~ 2 --'- ~ 2 - ~ 16poles em 7.5° 

(b) Solving Equation (9-21) for np~lses yields 

n pulses = N Pnm ( 

Brushless DC Motors 

~ (3 phases)(I6 poles)(300 r/min) 

= 240 pulses/s 

Conventional dc motors have traditionally been used in applications where dc 
power sources are available, such as on aircraft and automobiles. However, small 
dc motors of these types have a number of disadvantages. The ptincipal disad
vantage is excessive sparking and brush wear. Small, fas t dc motors are too small 
to use compensating windings and interpoies, so armature reaction and L dildt ef
fects tend to produce sparking on their commutator brushes. In addition, the high 
rotational speed of these motors causes increased brush wear and requires regular 
maintenance every few thousand hours. If the motors must work in a low-pressure 
environment (such as at high altitudes in an aircraft), brush wear can be so bad 
that the brushes require replacement after less than an hour of operation! 

In some applications. the regular maintenance required by the brushes of 
these dc motors may be unacceptable. Consider for example a dc motor in an ar
tificial heart-regular maintenance would require opening the patient's chest. In 
other applications, the sparks at the brushes may create an explosion danger, or 
unacceptable RF noise. For all of these cases, there is a need for a small, fast de 
motor that is highly reliable and has low noise and long life. 

Such motors have been developed in the last 25 years by combining a small mo
tor much like a pelmanent magnetic stepper motor with a rotor position sensor and a 
solid-state electronic switching circuit. These motors are called brushless de motors 
because they run from a dc power source but do not have commutators and brushes. 
A sketch of a small brushless de motor is shown in Figure 9-40, and a photograph of 
a typical brushJess de motor is shown in Figure 9-41. The rotor is similar to that of a 
permanent magnet stepper motor, except that it is nonsalient. The stator can have three 
or more phases (there are four phases in the example shown in Figure 9-40). 
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FIGURE 9-40 
(a) A simple brushless de motor and its associated control un it. The inputs to the contro l unit consist 
of a de power source and a signal proportional to the cun'en t rOlor position. (b) The vo ltages applied 
to the stator coils. 
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(a) 

( 

(b ) 

FIGURE 9-41 
(a) Typicnl brushless de motors. (b) Exploded view showing the pelmanent magnet rotor and a three
phase (6-poJe) stator. (Courtesy afCarson Technologies, Illc.) 

The basic components of a brushless de motor are 

1. A permanent magnet rotor 
2. A stator with a three-, four- , or more phase winding 

3. A rotor position sensor 
4. An e lectronic circui t to control the phases of the rotor winding 

A brushless de m QWr functions by energizing one stator coil at a time with 
a constant de voltage. When a coil is tumed on, it produces a stator magnetic field 
Bs. and a torque is produced on the rotor given by 

which tends to align the rotor with the stator magnetic field. At the time shown in 
Figure 9-40a, the stator magnetic field Bs points to the left while the permanent 
magnet rotor magnetic field BR points up, producing a counterclockwise torque on 
the rotor. As a result the rotor will turn to the left. 

( 
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If coil a remained energized all of the time, the rotor would turn until the 
two magnetic fields were aligned, and then it would stop, just like a stepper mo
tor. The key to the operation of a brushless dc motor is that it includes a position 
sensor, so that the control circuit will know when the rotor is almost al igned with 
the stator magnetic field. At that time coil a will be turned off and coil b will be 
turned on, causing the rotor to again experience a counterclockwise torque, and to 
continue rotating. This process continues indefinitely wi th the coils turned on in 
the order 0 , b, C, d, -a, - b, -c, -d, etc., so that the motor turns continuously. 

The electronics of the control ci rcuit can be used to control both the speed 
and direction of the motor. The net effect of thjs design is a motor that runs from a 
dc power source, with full control over both the speed and the direction of rotation. 

Brushless de motors are available only in small sizes, up to 20 W or so, but 
they have many advantages in the size range over which they are available. Some 
of the major advantages include: 

( 1. Relatively high efficiency 

2. Long life and high reliability 

3. Little or no maintenance 

4. Very li ttle RF noise compared to a dc motor with brushes 

5. Very high speeds are possible (greater than 50,000 rim in) 

The principal disadvantage is that a brushless de motor is more expensive than a 
comparable brush de motof. 

9.7 SUMMARY 

The ac motors described in previous chapters required three-phase power to func
tion. Since most res idences and small businesses have only single-phase power 
sources, these motors cannot be used. A series of motors capable of running from 
a single-phase power source was described in this chapter. 

The first motor described was the universal motor. A universal motor is a se
ries dc motor adapted to run from an ac supply, and its torque- speed characteris
tic is similar to that of a series dc motor. The universal motor has a very high 
torque, but its speed regulation is very poor. 

Single-phase induction motors have no intrinsic starting torque, but once 
they are brought up to speed, their torque-speed characteristics are almost as good 
as those of three-phase motors of comparable size. Struting is accomplished by the 
addition of an auxi liary winding with a current whose phase angle differs from 
that of the main winding or by shading portions of the stator poles. 

( The starting torque of a single-phase induction motor depends on the phase 
angle between the current in the primary winding and the CUlTent in the auxiliary 
winding, with maximum torque occurring when that angle reaches 90°. Since the 
split-phase construction provides only a small phase difference between the main 
and auxiliary windings, its starting torque is modest. Capacitor-start motors have 
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auxiliary windings with an approximately 900 phase shift, so they have large start
ing torques. Permanent split-capacitor motors, which have smaller capacitors, 
have starting torques intermediate between those of the split-phase motor and the 
capacitor-start motor. Shaded-pole motors have a very small effective phase shift 
and therefore a small starting torque. 

Reluctance motors and hysteresis motors are special-purpose ac motors 
which can operate at synchronous speed without the rotor field windings required 
by synchronous motors and which can accelerate up to synchronous speed by 
themselves. These motors can have either single- or three-phase stators. 

Stepper motors are motors used to advance the position of a shaft or other 
mechanical device by a fixed amount each time a control pulse is received. They 
are used extensively in control systems for positioning objects. 

Brushless de motors are similar to stepper motors with permanent magnet 
rotors, except that they include a position sensor. The position sensor is used to 
switch the energized stator coil whenever the rotor is almost aligned with it, keep
ing the rotor rotating a speed set by the control electronics. Brushless dc motors( 
are more expensive than ordinary dc motors, but require low maintenance and 
have high reliabi lity, long life, and low RF noise. They are available only in small 
sizes (20 Wand under). 

QUESTIONS 

9- 1. What changes are necessary in a seties dc motor to adapt it for operation from an ac 
power source? 

9- 2. Why is the torque-speed characteristic of a universal motor on an ac source differ
ent from the torque-speed characteristic of the same motor on a dc source? 

9- 3. Why is a single-phase induction motor unable to start itself without special auxil iary 
windings? 

9-4. How is induced torque developed in a single-phase induction motor (a) according to 
the double revolving-field theory and (b) according to the cross-field theory? 

9-5. How does an auxiliary winding provide a starting torque for single-phase induction 
motors? 

9-6. How is the current phase shift accomplished in the auxi liary winding of a split
phase induction motor? 

9- 7. How is the current phase shift accomplished in the auxiliary winding of a capacitor
stalt induction motor? 

9-8. How does the starting torque of a permanent split-capacitor motor compare to that 
of a capacitor-start motor of the same size? 

9- 9. How can the direction of rotation of a split-phase or capacitor-start induction motor 
be reversed? 

9- 10. How is starting torque produced in a shaded-pole motor? 
9- 11. How does a reluctance motor start? 
9-12. How can a reluctance motor run at synchronous speed? 
9- 13. What mechanisms produce the starting torque in a hysteresis motor? 
9- 14. What mechanism produces the synchronous torque in a hysteresis motor? 

I 

I 
( 

I 
1 

I 
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9-15. Explain the operation of a stepper motor. 

9-16. What is the difference between a permanen t-magnet type of stepper motor and a 
reluctance-type stepper motor? 

9-17. What is the optimal spacing between phases for a reluctance-type stepper motor? 
Why? 

9-18. What are the advantages and disadvantages of bmshless de motors compared [0 or
dinary brush de motors? 

PROBLEMS 

9-1. A 120-V, X-hp, 60-Hz, four-pole, split-phase induction motor has the following 
impedances: 

RI = 2.00 n 
R2 = 2.80n 

Xl = 2.56 n 
X2 = 2.56 n 

XM = 60.5 n 

At a slip of 0.05, the motor's rotational losses are 51 W. The rotational losses may 
be assumed constant over the normal operating range of the motor. If the slip is 0.05, 
find the follow ing quanti ties for this motor: 
(a) Input power 
(b) Air-gap power 
(e) P conv 

(d) P OOl 

(e) 'rind 

(j) 'TIOild 

(g) Overal l motor efficiency 

(h) Stator power factor 

9-2. Repeat Problem 9-1 for a rotor slip of 0.025. 

9-3. Suppose lhat the motor in Problem 9-1 is started and the auxi liary winding fa ils 
open while the rotor is accelerating through 400 r/min. How much induced torque 
will the motor be able to produce on its main wind ing alone? Assuming that the ro
tational losses are still 51 W, will this motor continue accelerating or will it slow 
down again? Prove your answer. 

9-4. Use MATLAB to calculate and plot the torque-speed characteristic of the motor in 
Problem 9-1 , ignoring the starting winding. 

9- 5. A 220-V, 1.5-hp, 50-Hz, six-pole, capacitor-start induction motor has the following 
main-winding impedances: 

RI = 1.30n 

R, = 1.73 n 
Xl = 2.01 n 
X2 = 2.01 n 

X., = IOsn 

At a slip of 0.05, the motor's rotational losses are 29 1 W. The rotational losses may be 
assumed constant over the nonnal operating range of the motor. Find the following 
quantities for this motor at 5 percent slip: 
(a) Stator current 
(b) Stator power factor 
(e) Input power 
(d) PAG 

(e) Pconv 



612 ELECTRIC MACHINERY FUNDAMENTALS 

(f) Pout 

(g) Tind 

(h) Tload 

(i) Efficiency 

9-6. Find the induced torque in the motor in Problem 9-5 if it is operating at 5 percent 
slip and its terminal voltage is (a) 190 Y, (b) 208 Y, (e) 230 Y. 

9-7. What type of motor would you select to perform each of the following jobs? Why? 
(a) Vacuum cleaner 
(b) Refrigerator 
(c) Air conditioner compressor 
(d) Air conditioner fan 
(e) Variable-speed sewing machine 
(fJ Clock 
(g) Electric drill 

9- 8. For a particular application, a three-phase stepper motor must be capable of stepping 
in 100 increments. How many poles must it have? 

9-9. How many pulses per second must be supplied to the control unit of the motor in ( 
Problem 9- 8 to achieve a rotational speed of 600 r/min? 

9-10. Construct a table showing step size versus number of poles for three-phase and four
phase stepper motors. 

REFERENCES 

1. Fitzgerald, A. E., and C. Kingsley, Jr.: Electric Machinery, McGraw-Hill, New York, 1952. 
2. National Electrical Manufacturers Association, Motors and Generators, Publication No. 

MGI -1993, NEMA, Washington, 1993. 
3. Werninck, E. H. (ed .): Electric Motor Handbook, McGraw-Hill, London, 1978. 
4. Veinott, G. c.: Fractional alld Sub/ractt'onal HorsepOItier Electric Motors, McGraw-Hill, 

New York, 1970. 

I 

I 

L 



APPENDIX 

A 
THREE-PHASE 

CIRCUITS 

A lmost al l electric power generation and most of the power transmission in the 
world today is in the form of three-phase ac circuits. A three-pbase ac power 

system consists of three-phase generators, transmission lines, and loads. Ac 
power systems have a great advantage over de systems in that their voltage levels 
can be changed with transformers to reduce transmission losses, as described in 
Chapter 2. Three-phase ac power systems have two major advantages over single
phase ac power systems: (l) it is possible to get more power per kilogram of metal 
from a three-phase machine and (2) the power delivered to a three-phase load is 
constant at all times, instead of pUlsing as it does in single-phase systems. Three
phase systems also make the use of induction motors easier by allowing them to 
start without special auxiliary starting windings. 

A.1 GENERATION OF THREE-PHASE 
VOLTAGES AND CURRENTS 

A three-phase generator consists of three single-phase generators, with voltages 
equal in magnitude but differing in phase angle from the otbers by 120' . Each of 
these three generators could be connected to one of three identical loads by a pair 
of wires, and the resulti ng power system would be as shown in Figure A-lc. Such 
a system consists of three single-phase circuits that happen to differ in phase an-

'e by 120'. The current flowing to each load can be found from the equation 

I ~ y 
Z 

(A-I) 
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Volts 

iA(t) 

""$ 
i il(t) 

""$ 
iel') 

'''''$ 
FIGURE A-J 

(e) 

VA(t) :::: -fi V sin wt V 

VA = VLOoy 

VB =VL-120oy 

Vc = V L -240oV 

(a) 

(b) 

~,-w 

~,-w 

~H" 
(a) A three-phase generator, consisting of three single-phase sou rces equal in magnitude and 1200 

apalt in phase. (b) The vol tages in each phase of the generator. (c) The three phases of the generator 
connected lO three identical loads . 

( 
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(d) 

FIGURE A-l (concluded) 
(d) Phasor diagram showing the voltages in each phase. 

z 

FIGURE A-2 
The three circuits connected together with a common neutraL 

Therefore, the currents flow ing in the three phases are 

VL O' 
IA = ZLO = [L - O (A- 2) 

I =VL -120' = IL _ 120'_ O 
B ZLO 

(A-3) 

I = VL-240' = IL - 240' - e 
C ZL O 

(A-4) 

It is possible to connect the negative ends of these three single-phase gener
ors and loads together, so that they share a common return line (called the neu

.. all . The resulting system is shown in Figure A-2; note that now only four wires 
are requi red to supply power from the three generators to the three loads. 

How much current is flowing in the single neutral wire shown in Figure 
A- 2? The retu rn current wi ll be the sum of the currents flowi ng to each individ
ual load in the power system. This current is given by 
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IN = IA + IE + I e 

= fL-8 + fL - 8 - 120' + fL-8 - 240' 

= f cos ( - 8) + jI sin ( - 8) 

+ f cos ( - 8 - 120') + jf sin ( - 8 - 120°) 

+ f cos (- 8 - 240°) + jf sin ( - 8 - 240') 

= 1[cos (-8) + cos (-8 - 120') + cos (-8 - 240')] 

+ jf [sin (- 8) + sin (-8 - 120') + sin (- 8 - 240')] 

Recall the elementary trigonometric identities: 

cos (" - (3) = COS" cos (3 + sin" sin (3 

sin (" - (3) = sin" cos (3 - COS" sin (3 

Applying these trigonometric identities yields 

(A-S) 

(A-6) 

(A- 7) 

IN = l[cos (- 8) + cos (- 8) cos 120' + sin (-8) sin 120° + cos (- e) cos 240° ( 
+ sin ( - 8) sin 240°] 

+ jf[sin (- e) + sin (- 8) cos 1200 
- cos (- 8) sin 120' 

+ sin ( - 8) cos 2400 
- cos ( - 8) sin 240°] 

[ 
1 \13. 1 \13.] I = 1 cos (- 8) - - cos (- 8) + - sm (- 8) -- cos (- e) - - sm (- 8) 

N 2 2 2 2 

+ jI[ Sin (- 8) - 1 sin (- 8) - \13 cos (- 8) _ 1 sin (- 8) + \13 cos (- 8)] 2 2· 2 2 

As long as the three Loads are equaL, the return current in the neutral is 
zero! A three-phase power system in which the three generators have voltages that 
are exactly equal in magnitude and 1200 different in phase, and in which all three 
loads are identical, is called a balanced three-phase system. In such a system, the 
neutral is actually unnecessary, and we could get by with only three wires instead 
of the original six. 

PHASE SEQUENCE. The phase sequence of a three-phase power system is the 
order in which the voltages in the indiv idual phases peak. The three-phase power 
system illustrated in Figure A- I is said to have phase sequence abc, since the volt
ages in the three phases peak in the order a, b, c (see Figure A- Ib). The phasor di 
agram of a power system with an abe phase sequence is shown in Figure A-3a. 

It is also possible to connect the three phases of a power system so that the 
voltages in the phases peak in the order a, c, b. This type of power system is said 
to have phase sequence aeb. The phasor diagram of a power system with an acb 
phase sequence is shown in Figure A-3b. I 

The result derived above is equally valid for both abc and acb phas, 
sequences. In either case, if the power system is balanced, the current flowing in 
the neutral will be O. 
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(a) (b) 

FIGURE A-3 
(a) The phase voltages in a power system with an abc phase sequence. (b) The phase voltages in a 
power system with an acb phase sequence. 

A.2 VOLTAGES AND CURRENTS 
IN A THREE· PHASE CIRCUIT 

A connection of the sort shown in Figure A-2 is called a wye (Y) connection be
cause it looks like the letter Y. Another possible connection is the delta (Ll) con
nection, in which the three generators are connected head to tail. The Ll connec
tion is possible because the sum of the three voltages VA + VB + Vc = 0, so that 
no short -circuit currents will flow when the three sources are connected head to 
tail. 

Each generator and each load in a three-phase power system may be either 
y- or 6.-connected. Any number ofY- and .D.-connected generators and loads may 
be mixed on a power system. 

Figure A-4 shows three-phase generators connected in Y and 1n L1. The volt
ages and currents in a gi ven phase are called phase quantities, and the voltages be
tween lines and currents in the lines connected to the generators are called line 
quantities. The relationship between the line quantities and phase quantities for a 
gi ven generator or load depends on the type of connection used for that generator 
or load. These relationshi ps will now be explored for each of the Y and L1 
connections. 

Voltages and Cnrrents in the Wye (Y) Connection 

A Y-connected three-phase generator with an abc phase sequence connected to a 
resistive load is shown in Figure A-5. The phase voltages in this generator are 
given by 

V an = V.pLO° 

Vb" ~ V¢L -120° 

V,,, ~ VoL - 240° 

(A-8) 
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~~~~~~~~--'-~ a + 

b ~) 
'---~~~~~~~~~~~~~ c -

(a) 

FIGURE A--4 
(a) Y connection. (b) Ll connection. 

Vw 

FIGUREA-5 

b 

e_ 
I, 

Y-connected generator with a resistive load. 

Vh, 

Resistive 
load 

(b) 

V"' 

I, 

Ib 

I, 

Since the load connected to this generator is assumed to be resistive, the 
current in each phase of the generator will be at the same angle as the voltage. 
Therefore, the current in each phase will be given by ( 

I" = I.LO" 

Ib = I¢L -120' (A- 9) 

a 

b 

c 

( 
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FIGUREA-6 
Line-ta-line and phase (line-to-neutral) 
voltages for the Y connection in Figure A-5 . 

From Figure A-5, it is obvious that the current in any line is the same as the 
current in the corresponding phase. Therefore, for a Y connection, 

Y connection I (A-IO) 

The relationship between line voltage and phase voltage is a bit more complex. By 
Kirchhoff's voltage law, the line-to-line voltage V,. is given by 

Vab = Va - Vb 

= V", LO° - V. L - 120' 

(
I .0) 3 .0 = V,,- -2: v,,-JT V• = 2:V,, +JTV'" 

= 0v.(f+ j~) 
= 0 V.L30° 

Therefore, the relationship between the magnitudes of the line-to-line voltage and 
the line-to-neutral (phase) voltage in a Y-connected generator or load is 

Y connection I (A-ll ) 

In addition, the line voltages are shifted 3~' with respect to the phase voltages . 
A phasor diagram of the line and phase voltages for the Y connection in Figure 
A- 5 is shown in Figure A"{). 

Note that for Y connections with the abc phase sequence slIch as the one in 
r'igure A- 5, the voltage of a line leads the corresponding phase voltage by 3~' . 

For Y connections with the acb phase sequence, the voltage of a line lags the cor
responding phase voltage by 3~', as you will be asked to demonstrate in a prob
lem at the end of the appendix. 
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FIGUREA- 7 

Iu .---IL a _ 

b 

I , _c 

ll-conl1ected generator with a resistive load. 

Resistive 
load 

Although the relationships between line and phase voltages and currents for 
the Y connection were derived for the assumption of a unity power factor, they are 
in fact valid for any power factor. The assumption of unity-power-factor loads ( 
simply made the mathematics slightly easier in this development. 

Voltages and Cnrrents in the Delta (,1) Connection 

A .6. -connected three-phase generator connected to a resistive load is shown in 
Figure A- 7. The phase voltages in th is generator are given by 

Vob ~ V.pLO° 

Vb, ~ V"L -1 20° 

Vcu = VrJ>L - 240° 

Because the load is resistive, the phase currents are given by 

lab = 14> LO° 

Ihc ~ I. L -120" 

1m ~ I . L - 240" 

(A-12) 

(A-l3) 

In the case of the 6. connection, it is obvious that the line-ta-line voltage between 
any two lines will be the same as the voltage in the corresponding phase. In a 
A connection, 

Il connection I (A-14) 

The relationship between line current and phase cun-ent is more complex. It can 
be found by applying Kirchhoff's current law at a node of the 6.. Applying Kirch
hoff's current law to node A yields the equation 
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FIGUREA- 8 
Line and phase currents for the to connection 
in Figure A- 7. 

Summary of relationships in Y and ..1. connections 

Voltage magnitudes 

Current magnitudes 

abc phase sequence 

acb phase sequence 

Y connection 

Vu = \l3VoII 

I L = l <f> 

V"b leads Va by 30° 

V "b lags Va by 30° 

V3J¢(~~j~) 
V3J¢L ~300 

d connection 

Vu= V" 

IL = V3 I", 

I" lags [n" by 30° 

I" leads l ab by 30° 

Therefore, the relationship between the magnitudes of the line and phase currents 
in a a -connected generator or load is 

!1 connection (A-15) 

and the line currents are shifted 30° relative to the correspondi ng phase currents . 
Note that for D.. connections with the abc phase sequence such as the one 

hown in Figure A-7, the current of a line lags the corresponding phase current by 
JO' (see Figure A- 8). For C. connections with the acb phase sequence, the CUlTent 
of a line leads the conesponding phase current by 30' . 

The voltage and current relationships for Y- and A-connected sources and 
loads are summarized in Table A-I. 
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G ________________ , 

c ___ __ 
J 

b -----------~ 

A.3 POWER RELATIONSHIPS IN 
THREE-PHASE CIRCUITS 

FIGUREA- 9 
A balanced Y-connected load. 

Figure A-9 shows a balanced Y-connected load whose phase impedance is 
Z. ~ ZLO' . If the three-phase voltages applied to this load are given by 

v"n(l) ~ V2V sin wt 

VbnCt) ~ V2V sine wt - 120") 
v",(I) ~ V2V sin(wt - 240") 

then the three-phase currents flowing in the load are given by 

iaCt) ~ V2! sine wt - 0) 

iit) ~ V2! sine wt - 120' - 0) 

i,(t) ~ V2! sine wI - 240' - 0) 

(A- 16) 

(A-l7) 

where I ~ VIZ. How much power is being supplied to this load from the source? 
The instantaneous power supplied to one phase of the load is given by the 

equation 

I pet) ~ v(t)i(t) I 
Therefore, the instantaneous power supplied to each of the three phases is 

PaCt) ~ v" ,(t)i"(/) ~ 2VI sin(wt) sin(wt - 0) 

Pb(t) ~ v, ,,(t)i,(t) ~ 2VI sin(wt - 120") sin(wt - 120" - 0) 

Pe(t) ~ v",(lK(t) ~ 2VI sin(wt - 240' ) sin(wt - 240' - 0) 

A trigonomen'ic identity states that 

sin a sin f3 ~ ~[cos(a - (3) - costa - (3) ] 

(A-IS) 

(A-19) 

( 
(A-20) 

Applying this identity to Equations (A-19) yields new expressions for the power 
in each phase of the load: 

( 
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FIGUREA- IO 
Instantaneous power in phases a, b, and c, plus the total power supplied to the load. 

pit) = VI[eos e - eos(2wl - ell 
pb(t) = VIreos e - eos(2wt - 2400 

- ell 
pJt) = VIreos e - eos(2wt - 4800 

- e)l 
(A-2 1) 

The total power supplied to the entire three-phase load is the SUIll of the 
power supplied to each of the individual phases, The power suppl ied by each 
phase consists of a constant component plus a pulsi ng component. However, the 
pulsing components in the three phases cancel each other out since they are 1200 

out of phase with each other, and the final power supplied by the three-phase 
power system is constant. This power is given by the equation: 

p'N(t) = PACt) + 1'8(1) + pcCt) = 3 VI cos e (A-22) 

The instantaneous power in phases a, b, and c are shown as a function oftime 
in Figure A- I 0, Note that Ihe total power supplied to a balanced three-phase load 
is constant at all times. The fact that a constant power is supplied by a three-phase 
power system is one of its major advantages compared to single-phase sources. 

Three·Phase Power Equations Involving 
Phase Quantities 

The single-phase power Equations (1-60) to (1- 66) apply to each phase of a Y- or 
6.-eonnected three-phase load, so the real, reactive, and apparent powers supplied 
to a balanced three-phase load are given by 
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p = 3 V~ /", cos e (A-23) 

Q = 3V. I.sin e (A- 24) 

s = 3V",!. I (A-2S) 

p = 3/~Z COS e (A-26) 

Q = 3I~ Z sin e (A-27) 

s = 3/p (A-28) 

The angle fJ is again the angle between the voltage and the current in any 
phase of the load (it is tl1e same in all phases), and the power factor of the load is 
the cosine of the impedance angle e, The power-triangle relationships apply as welL 

Three-Phase Power Equations Involving 
Line Quantities 

It is also possible to derive expressions for the power in a balanced three-phase 
load in terms of line quantities. This derivation must be done separately for Y- and 
D.-connected loads, since the relationships between the line and phase quantities 
are different for each type of connection. 

For a Y-col1nected load, the power consumed by a load is given by 

(A- 23) 

For this type of load, IL = I . and VLL = y'3v"" so the power consumed by the 
load can also be expressed as 

(A- 29) 

For a a-connected load, the power consumed by a load is given by 

P = 3 V,'!. cos e (A-23) 

For this type of load, IL = y'3I", and VLL = V.' so the power consumed by the 
load can also be expressed in terms of line quanti ties as ( 

P = 3VLL(~)COS e 
= y'3v UIL cos e (A-29) 
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This is exactly the same equation that was derived for a Y-connected load, so 
Equation (A- 29) gives the power of a balanced three-phase load in terms of line 
quantities regardless of the connection of the load. The reactive and apparent 
powers of the load in terms of line quantities are 

(A-30) 

(A-31) 

It is important to realize that the cos e and sin e terms in Equations (A- 29) 
and (A-30) are the cosine and sine of the angle between the phase voltage and the 
phase current, not the angle between the line-ta-line voltage and the line current. 
Remember that there is a 30° phase shift between the line-ta-line and phase volt
age for a Y connection, and between the line and phase CUlTent for a 6. connection, 
so it is important not to take the cosine of the angle between the line-ta-line volt
age and line current. 

A.4 ANALYSIS OF BALANCED 
THREE-PHASE SYSTEMS 

If a three-phase power system is balanced, it is possible to determine the voltages, 
currents, and powers at various points in the circuit whh a per-phase equivalent 
circuit. This idea is illustrated in Figure A-II. Figure A-Ila shows a Y-connected 
generator supply ing power to a Y-connected load through a three-phase trans
mission line. 

In such a balanced system, a neutral wire may be inserted with no effect on 
the system, since no current flow s in that wire. This system with the extra wire in
serted is shown in Figure A- II b. Also, notice that each of the three phases is iden
tical except for a 120 0 shift in phase angle. Therefore, it is possible to analyze a 
circuit consisting of one phase and the neutral, and the results of that analysis will 
be valid for the other two phases as well if the 1200 phase shift is included. Such 
a per-phase circuit is shown in Figure A- ] Ie. 

There is one problem associated with this approach, however. It requires 
that a neutral line be available (at least conceptually) to provide a retum paUl for 
current flow from the loads to the generator. This is fine for Y-connected sources 
and loads, but no neutral can be connected to Ll-connected sources and loads. 

How can Ll-connected sources and loads be included in a power system to 
be analyzed? The standard approach is to transform the impedances by the Y-Ll 
transform of elementary circuit theory. For the special case of balanced loads, the 
Y -6. transformation states that a 6.-connected load consisting of three equal im
I'edances, each of value Z, is totally equivalent to a Y-connected load consisting 
of three impedances, each of value Z/3 (see Figure A-12). This equivalence 
means that the voltages, currents, and powers supplied to the two loads cannot be 
distinguished in any fashion by anything external to the load itself. 
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Transmission line 

z, 

(a) 

Transmission line 

Ven ~ , ,ex Villi z, Z, 

Neutral 

Vb/! 

(b) 

Transmission line 

I¢ I IL I I, 

Van + 
rv Z¢ 

(c) 

FIGUREA-ll 
(a) A Y-connected generator and load. (b) System with neutral inserted. (c) The per-phase equivalent 
circuit. 
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r - - - --------------i 
I 
I 
I 
I 
I 
I 

------ - - ---- ----- ~ 

Y-A transformation. A V-connected impedance of Zl3 n is totally equivalent to a .6.-connected 
impedance of Z n to any circuit connected to the load 's terminals. 

+ 

Vr; 

(J X , 
V CII :::: 120L-240° Vall = 120LO° 

V bl/ = 120L- 120° 

FIGUREA- 13 
The three-phase circuit of Example A-I . 

0.06 fl jO.12 fl 

0.06 fl jO_12 fl 

208 V 

0_06 fl jO.12fl 

Z, Z, 
Z¢ = 12 +j 9 n 

V = VL = 208 = 120 V 

• 13 13 

If 6.-connected sources or loads include voltage sources, then the magni
tudes of the voltage sources must be scaled according to Equation (A-I I), and the 
effect of the 3~' phase shift must be included as well. 

Example A- I. A 208-V three-phase power system is shown in Figure A-13. It 
consists of an ideal 208-V Y-connected three-phase generator connected through a three
phase transmission line to a Y-connected load. The transmiss ion line has an impedance of 
0.06 + j 0.12 n per phase, and the load has an impedance of 12 + j 9 n per phase. For this 
simple power system, find 

(a) The magnitude of the line current IL 
(b) The magnitude of the load's line and phase voltages VLL and V.pL 
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0.06!l jO.12!l 

FIGUREA-14 
Per-phase circuit in Example A-I. 

(e) The real, reactive, and apparent powers consumed by the load 
(d) The power factor of the load 
(e) The real, reactive, and apparent powers consumed by the transmission line 
(J) The real, reactive, and apparent powers supplied by the generator 
(g) The generator's power factor 

Solution 
Since both the generator and the load on this power system are Y-connected, it is very sim
ple to construct a per-phase equivalent circuit. This circuit is shown in Figure A-14. 

(a) The line current flowing in the per-phase equivalent circuit is given by 

V 
Ilinc =Z + Z 

line load 

120 LO" V 
(006 + )0.12fl) + (1 2 + )9fl) 

120 LO" 
12.06 + )9.12 

~ 7.94L-37.1° A 

120 LO" 
IS.I2L37.1" 

The magnitude of the line current is thus 7.94 A. 
(b) The phase voltage on the load is the voltage across one phase of the load. This 

voltage is the product of the phase impedance and the phase current of the load: 

V <jJL = Iq.,LZq,L 

~ (7.94L -37.1 ° A)(12 + )9 fl) 

~ (7.94L -37.1 ° A)(15 L 36.9° fl) 

~ 119.1L - 0.2'V 

Therefore, the magnitude of the load's phase voltage is 

V"L ~ 119.1 V 

and the magnitude of the load's line voltage is 

VLL ~ y'3V"L ~ 206.3 V 

(c) The real power consumed by the load is 

P10ad = 3V ¢>I</> cos () 

~ 3(119.1 V)(7.94 A) cos 36.9" 

~ 2270W 

( 

I 
~ 
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The reactive power consumed by the load is 

Qload = 3V J<t> sin e 
~ 3(119.1 V)(7.94A) sin 36.9' 

= 1702 var 

The apparent power consumed by the load is 

SjO<l(J = 3V,p/<t> 

(d) The load power factor is 

~ 3(119.1 V)(7.94A) 

~ 2839 VA 

PFlo~d = cos (} = cos 36.9° = 0.8 lagging 

(e) The current in the transmission line is 7 .94L - 37.1 A, and the impedance of the 
line is 0.06 + jO.12 n or O.134L63.4° n per phase. Therefore, the real, reac
tive, and apparent powers consumed in the line are 

Plinc = 3/JZ cos e 
~ 3(7.94 A)' (0.134 n) cos 63.4' 

~11.3W 

Q line = 314~Z sin fj 

~ 3(7.94 A)' (0.134 n) sin 63.4' 

= 22.7 var 

S l inc = 31lz 
~ 3(7.94 A)' (0.134 n) 

~ 25.3 VA 

(A-26) 

(A-27) 

(A-28) 

(f) The real and reactive powers supplied by the generator are the sum of the pow
ers consumed by the line and the load: 

~ 11.3 W + 2270W ~ 2281 W 

Qgen = Qline + Q10ad 

= 22.7 val' + 1702 var = 1725 var 

The apparent power of the generator is the square root of the sum of the squares 
of the real and reactive powers: 

Sgen = YPicn + Qg~n = 2860 VA 

(g) From the power triangle, the power-factor angle 8 is 

__ ,Q,," _ _ ,1725VAR_ 0 

8gcn - tan p-tan 2281W -37.1 
gen 

Therefore, the generator's power factor is 

PFgel1 = cos 37.10 = 0.798 lagging 

-
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0.06 n jO.12 n 

IL 0.06 n jO.12 n 

Ven = 120 L -240° V 

Vbn = 120 L - 120° V 

FIGURE A- IS 
Three-phase circuit in Example A- 2. 

0.06n +jO. 12n 

+ 

+ v, = 120 L 0" Z'<j1 =4+j3!l 

FIGUREA- 16 
Per-phase circuit in Example A- 2. 

Example A-2. Repeat Example A-I for a ~-connected load, with everything else 
unchanged. 

Solution 
This power system is shown in Figure A-IS. Since the load on this power system is ~ con
nected, it must first be converted to an equivalent Y fmID. The phase impedance of the~
connected load is 12 + j9 D so the equivalent phase impedance of the corresponding Y 
form is 

The resulting per-phase equivalent circuit of this system is shown in Figure A-16. 

(aJ The line current flowing in the per-phase equivalent circuit is given by 

V 
Iline = Z + Z 

line load 

( 

L 



( 
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120LO° V 
(0.06 + )0. 1211) + (4 + )311) 

120L O° 120L O° 
4.06 + )3. 12 5. 12L37.5° 

~ 23.4L - 37.5° A 

The magnitude of the line current is thus 23.4 A. 
(b) The phase voltage on the equivalent Y load is the voltage across one phase of 

(he load. This voltage is the product of the phase impedance and the phase cur
rent of the load: 

V~L = I~LZ:jJL 
~ (23 .4L - 375" A)(4 + )3 0 ) 

~ (234L -37.5" A)(SL 36.9° 11) ~ 117 L - 0.6° V 

The original load was A connected, so the phase voltage of the original load is 

V" ~ v'3 (117 V) ~ 203 V 

and the magnitude of the load's line vo ltage is 

Vu~ V'L~203V 

(c) The real power consumed by the equivalent Y load (which is the same as the 
power in the actual load) is 

Plood = 3 V q/q, cos (J 

~ 3(1 17 V)(23.4 A) cos 36.9° 

~ 6571 W 

The reactive power comumed by the load is 

Q ]oad = 3V"'1> sin (J 

~ 3(117 V)(23 .4A) sin 36.9° 

~ 4928 val' 

The apparent power consumed by the load is 

S lood = 3V,tf¢ 

(d) The load power fac tor is 

~ 3(117 V)(23.4 A) 

~ 8213 VA 

PFlood = cos (J = cos 36.9° = 0.8 lagging 

(e) The current in the transmission is 23.4 L -37.5° A, and the impedance of 
the line is 0.06 + jO.12 n or O.134L63.4° fl per phase. Therefore, the real, re
active, and apparent powers consumed in the line are 

P1ine = 31 ~ Z cos e 
~ 3(23 4 A)'(0.134 0 ) cos 63 .4° 

~ 98.6W 

(A-26) 
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Q lillc = 31~Z sin 8 

= 3(23.4 A)' (0.1 34 il) sin 63.40 

= 197 var 

Sl ioo: = 3/~Z 

= 3(23.4 A)'(O. 134 il) 

= 220 VA 

(A-27) 

(A-28) 

(j) The real and reactive powers supplied by the generator are the sums of the pow
ers consumed by the line and the load: 

P gen = Phne + P10ad 

= 98.6 W + 657 1 W = 6670 W 

Qi;en = Q line + Qloa<.l 

= 197 val" + 4928 VAR = 5125 val" 

The apparent power of the generator is the square root of the sum of the squares 
of the real and reactive powers: 

Sgcn = v'P g2en + Q;cn = 84 11 VA 

(g ) From the power tri angle, the power-factor angle () is 

_ - I Q gcrI_ -I 5 125 var 37.60 
8gcn - tan p - tan 6670 W 

"" 
Therefore, the generator's power factor is 

PFgen = cos 37.6° = O.7921aggi llg 

A.S ONE-LINE DIAGRAMS 

As we have seen in this chapter, a balanced three-phase power system has three 
lines connecting each source with each load, one for each of the phases in the 
power system. The three phases are al1 similar, with voltages and currents equal in 
amplitude and shifted in phase from each other by 120' . Because the three phases 
are all basically the same, it is customary to sketch power systems in a simple 
form with a single Line representing all three phases of the real power system. 
These one-line diagrams provide a compact way to represent the interconnections 
of a power system. One-line diagrams typically include all of the major compo
nents of a power system, such as generators, Lransformers, transmission lines, and 
loads with the u·ansmission lines represented by a single line. The voltages and 
types of connections of each generator and load are usually shown on the diagram. 
A simple power system is shown in Figure A- I7, together wi th the corresponding 
one-line diagram. 

A.6 USING THE POWER TRIANGLE 

If the transmission lines in a power system can be assumed to have negligible im
pedance, then an important simplification is possible in the calculation of three-phase 

( 
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Generator Load I Load 2 

+ 

l' + 

>~~ • 

(a) 

Bus 1 

.6. connected 

Y connected f-------j Load 2 Y connected 

(b) 

FIGUREA- 17 
(a) A simple power system wi th a Y-connected generator, a .6.-connected loud, und a Y-connected 
load. (b) The corresponding one-l ine diagram. 

currents and powers. This simplification depends on the use of the real and reactive 
powers of each load to determine the currents and power factors at various points in 
the system. 

For example, consider the simple power system shown in Figure A- 17. If 
the transmission line in that power system is assumed to be lossless. the line volt
age at the generator will be the same as the line voltage at the loads. If the gener
ator vol tage is specified . then we can find the current and power factor at any 
point in this power system as follows: 

1. Determine the line voltage at the generator and the loads. Since the transmis
sion line is assumed to be lossless, these two voltages will be identical. 

2. Determine the real and reactive powers of each load on the power system. 
We can use the known load voltage to perf 01111 this calculation. 

3. Find the total real and reactive powers supplied to all loads "downstream" 
from the point being examined. 
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BusA 

I 

ft. : 
--i 

I 
I 

480 V 
three-phase 

FIGURE A- 18 
The system in Example A-3 . 

Load 
1 

Load 
2 

Delta connected 

Zf = IOL 30on 

Wye connecled 

Z. = SL-36.87·n 

4. Determine the system power factor at that point, using the power-triangle 
relationships. 

S. Use Equation (A-29) to determine line currents, or Equation (A- 23) to de- ( 
termine phase currents, at that point. 

This approach is commonly employed by engineers estimating the currents 
and power flows at various points on distribution systems within an industrial 
plant. Within a single plant, the lengths of transmission lines wi ll be quite short 
and their impedances will be relatively small , and so only small errors will occur 
if the impedances are neglected. An engineer can treat the line voltage as constant, 
and use the power triangle method to quickly calculate the effect of adding a load 
on the overall system current and power factor. 

ExampleA-3. FigureA- 18 shows a one-line diagram of a small 480-V industrial 
di stribution system. The power system supplies a constant line voltage of 480 V, and the 
impedance of the dist.ribution lines is negligible. Load I is a 6 -connected load with a phase 
impedance of IOL30o n, and load 2 is a Y-connected load with a phase impedance of 
SL - 36.87· Il. 

(a) Find the overall power factor of the distribution system. 
(b) Find the total line current supplied to the distribution system. 

Solution 
The lines in this system are assumed impedanceless, so there will be no voltage drops 
within the system. Since load 1 is !i connected, its phase voltage will be 480 V. Since load 
2 is Y connected, its phase voltage will be 480/\13 = 277 V. 

The phase current in load 1 is 

Therefore, the real and reactive powers of load 1 are 

PI = 3V</>IIq,1 cos f) 

~ 3(480 V)(48 A) cos 30· ~ 59.9 kW 



( 
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QI = 3V,pI I </.>1 sin f) 

= 3(480 V)(48 A) sin 30° = 34.6 kvar 

The phase current in load 2 is 

L,=277V =554A • 5f! . 

Therefore, the real and reactive powers of load 2 are 

P2 = 3V</>!/ </>2 cos (J 

= 3(277 V)(55.4 A) cos( - 36.87°) = 36.8 kW 

Q! = 3V",i,p2 sin f) 

= 3(277 V)(55.4 A) sin( -36.87°) = - 27.6 kvar 

(a) The total real and reactive powers supplied by the distribution system are 

PlOt = PI + Pz 

= 59.9 kW + 36.8 kW = 96.7 kW 

Q!OI = Ql + Q2 

= 34.6 kvar - 27.6 kvar = 7.00 kvar 

From the power triangle, the effective impedance angle (J is given by 

(J = tan- I g 
p 

-t _1 7.00kvar 4. 140 
- an 96.7 kW 

The system power factor is thus 

PF = cos e = c05(4. 14°) = 0.997 lagging 

(b) The total line current is given by 

p 
h \l3VL cos e 
1 _ 96.7 kW 

L - \13(480 V)(0997) 
117 A 

QUESTIONS 

A- I. What types of connections are possible for three-phase generators and loads? 

A- 2. What is meant by the term "balanced" in a balanced three-phase system? 
A-3. What is the relationship between phase and line voltages and currents for a wye (Y) 

connection? 
A-4. What is the relationship between phase and line voltages and currents for a delta (ll) 

connection? 
A-S. What is phase sequence? 
A-6. Write the equations for real, reactive, and apparent power in three-phase circuits, in 

terms of both line and phase quantities. 

A-7. What is a Y- 6. transform? 
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PROBLEMS 

A-I. Three impedances of 4 + j3 n are 6. connected and tied to a three-phase 208-V 
power line. Find l q,. I f.,. P, Q, S, and the power factor of this load. 

A-2. Figure PA-l shows a three-phase power system with two loads. The Ll.-connected 
generator is producing a line voltage of 480 V, and the line impedance is 0.09 + 
)0.16 n. Load J is Y connected, with a phase impedance of2.5L36.87° n and load 
2 is 11 connected, with a phase impedance of 5L - 200 n. 

ILl 
0.09 n jO. 16 fl. 

Vea = 480L-240° V 

Vb<; = 480L-120a V 0.09 n jO.16 n 

0.09 fl. jO. 16n 

Generator Load 1 

FIGURE PA-l 
The system in Problem A- 2. 

(a) What is the line voltage of the two loads? 
(b) What is the voltage drop on the transmission lines? 
(e) Find the real and reactive powers supplied to each load. 

Load 2 

Z~l =2.5L36.87°n 

Z92 = 5L-20on 

(d) Find the real and reactive power losses in the transmission line. 
(e) Find the real power, reactive power, and power fac tor supplied by the generator. 

A-3. Figure PA- 2 shows a one-line diagram of a simple power system containing a sin
gle 480-V generator and three loads. Assume that the transmission li nes in this 
power system are !ossless, and answer the following questions. 
(a) Assume that Load I is Y connected. What are the phase voltage and currents in 

that load? 
(b) Assume thm Load 2 is D. connected. What are the phase voltage and currents in 

that load? 
(e) What reaJ, reactive, and apparent power does the generator supply when the , 

switch is open? 
(d) What is the total line current l[ when the switch is open? 
(e) What real, reactive, and apparent power does the generator supply when the 

switch is closed? 

-
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Bus 1 

IOOkW 
0.9 PF lagging 

480 V 
Y connected 

80 kVA 
0.8 PF lagging 

80kW 
0.85 PF leading 

---I Load 3 

FIGUREPA- 2 
The power system in Problem A- 3. 

(fJ What is the total line current l L when the switch is closed? 
(g) How does the total line current fL compare to the sum of the three individual 

currents 11 + 12 + 13? If they are not equal, why not? 
A-4. Prove that the line vohage of a Y-connected generator wi th an acb phase sequence 

lags the corresponding phase voltage by 30°, Draw a phasor diagram showing the 
phase and line voltages fo r this generator. 

A-S. Find the magnitudes and angles of each line and pbase voltage and current on the 
load shown in Figure PA-3. 

V Im = 120LOo V 

Vb/! = 120L-120° V 

'S, 
Z. = IOL20°.a 

Ven = 120L- 240° V 

FIGUREPA- 3 
The system in Problem A- 5. 

A- 6. Figure PA-4 shows a one-line diagram of a small 480· V distribution system in an 
industri al plant. An engineer working at the plant wishes to calculate the current that 
will be drawn from the power utili ty company with and without the capacitor bank 
switched into the system. For the purposes of thi s calculation, the engineer will as· 
sume that the lines in the system have zero impedance. 
(a) If the switch shown is open, find the real, reactive, and apparent powers in the 

system. Find the total current supplied to the distribution system by the utility. 

.. 
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r---- Load 
I 

BO Y 
I 
I 
I 

Load I 
I 

---' 
2 

h: 

/~ 
T 

FIGUREPA-4 
The system in Problem A- 6. 

Delta connected 

Z. =IOL30· .n 

Wye connected 

Zj = 4L36.87· .n 

Capacitor Wye connected 
bank 2 , = 5L-90· .n 

(b) Repeat pan (a) with the switch closed. 
(e) What happened [0 the total current supplied by the power system when the 

switch closed? Why? 

REFERENCE 
I. Alexander, Charles K., and Matthew N. O. Sadiku: Fundamentals afElectric Circui(l', McGraw-Hill , 

2000. 
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APPENDIX 

B 
COIL PITCH 

AND 
DISTRIBUTED 

WINDINGS 

A s mentioned in Chapter 3, the induced voltage in an ac machine is sinusoidal 
only if the harmonic components of the air-gap flux density are suppressed. 

This appendix describes two techniques used by machinery designers to suppress 
harmonics in machines. 

B.t THE EFFECT OF COIL PITCH 
ON AC MACHINES 

In the simple ac machine design of Section 3.4, the output voltages in the stator 
coils were sinusoidal because the air-gap flux density distribution was sinusoidal. 
If the air-gap flux density distribution had not been sinusoidal, then the output 
voltages in the stator would not have been sinusoidal either. They would have had 
the same nonsinusoidal shape as the flux density distribution. 

In general, the air-gap flux density distribution in an ac machine will not be 
sinusoidal. Machine designers do their best to produce sinusoidal flux distributions, 
but of course no design is ever perfect. The actual flux distlibution will consist of 
a fundamental sinusoidal component plus harmonics. These harmonic components 
off1ux will generate harmonic components in the stator's voltages and currents. 

The harmonic components in the stator voltages and currents are undesir
able, so techniques have been developed to suppress the unwanted harmonic com
ponents in the output voltages and currents of a machine. One important technique 
to suppress the hannonics is the use ofjractional-pitch windings. 

639 
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FIGURE B-1 

Pp = 90° mechanical 
1800 electrical 

The pole pitch of a four-pole machine is 90 mechanical or 180 electrical degrees. 

The Pitch of a Coil 

The pole pitch is the angular distance between two adjacent poles on a machine. 
The pole pitch of a machine in mechanical degrees is 

(B- 1) 

where p, is the pole pitch in mechanical degrees and P is the number of poles on 
the machine. Regardless of the number of poles on the machine, a pole pitch is 
always 180 electrical degrees (see Figure B-1). 

If the stator coil stretches across the same angle as the pole pitch, it is called 
a full -pitch coiL. If the stator coil stretches across an angle smaller than a pole 
pitch, it is called afractional-pitch coil. The pitch of a fractional-pitch coil is of
ten expressed as a fraction indicating the p0l1ion of the pole pitch it spans. For ex
ample, a 5/6-pitch coil spans five-sixths of the di stance between two adjacent 
poles. Alternatively. the pitch of a fraction al-pitch coil in electrical degrees is 
given by Equations (B- 2): 

(B- 2a) 

where Bm is the mechanical angle covered by the coil in degrees and Pp is the ma
chine's pole pitch in mechanical degrees, or { 

(B-2b) 

( 

I 
I 

I 

I 
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Air-gap flux density: 

Sea) = BMcos (M - a) 

Rotor 

Air gap 

Stator 

Vrel 

Rotor rotation is CCW,---cf),,-- ~oltage . is reall~ into the page, IB smce B IS negatIve here. 

FIGURE B-2 
A fractional-pitch wind ing of pitch p. The vector magnetic f1ux densities and velocities on the sides 
of the coi l. The velocities are from a frame of reference in which the magnetic field is stationary. 

where 81/1 is the mechanical angle covered by the coil in degrees and P is the num
ber of poles in the machine. Most practical stator coils have a fractional pitch, 
since a frac tional-pitch winding provides some important benefits which will be 
explained later. Windings employing fractional-pitch coils are known as chorded 
windings. 

The Induced Voltage of a Fractional-Pitch Coil 

What effect does fractional pitch have on the output voltage of a coil? To find out, 
examine the simple two-pole machine with a frac tional-pitch winding shown in 

( "igure B-2. The pole pitch of this machine is 180', and the coi l pitch is p. The 
voltage induced in this coil by rotating the magnetic field can be found in exactly 
the same manner as in the previous section, by determining the voltages on each 
side of the coil. The total voltage will just be the sum of the voltages on the indi
vidual sides. 

( 
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As before, assume that the magnitude of the flux density vector B in the air 
gap between the rotor and the stator varies sinusoidally with mechanical angle, 
while the direction of B is always radially outward. If a is the angle measured 
from the direction of the peak rotor flux density, then the magnitude of the flux 
density vector B at a point around the rotor is given by 

(B-3a) 

Since the rotor is itself rotating within the stator at an angular velocity Win' the 
magnitude of the flux density vector B at any angle a around the stator is given 
by 

IB = BMcos (wt - a) I 
The equation for the induced voltage in a wire is 

e;" = (v X B) • I 

where v = velocity of the wire relative to the magnetic field 

B = magnetic flux density vector 

I = length of conductor in the magnetic field 

(B-3b) 

(1-45) 

This equation can only be used in a frame of reference where the magnetic field 
appears to be stationary. If we "sit on the magnetic field" so that the field appears 
to be stationary, the sides of the coil wi ll appear to go by at an apparent velocity 
vre\> and the equation can be applied. Figure B-2 shows the vector magnetic field 
and velocities from the point of view of a stationary magnetic field and a moving 
Wlre. 

1. Segment abo For segment ab of the fractional-pitch coil. a = 90' + p/2. As
suming that B is directed radially outward from the rotor, the angle between 
v and B in segment ab is 90'. while the quantity v x B is in the direction of 
I, so 

elm = (v x B) • I 

= vBI directed out of the page 

-vBM cos [w",t - (90' + ~)l l 

-vB I cos (w t - 90' - E) M nl 2 (B-4) 

where the negative sign comes from the fact that B is really pointing inward 
when it was assumed to point outward. 

2. Segment be. The voltage on segment be is zero, since the vector quantity 
v x B is perpendicular to I, so 

e,b = (v X B) • I = 0 (B-5) 
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3, Segment cd. For segment cd, the angle" = 90' - p/2. Assuming that B is di
rected radially outward from the rotor, the angle between v and B in segment 
cd is 90' , while the quantity v x B is in the direction of I, so 

ed, = (v x B) • I 

= vBl directed out of the page 

= -vEMI cos (w",t - 90' + ~) (B-6) 

4. Segment da. The voltage on segment da is zero, since the vector quantity 
v x B is perpendicular to I, so 

e,d = (v x B) • I = 0 

Therefore, the total voltage on the coil will be 

By trigonometric identities, 

(B-7) 

( _ 90' - f!.) - ( - 90') f!. + . ( _ 90') . E. cos w,i 2 - cos wmt cos 2 sm Will SIn 2 

( _ 90' + f!.) - ( - 90' ) f!. _ . ( _ 90' ) . E. cos wlllt 2 - cos wmt cos 2 sm wn/ sm 2 

sin (wmt - 90') = - cos wmt 

Therefore, the total resulting voltage is 

eind = VEMI[ -cos (wmt - 90') cos ~ - sin (wmt - 90' ) sin ~ 

+ cos (w",t - 90') cos ~ - sin(wmt - 90' ) sin ~l 

= -2vEM i sin ~ sin (wmt - 90' ) 

Since 2vEMI is equal to q,w, the final expression for the voltage in a single turn is 

(B-8) 

( 
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This is the same value as the voltage in a full-pitch winding except for the 
sin p/2 term. It is customary to define this term as the pitch factor kp of the coil. 
The pitch factor of a coil is given by 

~--~ 

Ikp=sin~ 1 
In terms of the pitch factor, the induced voltage on a single-turn coil is 

The total voltage in an N-turn fractional-pitch coil is thus 

and its peak voltage is 

Therefore, the rms voltage of any phase of this three-phase stator is 

27r 
EA = V2 Nckp¢f 

= V27rNckp¢f 

(B-9) 

(B-lO) 

(B- ll) 

(B- 12) 

(B-13) 

(B-l4) 

(B-lS) 

Note that for a full-pitch coil, p = 180' and Equation (B-1S) reduces to the 
same result as before. 

For machines with more than two poles, Equation (B-9) gives the pitch fac
tor if the coil pitch p is in electrical degrees. If the coil pitch is given in mechani
cal degrees, then the pitch factor can be given by 

Harmonic Problems and 
Fractional·Pitch Windings 

(B-16) 

There is a very good reason for using fractional-pitch windings. It concerns the ef
fect of the nonsinusoidal flux density distribution in real machines. This problem 
can be understood by examining the machine shown in Figure B-3. This figure 
shows a salient-pole synchronous machine whose rotor is sweeping across the sta
tor surface. Because the reluctance of the magnetic field path is much lower di
rectly under the center of the rotor than it is toward the sides (smaller air gap), rhe 
flux is strongly concentrated at that point and the flux density is very high there( 
The resulting induced voltage in the winding is shown in Figure B-3. Notice that 
it is not sinusoidal- it contains many harmonic frequency components. 

Because the resulting voltage waveform is symmetric about the center of 
the rotor flux, no even harmonics are present in the phase voltage. However, all 
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___ ----'[01L--__ 

v N 

(a) 

(b) 

(e) 

FIGURE B-3 
(a) A ferromagnetic rotor sweeping past a stator conductor. (b) The fl ux density distribution of the 
magnetic fie ld as a funct ion of lime at a point on the stalor surface. (c) The resulting induced voltage 
in the conductor. Note that the voltage is directly proportional to the magnetic nux density at any 
given time. 

'he odd harmonics (third. fifth. seventh, ninth, etc.) are present in the phase volt
age to some extent and need to be dealt with in the design of ac machines. In gen
eral , the higher the number of a given harmonic frequency component, the lower 
its magnitude in the phase output voltage; so beyond a certain point (above the 
ninth harmonic or so) the effects of higher haImonics may be ignored. 
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When the three phases are Y or L1 connected, some of the harmonics disap
pear from the output of the machine as a result of the three-phase connection. The 
third-harmonic component is one of these. If the fundamental voltages in each of 
the three phases are given by 

v 
eb(t) ~ EMI sin (wt- 120°) 

eeCt) ~ EMI sin (wt- 240°) 

v 

V 

then the third-harmonic components of voltage will be given by 

e"3(t) ~ EM3 sin 3wt V 

ebJ(t) ~ EM3 sin (3wt - 360°) V 

e,3(t) ~ EM3 sin (3wt - 720°) V 

(B-17a) 

(B-17b) 

(B-17c) 

(B- 18a) 

(B- 18b) 

(B-18c) 

Notice that the third-harmonic components of voltage are all identical in each 
phase. If the synchronous machine is Y-connected, then the third-harmonic 
voltage between any two terminals will be zero (even though there may be a 
large third-harmonic component of voltage in each phase). If the machine is 
,;-connected, then the three third-harmonic components all add and drive a third
harmonic current around inside the .il-winding of the machine. Since the third
harmonic voltages are dropped across the machine's internal impedances, there 
is again no significant third-harmonic component of voltage at the terminals. 

This result applies not only to third-harmonic components but also to any 
multiple of a third-harmonic component (such as the ninth hannonic). Such spe
cial harmonic frequencies are called triplen harmonics and are automaticaIly sup
pressed in three-phase machines. 

The remaini ng harmonic frequencies are the fifth, seventh, eleventh, thir
teenth, etc. Since the strength of the harmonic components of voltage decreases 
with increasing frequency, most of the actual distortion in the sinusoidal output of 
a synchronous machine is caused by the fifth and seventh harmonic frequencies, 
sometimes called the belt harmonics. If a way could be found to reduce these 
components, then the machine's output voltage would be essentially a pure sinu
soid at the fundamental frequency (50 or 60 Hz). 

How can some of the harmonic content of the winding's terminal voltage be 
eliminated? 

One way is to design the rotor itself to distribute the flux in an approxi
mately sinusoidal shape. Although this action will help reduce the harmonic con
tent ofthe output voltage, it may not go far enough in that direction. An additional 
step that is used is to design the machine with fractional-pitch windings. 

The key to the effect of fractional-pitch windings on the voltage produced in' 
a machine's stator is that the electrical angle of the nth harmonic is n times the elec
trical angle of the fundamental frequency component. In other words, if a coil spans 
150 electrical degrees at its fundamental frequency, it will span 300 electrical de
grees at its second-harmonic frequency, 450 electrical degrees at its third-harmonic 
frequency, and so fOlth. If P represents the electrical angle spanned by the coil at its 
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fundamental frequency and v is the number of the harmonic being examined, then 
the coil will span vp electrical degrees at that harmonic frequency. Therefore, the 
pitch factor of the coil at tile harmonic frequency can be expressed as 

h, ~ sin ¥ 1 (B-19) 

The important consideration here is that the pitch factor of a winding is different for 
each harmonic frequency. By a proper choice of coil pitch it is possible to almost 
eliminate harmonic frequency components in the output of the machine. We can 
now see how harmonics are suppressed by looking at a simple example problem. 

Example B- 1. A three-phase, two-pole stator has coils with a 5/6 pitch. What are 
the pitch factors for the harmonics present in this machine's coi ls? Does th is pitch help sup
press the hannonic content of the generated voltage? 

Solution 
The pole pitch in mechanical degrees of this machine is 

(B-1) 

Therefore, the mechanical pitch angle of these coils is five-sixths of 180°, or 150°, 
From Equation (B-2a), the resulting pitch in electrical degrees is 

p = 8m X 1800 = 150
0 

X 1800 = 1500 

Pp 1800 (B-2a) 

The mechanical pitch angle is equal to the electrical pitch angle only because this is a two
pole machine. For any other number of poles, they would not be the same. 

Therefore, the pitch factors for the fundamental and the higher odd harmonic fre
quencies (remember, the even harmonics are already gone) are 

Fundamental: 
150" 

kp = sin -2- = 0.966 

Thi rd harmonic: k - . 3(150') - 0 707 
p-SlO 2 - - . 

Fifth harmonic: kp = sin 5(l~0") = 0.259 

Seventh harmonic: kp = sin 7(1~OO) = 0.259 

Ninth harmonic: k = . 9(150") = - 0707 
p sm 2 . 

(This is a triplen hrumonic not 
present in the three-phase output.) 

(This is a triplen harmonic not 
present in the three-phase output. ) 

The third- and ninth-harmonic components are suppressed only slightly by this coil 
itch, but that is unimportant since they do not appear at the machine's terminals anyway. 

Between the effects of triplen harmonics and the effects of the coil pitch, the third, fifth, 
seventh, and ninth harmonics are suppressed relative to the fUl1damentalfrequency, There
fore, employing fractional-pitch windings wi ll drastically reduce the harmonic content of 
the machine 's output voltage while causing only a small decrease in its fundamental 
voltage. 
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The line voltage out of a three-phase generator with full-pitch and fractional-pitch windings . 
Although the peak voltage of the fractional-pitch winding is slightly smaller than that of the full
pitch winding, its output voltage is much purer. 

The terminal voltage of a synclu'onous machine is shown in Figure B-4 both 
for full-pitch windings and for windings with a pitch p = 150°, Notice that the 
fractional-pitch windings produce a large visible improvement in waveform quality. 

It should be noted that there are certain types of higher-frequency harmon
ics, called tooth or slot harmonics, which cannot be suppressed by varying the 
pitch of stator coils. These slot harmonics will be discussed in conjunction with 
distributed windings in Section B.2. 

B.2 DISTRIBUTED WINDINGS 
IN AC MACHINES 

In the previous section, the windings associated with each phase of an ac machine 
were implicitly assumed to be concentrated in a single pai r of slots on the stator 
surface. In fact, the windings associated with each phase are almost always dis 
tributed among several adjacent pairs of slots, because it is simply impossible to 
put all the conductors into a single slot. 

The construction of the stator windings in real ac machines is quite complt 
cated. Normal ac machine stators consist of several coils in each phase, distributeu 
in slots around the inner surface of the stator. In larger machines, each coil is a 
preformed unit consisting of a number of turns, each turn insulated from the oth
ers and from the side of the stator itself (see Figure B-5). The voltage in any 
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( ( 
FIGUREB- 5 
A typical preformed stalar coil . (Collrles), afGeneral Electric Company.) 

(0) (b) 

FIGUREB-6 
(a) An ac machine sWlor with preformed stator coils. (Courtesy of Westinghouse £Ieclric Compall)'.) 
(b) A close-up view of the coil ends on a stator. Note that one side of the coil will be outermost in its 
slot and the other s ide will be innermost in its slot. This shape permits a single standard coil fonn to 

be used for every slot on (he stator. (Courlesy ofGelleral Electric Company.) 

single turn of wire is very small, and it is only by placing many of these turns in 
series that reasonable voltages can be produced. The large number ofturns is nor
mally physically divided among several coils, and the coils are placed in slots 
equally spaced along the surface of the stator, as shown in Figure B-6. 
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Phase belt or 
phase group 

~---1 

FIGUREB-7 
A simple double-layer full-pitch 
distributed winding for a two-pole ac 
machine. 

The spacing in degrees between adjacent slots on a stator is called the slot 
pitch y of the stator. The slot pitch can be expressed in either mechanical or elec
trical degrees. 

Except in very small machines, stator cOlIs are normally formed into 
double -layer windings , as shown in Figure B-7. Double-layer windings are 
usually eas ier to manufacture (fewer slots for a given number of coils) and have 
simpler end connections than single-layer windings. They are therefore much less 
expensive to build. 

Figure B-7 shows a distributed full-pitch winding for a two-pole machine. 
In this winding, there are four coils associated with each phase. All the coil sides 
of a given phase are placed in adjacent slots, and these sides are known as a phase 
belt or phase group. Notice that there are six phase belts on this two-pole stator. 
In general, there are 3P phase belts on a P-pole stator, P of them in each phase. 

Figure B- 8 shows a distributed winding using fractional-pitch coils. Notice 
that this winding still has phase belts, but that the phases of coils within an indi
vidual slot may be mixed. The pitch of the coils is 5/6 or 150 electrical degrees. 

The Breadth or Distributiou Factor 

Dividing the total required number of turns into separate coils permits more effi- ( 
cient use of the inner surface of the stator, and it provides greater structural 
strength, since the slots carved in the frame of the stator can be smaller. However, 
the fact that the tums composing a given phase lie at different angles means that 
their voltages will be somewhat smaller than would otherwise be expected. 
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Phase belt 

FIGUREB-8 
A double-layer fract ional-pitch ac 
winding for a two-pole ac machine. 

To illustrate this problem, examine the machine shown in Figure B- 9. This 
machine has a single-layer winding, with the stator winding of each phase (each 
phase belt) distributed among three slots spaced 20" apart. 

If the central coil of phase a initially has a voltage given by 

Eo, = ELO"Y 

then the voltages in the other two coils in phase a will be 

Eol = E L -200 Y 

Eo3 = E L 20" Y 

The total voltage in phase a is given by 

= E L _20 ' + E L A' + E L 20" 

= E cos (-20' ) + jE sin (-20") + E + E cos 20' + jE sin 20° 

= E + 2E cos 20° = 2.879 E 

This voltage in phase a is not quite what would have been expected if the 
coils in a given phase had all been concentrated in the same slot. Then, the volt
age Eo would have been equal to 3E instead of2.879E. The ratio of the actual volt
age in a phase of a distributed winding to its expected value in a concentrated 
winding with the same number of turns is called the breadth factor or distribution 
factor of winding. The distribution factor is defined as 

v¢ actual 

kd = V¢ expected with no distribution (B- 20) 
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Phase belt 

FIGUREB-9 
A two-pole stator with a single-layer winding consisting of th ree coils per phase, each separated by 20°. 

The distribution factor for the machine in Figure B- 9 is thus 

(B-21) 

The distribution factor is a convenient way to summarize the decrease in voltage 
caused by the spatial distribution of the coils in a stator winding. 

It can be shown (see Reference J) that, for a winding with n slots per phase 
belt spaced ydegrees apm1, the distribution factor is given by 

sin (ny/2) 
kd ~ -n-sl,c· n~(c'-y-'/2':") (B-22) 

Notice that for the previous example with n = 3 and y= 200
, the distribution fac

tor becomes 

sin (ny!2) sin[(3)(20")!2] 
k ~ ~ ~ 0960 

d n sin (1'/2) 3 sin(20° /2) . (B- 22) 

which is the same result as before. 
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The Generated Voltage Inclnding 
Distribution Effects 

The rms voltage in a single coil of Nc turns and pitch factor kp was previously de
termined to be 

(B-15) 

If a stator phase consists of i coils, each containing Nc turns, tJ1en a total of Np = 
iNc turns wi ll be present in the phase. The voltage present across the phase will 
just be the voltage due to Np turns all in the same slot times the reduction caused 
by the distribution factor, so the total phase voltage will become 

(B-23) 

The pitch factor and the distribution factor of a winding are sometimes combined 
for ease of use into a single winding factor kw- The winding factor of a stator is 
given by 

Applying th is defini tion to the equation for the voltage in a phase yields 

I EA = V27TNp k,,<J>j I 

(B-24) 

(B-25) 

Example B- 2. A simple two-pole, three- phase, Y-connecled synchronous machine 
stator is used to make a generator. It has a double-layer coil cOIlSlnlction, with four stator 
coils per phase distributed as shown in Figure B- 8. Each coil cons ists of 10 turns . The 
windings have an electrical pitch of 1500, as shown. The rotor (and the magnetic field) is 
rotating at 3000 r/min, and the flux per pole in thi s machine is 0.019 Wb. 

(a) What is the slot pitch of this stator in mechanical degrees? In electrical degrees? 
(b) How many slots do the coils of this stator span? 
(e) What is the magnitude of the phase voltage of one phase of this machine's 

stator? 
(d) What is the machine's terminal voltage? 
(e) How much suppression does the fractional-pitch winding give for the fifth

harmonic component of the voltage relati ve to the decrease in its fundamental 
component? 

Solution 
(a) This stator has 6 phase belts with 2 slots per belt , so it has a total of 12 slots. 

Since the entire stator spans 360°, the slot pitch of this stator is 

y ~ 360
0 

~ 300 

12 

This is both its electrical and mechanical pitch, since this is a two-pole machine. 
(b) Since there are 12 slots and 2 poles on thi s stator, there are 6 slots per pole. A 

coi l pitch of 150 electrical degrees is 150°1180° = 5/6, so the coils must span 5 
stator slots. 
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(c) The frequency of this machine is 

J ~ nmP ~ (3000 r/min)(2 poles) ~ 50 H 
120 120 z 

From Equation (B-19), the pitch factor for the fundamental component of the 
voltage is 

k - . vP - . (1)(150°) 0.966 
p~sm2-sm 2 (B-19) 

Although the windings in a given phase belt are in three slots, the two outer slots 
have only one coil each from the phase. Therefore, the winding essentially oc
cupies two complete slots. The winding distribution factor is 

sin (11')'/2) sin[(2)(300)/2] 
kd ~ n sin (')'/2) ~ 2 sin (300/2) ~ 0.966 

Therefore, the voltage in a single phase of this stator is 

EA ~ V2 1fNp kpk,,<pJ 

(B-22) 

~ V2 1f(40 turns)(0.966)(0.966)(0.019 Wb)(50 Hz) 

~ 157 V 

(d) This machine's terminal voltage is 

VT ~ Y3EA ~ Y3(157 V) ~ 272 V 

(e) The pitch factor for the fifth-harmonic component is 

k ~ sin VP ~ . (5)(150°) ~ 0259 
p 2 sm 2 . (B-1 9) 

Since the pitch factor of the fundamental component of the voltage was 0.966 
and the pitch factor of the fifth-harmonic component of voltage is 0.259, the 
fundamental component was decreased 3.4 percent, while the fifth-harmonic 
component was decreased 74. 1 percent. Therefore, the fifth-harmonic compo
nent of the voltage is decreased 70.7 percent more than the fundamental COffi-

ponent is. 

Tooth or Slot Harmonics 

Although distributed windings offer advantages over concentrated windings in 
terms of stator strength, utilization, and ease of construction, the use of distributed 
windings introduces an additional problem into the machine's design. The pres
ence of uniform slots around the inside of the stator causes regular variations in 
reluctance and flux along the stator's surface. These regular variations produce 
harmonic components of voltage called tooth or slot harmonics (see Figure 
B~IO). Slot harmonics occur at frequencies set by the spacing between adjacent 
~~=~~ I 

(B-26) 
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FIGURE 8 - 10 

Stator 
with 
slots 

Flux density variations in the air gap due to the tooth or slot harmonics. The reluctance of each slot 
is higher than the reluctance of the metal surface between the slots, so flux densities are lower 
directly over the slots. 

where vs10t = number of the harmonic component 

S = number of slots on stator 

M = an integer 

P = number of poles on machine 

The value M = 1 yields the lowest-frequency slot harmonics, which are also the 
most troublesome ones. 

Since these harmonic components are set by the spacing between adjacent 
coil slots, variations in coil pitch and distribution cannot reduce these effects. Re
gardless of a coil's pitch, it must begin and end in a slot, and therefore the coil's 
spacing is an integral multiple of the basic spacing causing slot harmonics in the 
first place. 

For example, consider a 72-slot, six-pole ac machine stator. In such a ma
chine, the two lowest and most troublesome stator harmonics are 

_ 2MS + 
vsJot - P _1 (B-26) 
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= 2(1)(72) + I = 23 25 
6 ' 

These harmonics are at 1380 and 1500 Hz in a 60-Hz machine. 
Slot harmonics cause several problems in ac machines: 

1. They induce harmonics in the generated voltage of ac generators. 

2. The interaction of stator and rotor slot harmonics produces parasitic torques 
in induction motors. These torques can seriously affect the shape of the mo
tor's torque-speed curve. 

3. They introduce vibration and noise in the machine. 

4. They increase core losses by introducing high-frequency components of volt
ages and currents into the teeth of the stator. 

Slot harmonics are especially troublesome in induction motors, where they 
can induce harmonics of the same frequency into the rotor field circuit, further re
inforcing their effects on the machine's torque. 

Two common approaches are taken in reducing slot harmonics. They are 
fractional-slot windings and skewed rotor conductors. 

Fractional-slot windings involve using a fractional number of slots per rotor 
pole. An previous examples of distributed wind ings have been integral-slot wind
ings; i.e., they have had 2, 3, 4, or some other integral number of slots per pole. 
On the other hand, a fractional-slot stator might be constructed with 2)4 slots per 
pole. The offset between adjacent poles provided by fractional-slot windings helps 
to reduce both belt and slot hannonics. This approach to reducing harmonics may 
be used on any type of ac machine. Fractional-slot harmonics are explained in de
tail in References 1 and 2. 

The other, much more common, approach to reducing slot harmonics is 
skewing the conductors on the rotor of the machine. This approach is primarily 
used on induction motors. The conductors on an induction motor rotor are given a 
slight twist, so that when one end of a conductor is under one stator slot, the other 
end of the coil is under a neighboring slot. This rotor construction is shown in Fig
ure B- ll. Since a single rotor conductor stretches from one coil slot to the next (a 
distance corresponding to one full electrical cycle of the lowest slot harmonic fre
quency), the voltage components due to the slot harmonic variations in flux cancel. 

B.3 SUMMARY 

In real machines, the stator coils are often of fractional pitch, meaning that they do 
not reach completely from one magnetic pole to the next. Making the stator wind
ings fractional-pitch reduces the magnitude of the output voltage slightly, but at 
the same time attenuates the harmonic components of voltage drastically, result
ing in a much smoother output voltage from the machine. A stator winding using 
fractional-pitch coils is often called a chorded winding. 

Certai n higher-frequency harmonics, called tooth or slot harmonics, can
not be suppressed with fractional-pi tch coi ls. These harmonics are especially 
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FIGURE 8-11 
An induction mOlor rotor exhibiting conductor skewi ng. The skew of the rotor conductors is j ust 
equal 10 the d istance between one stator slot and the next one. (Courtesy of MagneTek, [ IIC.) 

troublesome in induction motors. They can be reduced by employing fractional~ 

slot windings or by skewing the rotor conductors of an induction motor. 
Real ac machine stators do not simply have one coil for each phase. In or

der to get reasonable voltages out of a machine, several coils must be used, each 
with a large number of turns. This fact requires that the windings be di stributed 
over some range on the stator surface. Distributing the stator windings in a phase 
reduces the possible output voltage by the distribution factor kd , but it makes it 
physical ly easier to put more windings on the machine. 

QUESTIONS 

B- 1. Why are distributed windings used instead of concen trated windings in ac machine 
stators? 

B-2. (a) What is the distribution factor of a stator wind ing? (b) What is the value of the 
distribu tion fac tor in a concentrated stator winding? 

B- 3. What are chorded windings? Why are they used in an ac stator winding? 
B- 4. What if; pitch? What is the pitch factor? How are they related to each other? 
B- S. Why are third-harmonic components of voltage not found in three-phase ac machine 

outputs? 
B-6. What are triplen harmonics? 

B-7. What are slot harmonics? How can they be reduced? 
B- S. How can the magnetamotive force (and flux) distribution in an ac machine be made 

more nearly sinusoidal? 

( PROBLEMS 

B- 1. A two-slot three-phase stator armature is wound for two-pole operation. If 
fractional-pitch windings are to be used, what is the best possible choice fo r wind
ing pitch if it is desired to eliminate the fifth-hmIDonic component of VO ltage? 

B-2. Derive the relationship for the winding distribution factor kd in Equation (8- 22). 
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B-3. A three-phase four-pole synchronous machine has 96 stator slots. The slots contain 
a double-layer winding (two coils per slot) with four turns per coil. The coil pitch is 
19/24. 
(aJ Find the slot and coil pitch in electrical degrees. 
(b) Find the pitch, distribution, and winding factors for this machine. 
(c) How well will this winding suppress third, fifth, seventh, ninth, and eleventh 

harmonics? Be sure to consider the effects of both coil pitch and winding distri
bution in your answer. 

B-4. A three-phase four-pole winding of the double-layer type is to be installed on a 
48-510t stator. The pitch of the stator windings is 5/6, and there are 10 tums per coil 
in the windings. All coils in each phase are connected in series, and the three phases 
are connected in A. The flux per pole in the machine is 0.054 Wb, and the speed of 
rotation of the magnetic fie ld is 1800 r/rnin. 
(a) What is the pitch factor of this winding? 
(b) What is the distribution factor of this winding? 
(c) What is the frequency of the voltage produced in this winding? 
(d) What are the resulting phase and tenninal voltages of this stator? 

B-S. A three-phase, Y-connected, six-pole synchronous generator has six slots per pole 
on its stator winding. The winding itself is a chorded (fractional-pitch) double-layer 
winding wilh eight turns per coil. The distribution factor kd = 0.956, and the pitch 
factor kl' = 0.981. The flux in the generator is 0.02 Wb per pole, and the speed of ro
tation is 1200 r/rnin. What is the line voltage produced by this generator at these 
conditions? 

B-6. A three-phase, Y-connected, 50-Hz, two-pole synchronous machine has a stator with 
18 slots. Its coils form a double-layer chorded winding (two coils per slot), and each 
coil has 60 turns. The pitch of the stator coils is S/9. 
(a) What rotor flux would be required to produce a terminal (line-to-line) voltage 

of 6 kV? 
(b) How effective are coils of this pitch at reducing the fifth-harmonic component 

of voltage? The seventh-harmonic component of voltage? 

B-7. What coil pitch could be used to completely eliminate the seventh-harmonic com
ponent of voltage in ac machine mmature (stator)? What is the minimum number of 
slots needed on an eight-pole winding to exactly achieve this pitch? What would this 
pitch do to the fifth-harmonic component of voltage? 

B- S. A l3.S-kY, Y-connected, 60-Hz, 12-pole, three-phase synchronous generator has 
180 stator slots with a double-layer winding and eight turns per coiL The coil pitch 
on the stator is 12 slots. The conductors from all phase belts (or groups) in a given 
phase are connected in series. 
(a) What flux per pole would be required to give a no-load terminal (line) voltage 

of 13.8 kV? 
(b) What is this machine's winding factor kll.? 

REFERENCES 

L Fitzgerald, A. E., and Charles Kingsley. Electric Machinery. New York: McGraw-Hill, 1952. 
2. Liwschitz-Garik, Michael, and Clyde Whipple. Altemating-Current Machinery. Princeton, N.J.: 

Van Nostrand, 1961. 
3. Werninck. E. H. (ed.) . Electric Motur Handbook. London: McGraw-Hill, 1978. 

( 

I 

l 



( 

( 

APPENDIX 

C 
SALIENT-POLE 

THEORY OF 
SYNCHRONOUS 

MACHINES 

The equivalent circuit for a synchronous generator derived in Chapter 4 is in 
fact valid only for machines built with cylindrical rotors, and not for machines 

built with salient-pole rotors. Likewise, the expression for the relationship be
tween the torque angle 15 and the power supplied by the generator [Equation 
(4-20l] is valid only for cylindrical rotors. In Chapter 4, we ignored any effects 
due to the saliency of rotors and assumed that the simple cylindrical theory ap
plied. This assumption is in fact not too bad for steady-state work, but it is quite 
poor for examining the transient behavior of generators and motors. 

The problem with the simple equivalent circuit of induction motors is that it 
ignores the effect of the reluctance torque on the generator. To understand the idea 
of reluctance torque, refer to Figure C-l. This figure shows a sal ient-pole rotor 
wi th no windings inside a three-phase stator. If a stator magnetic field is produced 
as shown in the figure, it will induce a magnetic field in the rotor. Si nce it is much 
easier to produce a flux along the axis of the rotor than it is to produce a flux 
across the axis, the flux induced in the rotor wi1lline up with the axis of the rotor. 
Since there is an angle between the stator magnetic field and the rotor magnetic 
fie ld, a torque will be induced in the rotor which will tend to line up the rotor with 
the stator field. The magnitude of this torque is proportional to the sine of twice 
the angle between the two magnetic fields (sin 28). 

Since the cylindrical rotor theory of synchronous machines ignores the fact 
that it is easier to establish a magnetic field in some directions than in others (i.e., 
ignores the effect of reluctance torques) , it is inaccurate when salient-pole rotors 
are involved. 
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a 

c' 
o 

FIGURE C-l 
b 0 

o 
a' 

® c A salient-pole rotor, il lustrat ing the idea of 
reluctance torque. A magnetic field is induced in the 
rotor by the stator magnetic field, and a torque is 
produced on the rotor that is proportional to the sine 
of twice the angle between the two fields. 

C.l DEVELOPMENT OF THE EQUIVALENT 
CIRCUIT OF A SALIENT-POLE 
SYNCHRONOUS GENERATOR 

As was the case for the cylindrical rotor theory, there are four elements in the 
equi valent circuit of a synchronous generator: 

1. The internal generated voltage of the generator EA 

2. The armature reaction of the synchronous generator 

3. The stator winding 's self-inductance 

4. The stator winding's resistance 

The first, third, and fourth elements are unchanged in the salient-pole theory of 
synchronous generators, but the armature-reaction effect must be modified to ex
plain the fact that it is easier to establish a flux in some directions than in others. 

This modification of the armature-reaction effects is accomplished as ex
plained below. Figure C-2 shows a two-pole salient-pole rotor rotating counter
clockwise within a two-pole stator. The rotor flux of this rotor is called BR , and it 
points upward. By the equation for the induced voltage on a moving conductor in 
the presence of a magnetic field, 

e,oct = (v x B) • 1 (1-45) 

the voltage in the conductors in the upper part of the stator will be positive out of ( 
the page, and the voltage in the conductors in the lower part of the stator will be 
into the page. The plane of maximum induced voltage will lie directly under the 
rotor pole at any given time. 

II 
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I Plane of 

: EA• mou , 
BR 

<81 
(aJ 

Bs 
Plane of 

.lA, m.1X 

o 

I<f="~"---+-+- Plane of 
Id. m~x 

<81 
(cJ 

~ ;;; Magnclomolive 
forces 

'!is;: Stator 
magnetomotive 
force 

<81 

'*d= Direct axis 
component of 
magnelomolive 
force 

~q;: Quadrature axis 
component of 
magnetomotivc 
force 

The effects of armature reaction in a salient-pole synchronous generator. (u) The rotor magnetic field 
induces a voltage in the stator which peaks in the wires directly under the pole faces. (b) If a lagging 

load is connected to the generator, a stator current will flow that peaks at an angle behind Ei\' 
(c) This stator cun ent IA produces a stator magnetomotive force in the machi ne. 
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Plane of Bs 
Iq. max -_~-clc-~ 

(d) 

, , 
o 

o 

Plane of 
Id.m,,, 

Bs for nonsalien! poles 
Bs with sal ient poles 

'Jiid 
¢d= m;-

V,"~ 

¢ =~ 
" '!Ji'l 

7!td < 'ZRq , since 
it is easier to 
establish flux 
along the direct 
axis. 

FIGURE C-2 (concluded) 

o 

o 

EA, max 

: Plane of 
~ max I" 

o 

o 

) Eq• max 

Plane of max It! 

(d) The stator magnetomotive force produces a stator fl ux Bs. However, the direct-axis component of 
magnetomotive force produces more flux per ampere-turn than the quadrature-axis component does, 
since the reluctance of the direct-axis flux path is lower than the reluctance of the quadrature-axis 
flux path. (e) The direct- and quadrature-axis stator fluxes produce armature reaction voltages in the 
stator of the machi ne. 

If a lagging load is now connected to the terminals of this generator, then a 
current will flow whose peak is delayed behind the peak voltage. This current is 
shown in Figure C-2b. 

The stator current flow produces a magnetomotive force that lags 90° be
hind the plane of peak stator current, as shown in Figure C-2c. In the cylindrical 
theory, this magnetomotive force then produces a stator magnetic field Bs that 
lines up with the stator magnetomotive force. However, it is actually easier to pro
duce a magnetic field in the di rection of the rotor than it is to produce one in the 
direction perpendicular to the rotor. Therefore, we will break down the stator 
magnetomotive force into components parallel to and perpendicular to the rotor's f 

axis. Each of these magnetomotive forces produces a magnetic field, but more 
flux is produced per ampere-turn along the axis than is produced perpendicular (in 
quadrature) to the axis. 
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FIGURE C- 3 
The phase vo ltage of the generator is jusl the sum of its internal generated 
vo ltage and its armature reaction voltages. 

The resulting stator magnetic field is shown in Figure C- 2d, compared to 
the fi eld predicted by the cylindrical rotor theory. 

Now, each component of the stator magnetic field produces a voltage of its 
own in the stator winding by armature reaction_ These armature-reaction voltages 
are shown in Figure C-2e. 

The total voltage in the stator is thus 

(C-l) 

where Ed is the direct-axis component of the armature-reaction voltage and Eq is 
the quadrature-axis component of armature reaction voltage (see Figure C-3). As 
in the case of the cyl indrical rotor theory, each allnature- reaction voltage is di
rectly proportional to its stator current and delayed 90° behind the stator current. 
Therefore, each armature-reaction voltage can be modeled by 

Eq = - jX)q 

and the total stator voltage becomes 

V", = EA - jXdId - jxqIq 

(C- 2) 

(C-3) 

(C-4) 

The armature resistance and self-reactance must now be included. Since the 
armature self-reactance XA is independent of the rotor angle, it is normally added to 
the direct and quadrature armature-reaction reactances to produce the direct syn
chronous reactance and the quadrature synchronous reactance of the generator: 

IXd - Xd + XA I 

IXq = Xq + XA I 

(C- S) 

(C- 6) 

• 
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FIGURE C-4 
The phasor diagram of a salient-pole synchronous generator. 

FrGUREC-5 
Constructing the phasor diagram with no prior knowledge of o. E/;'Iies aL the same angle as EA , and 
E/~ may be determined exclusively from information at the terminals of the generator. Therefore, the 
angle 0 may be fo und, and the current can be divided inl0 d and q components. 

The armature resistance voltage drop is just the armature resistance times the ar
mature current Ik 

Therefore, the final expression for the phase vol tage of a salient-pole syn
chronolls motor is 

(C- 7) 

and the resulting phasor diagram is shown in Figure C-4. 
Note that this phasor diagram requires that the armature current be resolved 

into components in parallel with EA and in quadrature with Ek However, the an
gle between EA and IA is B + e, which is not usually known before the diagram is 
constructed. Normally, only the power-factor angle e is known in advance. 

It is possible to construct the phasor diagram without advance knowledge of 
the angle 8, as shown in Figure C- S, The solid lines in Figure C-5 are the same as 
the lines shown in Figure C-4, while the dotted lines present the phasor diagram 
as though the machine had a cylindrical rotor with synchronous reactance Xii' 

( I 
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The angle 8 of EA can be found by using information known at the terminals 
of the generator. Notice that the phasor ~f, which is given by 

(C-8) 

is collinear with the internal generated voltage Ek Since E% is determined by the 
current at the terminals of the generator, the angle 8 can be determined with a 
knowledge of the armature current. Once the angle 0 is known, the armature cur
rent can be broken down into direct and quadrature cotnponents, and the in ternal 
generated voltage can be determined. 

Example C- 1. A 480-V, 60-H z, L"..-con nected, four-pole synchronous generator 
has a direct-axis reactance of 0.1 Q, and a quadrature-axis reactance of 0.075 Q. Its arma
ture resistance may be neglected. At full load, th is generator supplies 1200 A at a power 
factor of 0.8 lagging. 

(a) Find the internal generated voltage EA of this generato r at fuHload, assuming 
that it has a cylindrical rotor of reactance Xd • 

(b) Find the internal generated voltage EA of this generator at full load, ass uming it 
has a salient-pole rotor. 

Solution 
(a) Since Lhis generator is 6-connected, the armature cUlTent at full load is 

The power fac tor of the current is 0.8 lagging, so the impedance angle fJ of the 
load is 

8 ~ cos-, 0.8 ~ 36.87" 

Therefore, the internal generated voltage is 

EA ~ V q, + jXsIA 

~ 480 L 0° V + j(O. 1 D )(693 L -36.87° A) 

~ 480 L 00 + 69.3 L 53.13° ~ 524.5 L 6.JO V 

Notice that the torque angle 8is 6.1°. 
(b) Assume thal the rotor is salient. To break down the current into dircct- and 

quadrature-axis components, it is necessary to know the direcrioll of EA- This di· 
rection may be determined from Equation (C-8): 

~ 480L O° V + 0 V + j(0 .075 fl )(693L-36.87° A) 

~ 480LO° + 52L 53.1)0 ~ 513L4.65° V 

(C-8) 

The direction ofEA is 8 = 4.65°. The magnitude oC the direct-axis component of 
current is thus 

Id~ lA sin( 8 + il) 

~ (693 A) sin (36.87 + 4.65) ~ 459 A 
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and the magnitude of the quadrature-axis component of current is 

f , = fA cos ( e + 8) 

= (693 A) cos (36.87 + 4.65) = 519 A 

Combining magnitudes and angles yields 

Id = 459 L -85.35° A 

Iq = 519 L 4.65° A 

The resulting internal generated vol tage is 

EA = V rP + RAIA + jXdId + jXqIq 

= 480 L 0° V + 0 V + )(0.1 0)(459 L -85.35° A) + )(0.0750)(519 L 4.65° A) 

= 524.3 L 4.65° V 

Notice that the magnitude olEA is not much affected by the salient poles , but the 
angle ofEA is considerably different with salient poles than it is without salient 
poles. 

C.2 TORQUE AND POWER EQUATIONS OF 
A SALIENT-POLE MACHINES 

The power output of a synchronous generator with a cylindrical rotor as a function 
of the torque angle was given in Chapter 4 as 

p = 3V", EA sin 8 
Ks 

(4- 20) 

Thi s equation assumed that the armature resistance was negligible. Making the 
same assumption, what is the output power of a salient-pole generator as a func
tion of torque angle? To find out, refer to Figure C- 6. The power out of a syn
chronous generator is the sum of the power due to the direct-axis current and the 
power due to the quadrature-axis current: 

FIGUREC- 6 
Determining the power output of a salient-pole synchronous generator. Both 1(/ and Iq contribute to 
the output power, us shown. 
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P ~ Pd + Pq (C-9) 

~ 3V"I" COS (900 
- 8) + 3V.lq cos 8 

~ 3V"Id sin 8 + 3Vq,Iq cos 8 

From Figure C~6 , the direct -axis current is given by 

_ EA - VI> cos 8 
Id - X 

d 
(C- lO) 

and the quadrature-axis current is given by 

_ Vp sin 0 
lq - X 

q 

(C-ll) 

Substituting Equations (C-IO) and (C-ll) into Equation (C- 9) yields 

(
EA - VI> cos 0) (VI> sin 0) 

P ~ 3V" Xd sino + 3Vq, Xq cos ° 
3VpEA ( I 1 ) ~ sin 8 + 3 V' - - - sin 8 cos 8 

Xd q, Xq Xd 

Since sin 0 cos 0 = Yz sin 28, this expression reduces to 

_ 3VpEA . 3VJ (Xd - Xq) . 
P - X sm 8 + 2 X X sm 28 

d d q 
(C-12) 

The first term of this expression is the same as the power in a cylindrical ro
tor machine, and the second telm is the additional power due to the reluctance 
torque in the machine. 

Since the induced torque in the generator is given by 'Tind = Peony/will' the in
duced torque in the motor can be expressed as 

(C- 13) 

The induced torque out of a salient-pole generator as 
torque angle Ii is plotted in Figure C- 7. 

a function of the 

PROBLEMS 

C-l. A 2300-V, 1000-kVA, 0.8-PF-lagging, 60-Hz, four-pole, Y-connected synchronous 
generator has a direct-axis reactance of 1.1 Q, a quadrature-axis reactance of 0.8 Q, 

and an annature resistance of 0.15 n. Friction, windage, and stray losses may be as
sumed negligible. The generator 's open-circuit characteristic is given by Figure P4-l. 
(a) How much field current is required to make VT equal to 2300 V when the gen-

erator is running at no load? 
(b) What is the il1temal generated voltage of this machine when it is operating at 

rated conditions? How does this value of EA compare to that of Problem4-2b? 
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'find. N 'm Total torque 

Electrical 
-'-:-----',,----:IF-------',,---~>-- angle " , 

degrees 

FIGUREC-7 
Plot of torque versus torque angle for a salient-pole synchronous generator. Note the component of 
torque due to rotor reluctance. 

(e) What fraction of this generator's fu ll-load power is due to the reluctance torque 
of the rotor? 

C-2. A 14-pole, V-connected. three-phase, water-tu rbi ne-driven generator is rated at 120 
MVA, 13.2 kY, 0.8 PF lagging, and 60 Hz. Its direct-axis reactance is 0.62 n and its 
quadrature-axis reactance is OAO Q. All rotational losses may be neglected. 
(a) What internal generated voltage would be required for this generawr LO opera£e 

at the rated conditions? 
(b) What is the voltage regulation of this generator at the rated conditions? 
(c) Sketch the power~versu s-torque-angle curve for this generator. At what angle 8 

is the power of the generator maximum? 
(ei) How does the maximum power out of this generator compare to the maximum 

power available if it were of cylindrical rotor construction? 

C-3. Suppose that a salient-pole machine is to be Llsed as a motor. 
(aJ Sketch the phasor diagram of a salient-pole synchronous machine used as a 

motor. 
(b) Write the equations describing the voltages and currents in this motor. 
(c) Prove that the torque angle o between EA and V</> all this motor is given by 

C-4. If the machine in Problem C- l is running as a motor at the rated conditions, what is 
the maximum torque that can be drawn from its shaft wi lhout it slipping poles when 
the field current is zero ? 
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Constants 

Charge of the electron 

Permeability of free space 

Permittivity of free space 

Conversion factors 

Length 

Mass 

Force 

Torque 

Energy 

Power 

Magnetic flux 

Magnetic flux density 

Magnetizing intensity 

APPENDIX 

D 
TABLES OF 

CONSTANTS 
AND 

CONVERSION 
FACTORS 

e = - 1.6 X 1O- 19 C 

IlD = 411" X 10- 7 HIm 

Eo = 8.854 X 10- 12 F/m 

1 meter (m) 

1 kilogram (kg) 

1 newton (N) 

1 newton-meter (N • m) 

1 joule (1) 

1 watt (W) 

1 horsepower 

1 weber (Wb) 

I tesla (T) 

1 ampere · turn/m 

~ 3.281 ft 
= 39.37 in 

= 0.0685 slug 
= 2.205 Ib mass (Ibm) 

= 0.2248 Ib force (lb · f) 
= 7.233 poundals 
= 0.102 kg (force) 

= 0 ,738 pound-feet (lb • ft) 

= 0.738 foot -pounds (ft o lb) 
= 3.725 X 10-7 horsepower-hour (hp • h) 

= 2.778 X 10-7 kilowatt-hour (kWh) 

= 1.341 X 10-3 hp 

~ 0.7376 ft · Ibf I s 
~ 746W 

= 108 maxwells (lines) 

= l Wb / m2 

= 10,000 gauss (G) 
= 64.5 kilolines/in2 

= 0.0254 A · turns/in 
= 0.0126 oersted COe) 
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A Approximate transformer Brushes 

Acceleration, 4, 6 models, 89 basic fea lures, 193~94, 41O, 

Acceleration/deceleration Arc welding generators, 542 420 

circuits, 524 Armature reaction effects of commutation 

Acceleration ramps, 378 cylindrical rotor synchronous problems, 435, 438, 454 

ac circuits, power in, 46-52 generators, 198, 199-201 in real de machines, 421 , 

ac current, 2, 26-28, 67 de machines, 433-36, 439 452- 54 

ac machines permanent-magnet de motors, voltage at, 4 18 

distributed windings, 648- 56 492 Brushless de motors, 606- 9 

effects of coil pitch, 639--4-8 salient-pole synchronous Brushless exciters, 194-95, 196, 

induced torque, 160--69, generators, 660, 663--64 292 

178- 81 shunt de motors, 47 1-72, 476 Brush losses, 456 ( 
induced voltage, 172- 78 Armatures. See Rotors Bmsh shifting, 439 

magnetomotive force and flux Armature voltage controls 

distribution, 169- 72 bas ic principles, 483- 84 C 
modeling with simple wire use with field resistance Cage rotors 

loop, 153-60 controls, 485-86 basic features, 308, 309- 10 
overview, 152- 53 Ward-Lenard system, 514-17, effects of design on induction 
power flows and losses, 182-86 519 motor characteristics, 
winding insulation, 182, 183 Armamre windings 345-48 

Across-the-line starting, 357, coils and, 421- 23 starting codes, 357, 358 

359- 61 connection to commutator Capability diagrams, 254-59 
Air-gap flux density distribntion, segments, 423- 24 Capacitive loads, 5 1, 52 

639 copper losses, 455 Capacitors 
Air-gap line, 209 defined, 192,451 synchronous motors as, 289, 
Air-gap power, 321, 324, 333, maximum acceptable current, 290 

593-94 252- 53,260 voltage versus current in, 389, 
Air gaps, 14, 449 Autotransformers 390 
Alternators, 191. See also apparent power rating Capacitor-start, capacitor-mn 

Synchronous generators advantage, 112-15 motors, 582- 83 
basic features, 109-11 I 

Amortisseur windings, 293-97 
internal impedance, 115- 16 

Capacitor-start motors, 58 1, 582, I 
I Ampere 's law, 8-9 583 I 

Angular acceleration, 4, 7 speed control with, 588 Chamfered pole faces , 45 1 
voltage and current I 

Angular position, 3 Chorded windings, 422, 64 1 
Angular velocity, 3-4 relat ionships, 111-12 Classification . See also Ratings 
Apparent impedance, 72- 73. S" Auxilimy winding, 578-80 insulation, 182,261,454-55 

also Impedance Average flnx per turn, 78 rotor construction, 345-50 
Apparent power Clock motors, 600 

autotransformers, 112- 15 B Code letters, 357, 358 
in ideal transformer, 72 Base speed, 367 , 368- 69, 370 Coercive magnetizing intensity, 
open-delta transformer Belt harmonics, 646 492,494 

connection, 127- 29 B locked-rotor condition, 317 Coercive magnetomotive force, 27 
in single-phase ac circuits, Boldface type, 3 Coils. See also Windings 

49-50,52 Breadth factor, 650-52 construction in de machine 
synchronous generators, Breakdown torque, 336 . See also rotors, 421-23 

252- 53,255 Pullout torque harmonics and, 639, 644-48 
in three-phase circuits, 625 Brush drop losses, 525 pitch, 640-41 (See also 
transformer ratings, 138- 39 Brush drop voltage, 467 Fractional-pitch coils) 
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Common current, 109 C umulatively compounded de lap windings in. 424-28 
Common voltage, 109 generators, 543-47 magnetization curve, 468-69 
Common windings, 109 Cumulatively compounded de modeling with simple wire 
Commutating poles, 439-42 motors, 501-2 loop, 404-13 
Commutation Current as motors, 39-41 

frog- leg windings, 432, 433 in delta connections, 620-2 1 JXlwer flows and losses, 455-57 
lap windings, 424-27 induction motor limits, 394 rotor coils, 421 -23 
problem remedies, 439-44 induction motor starting codes, st31ting, 37-39, 42-43 
problems in real de machines, 357-59 wave windings in, 428-3 1,432 

433-38 production of magnetic flux , 11 de motors 
in rolating wire loop, 410 in single-phase ac circuits, 48 ac power supply for, 566 
rotor coi ls, 42 1-23 starting problems, 42-43 basic principles. 40, 465-66 
simple fou r-loop dc machine, three-phase genemtion, 613-16 brushless, 606-9 

416-21 in wye (Y) connections. 617-20 common applications, 465 
wave windings, 427-3 1 Current inrush. 139-40 compounded, 500-505 
winding connection type~ , Current-limiting ci rcuits. 524 efficiency, 524-26 

423-24 Current-limiting fuses. 52 1 equivalent circui ts, 467-68 
Commutator construction. 452 Current paths in rotor windings, permanent-magnet, 491 - 93 

( 
Commutator pitch, 423. 427 424-27 separately excited, 469, 470 
Commutator segments, 41 O, Current ratio. 83-86 series, 493-99, 500, 566 

420-21 Current transformers, 69, 141-42 shunt motor nonlinear 
Compensating windings. 443-44 

D 
analysis. 475--76 

Complex power, 50--51 shunt motor open field 
Compounded de motors, 500-505 Damper windings, 248, 293-97 circuits, 490-9 1 
Condensers , synchronous motors de current shunt motor terminal 

as, 289, 290 behavior in ferromag netic characteristics, 470-72 
Conductors, 34-35, 421 materials, 21-24 shunt type defined, 470 
Consequent-poles method, 363-64 early power systems based on, speed control , 479-90, 514-24 
Constant-horsepower 66-67 starting, 505-14 

connections, 366 starting problems. 42-43 de test, 382-83 
Constants. 669 dc generators Deceleration ramps, 378 
Constant-torque connections, 366 basic features, 527 Deep-bar rOIOrs, 347-48 
Conversion faclors, 669 cumulatively compounded, Delta-delta connections, 123 
Copper losses 543-47 Delta-wye connections, 121-22 

ac machines, 184 differentially compounded, Delta connections, 620-21, 624 
de machines, 455-56, 524 547- 51 Demagneti zation, 492 
impact on transformer equivalent circui ts, 528 Derating. 135 ,367 

efficiency, 102 main types, 526 Design classes. See Classification 
induction motors, 32 1, 322, separately excited, 528-34 Developed mechanical power, 

324, 325- 26, 594 series, 540-42 324 
in no-load test, 380 shunt, 534-40 Developed torque, 325 
in real transformer behavior, 86 Ward-Lenard system, 5 16-17 Differentially compounded dc 

Core-form transformers, 67, 68 de machines generators, 547-51 
Core-loss current, 8 1. 83, 87 basic linear modeJ, 36-37 Differentially compounded dc 
Core losses commutation in simple four- motors, 502-3 

ac machines, 184 loop machine, 41 6--21 Direct synchronous reactance, 
basic principles, 26-28, 3 1 commutation problem 663 
de machines, 456, 525 remedie~, 439-44 Distributed windings, 648-56 
induction motors, 322, 324 commutation problems, 433-38 Distribmion factor, 650-52 
synchronous generators, 205, construction. 449-55 Distribmion fransformers, 69 

206 defined,404 Diverter resistors, 545, 546 

( Countervoltage-sensing relays, frog-leg windings, 432, 433 Domains in ferromagnetic 
513 as generators, 4 1-42 materials, 27-28 

Critical resistance, 537 induced torque, 4()...4 1. 447-48 Dot convention, 70-71, 83-84. 
Cross-field theory, 575- 77 internal generated voltage, 85,500 
Cumulative compounding, 500 445-47 Double-cage rotors, 348 
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Double-layer windings, 650 
Double-revolving-field theory, 

570-73, 590 
Drooping frequency-power 

characteristics, 229, 242-44 
Duplex windings, 423 
Dynamic stability limit, 245--46 

E 
Eccentric pole faces, 451 

Eddy current losses 
ac machines, 184 
defined, 28 

impact on transformer 
efficiency, 102 

induction motors, 321 

in real transformer behavior, 86 
reducing, 31 - 32 

Edison, Thomas, 66 

Efficiency 
ac machines, 184 
de motors, 524-26 

induction motors, 354-57 
relation to power factor in 

synchronous motors, 288 
transformers, 102- 7 

Electrical losses, 184,455-56. 

See also Copper losses 
Electrical machines, 1-2 
Electric clocks, 600 

Electric power grid, generator 
behavior in, 233- 37 

Energy conversion factors, 669 

Energy losses 
ac machines, 182- 85 
compensating for, 83 

dc machines, 455-58 , 524--26 
in early power generating 

systems, 66 

in ferromagnetic cores, 26- 28, 
31 

induction motors, 32 1- 22, 

324- 26, 380 
major types in real 

transformers, 86, 102 
reducing, 31-32, 354- 55 
sing le-phase induction motors, 

592, 594 

synchronous generators, 194, 
205, 206, 253 

synchronous motors , 288 
transformer functions and, 67 

Energy recovery, 391-92 
English units, 2-3, 669 

Equalizers, 425- 27 
Equivalent circuits 

compounded de motors, 501 

cumulatively compounded dc 
generator, 543 

de generators, 527,528 
dc motors, 467- 68 
differentiall y compounded dc 

generators, 548 

induction motors, 315- 21, 

380- 87 
real transformers, 86-94 
salient-pole synchronous 

generator, 660- 66 
separately excited dc 

generators, 528, 529 
series de generator, 541 
series dc motor, 495 

shunt dc generators , 535 
single-phase induction motors, 

590-97 

synchronous generators, 
198- 202,203 

synchronous motors, 272- 73 

Equivalent field currents, 476, 531 
Excitation current 

modeling for transformers, 87 
as percentage of full load , 89 
real single-phase transformers, 

83,84 
Exciters, brushless, 194- 95, 196, 

292 

F 
Fan torque connections, 366 
Fan torque patterns, 379 
F<lfuday's law, 28-32, 77, 80, 367 

Faults in synchronous generators, 
246-50 

Ferromagnetic materials 

defined , 9 
energy losses, 26-28 
magnetic behavior, 2 1-24 

permeabili ty, 10, 13- 14, 
21 - 24,25 

Field current 
compounded dc motor, 500 
cumulatively componnded dc 

generator, 543 
dc machines, 468-69 

ditferentially compounded de 
generators, 549 

generator ratings, 253 , 255 

impact of change on 
synchronous motors, 
280- 85 

increasing in parallel 
synchronolls generators, 
237,238,242 

relation to field resistance, 2 16 

relation to flux in synchronous 
generators, 208- 9 

relation to internal generated 
voltage, 198,204 

separately excited dc 

generators, 528, 530 
short-circuit ratio, 212 

shunt dc motors, 476 

sources in ac machines, 152, 
194-95, 196 

Pield loss relays, 491, 513- 14 

Field loss trips, 521 

Field resistance 
dc motors, 525 

effect on dc generator terminal 
voltage,537 

speed control by changing, 
480- 83 

Field windings, See also Stator 
windings 

copper losses, 455 

defined, 192,451 

disconnecting for motor startup, 
294,296 

maximum acceptable current, 
253,260 

Flashing the field, 536 
Flashover, 435 

Flat-compounded generators, 545 

Flux 

average per tum, 78 

behavior in ferromagne tic 
materials, 2\ - 24, 26- 28 

calculating, 10- 11, 13-1 4 , 
16-17 

conversion factors, 669 

dis tri bution in ac machines, 
169-72 

Faraday's law, 28- 32 

induction motor core, 367 
leakage, 14,79-80, 86- 87 

maximum in transformers, 
139-40 

relation to field intensity, 9- 10 

relation to magnetomotive 
force, 12- 13 

series dc motor, 493, 495 

Flux density of magnetic fields 

in ac machines, 163- 64, 

169-70 
basic principles, 9- 11 

cOllversion factors, 669 
in PMDC motor poles, 492, 

494 
Flux guides, 598 

Flux linkage, 31 , 77- 78 

( 

( 
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Flux per pole, 446, 447 impact on ac genCllltors Impedance angle 
Flux weakening, 435-36. 439, operating together, 238, 242 induction motor circuit model, 

442, 443 with infinite-bus systems, 384 
Force conversion fac tors. 669 236-37 in single-phase ac circuits, 48, 
Forward air-gap power, 593-94 

H 
49,50-52 

Four-loop de machines, 4 16-21 Induced force on wires, 33-34 

Four-phase stator windings, 605 Harmonic components of flux, Induced torque 

Fou r-quadrant control systems, 118- 20,639,644-48, acmachines, 158, 159, 178-81 
517,518- 19 654- 56 de machines, 40-41,447-48, 

Fractional-pitch coils Heat. See also Overheating 468 
defined, 422, 640 ac generator ra tings and, effects of changing field 
describing, 640-4 I 252-53 resistance, 480-81, 483 
with distributed windings, e ffects on machi ne insu lation, induction motors. 325, 329- 36, 

650, 651 139, 182, 183,454 594 
harmonics suppression llsing, effects on transformer in rotat ing wire loop, 156-60, 

639,644-48 insulation, 139 4[ 1-13 

induced voltage, 641-44 High-efficiency induction motor salient-pole synchronous 

Fractional-slot windings, 656 nameplates, 393-94 generators, 667, 668 

Fra me (de machine), 449 High-power electronics section, series dc motor, 493-95 

( Frequency 
522 

shunt dc motors, 47 L 
reducing for motor startup, 

High-slip region, 332 
synchronous generators, 

29 1- 92 
High-starting-torque pattern, 377, 

207-8.244-45.274 
relation to power in 

378 
synchronous motors. 274-75, 

synchronous generators. 
House diagrams, 234 

277, 290, 294 

230 
Hysteresis, 26--27, 77, 78 

Induced voltage 

speed control by changing, 
Hysteresis loss 

ac machincs, 172- 78 
367-70, 372- 78 

ac machines, 184 
amortisseur windings, 294 

defined,28 
synchronous generator ratings, 

e ffect of magnctolllolive force 
conductor moving in magnetic 

251-52 fi eld,34-35 

transformer ratings, 134-35 
excursions, 28, 29 

de machines, 445-47 
impact on transformer 

Frequency adjustmem, 373-74 
efficiency. 102 

Faraday's law, 28-32 

Friction losses 
induction motors. 321 

fractional-pitch coils, 641-44 
ac machines, [84 

in real transformer behavior, 86 
induction motors, 3 11 -12, 

dc machines, 456 
Hysteresis motors, 598-60 1 

317-20 
inducti on motors. 32 [ in rotating wire loop, 153-56, 

Fringing effects, 14 I 404-9 
Frog-leg windings, 432, 433 Ideal transformers Inductance leakage, 86, 87 

Full-load voltage regulation, 100 analyzing circuits containing, 73 Induction generators, 388-93 

Full-pitch coils, 421, 640 basic features, 69-7 1 Induction machines defined, 

Fuses, 5 10, 511, 52 1 magnetization curve, 85 152,307 

power in, 7 1-72 Induction motors 
G 

real single-phase trans rormers basic principles, 311-15 
Generator action, 35 as, 85-86 construction, 309- 10, 3 11 
Generators . See also specific IEEE Standard 1[2,355.380 deriving torque-speed 

fypes of generators IEEE Standard 1 [3 , 525 characteristics, 328-43 
basic principles, 1-2,8,35 Impedance design evolution, 353-57 
induction, 388- 93 autotransfo rmers, 115-16 equivalent circuit, 315-21, 
linear de machines as, 41-42 defi ned. 72 380-87 
power-fl ow diagrams. 185 in ideal transformer. 72-73 as generators, 388-93 
three-phase, 613--16 ignoring in power triangle power and torque, 32 1-28 

( 
VOltage regulation, 186,215-] 6 approach. 632, 634 rat ings. 393-94 
Nard-Lenard system, 5 16-1 7 induction motor c ircuit model, single-phase (see Single-phase 

0host phase, 127 382, 384, 592-93 induction motors) 
Governors internal machine, 210 slot harmonics in, 656 

function on prime movers, rotor circuit model, 318-19 speed control, 363-70, 371 
229-30 Thevenin equi valent, 335 starting, 343-44, 357-62 

- . 



674 INDEX 

Induction motors-COlli. Lap windings, 424-28, 432 Magnetic permeability. See 

variations in torque-speed L diJdt voltages, 436-38 Permeabi lity 
characteristics, 343-53 Leading loads, 288 Magnetization current, 81-83 

Inducti ve loads, 51 Leading power factors. 298 Magnetization curves 
Inductors, 359 Leakage fl ux, 14,79-80, 86-87 basic fea tures, 2 1. 22-23 
Infi nite bus, 233-37, 238 Leakage inductance, 86, 87 de machines, 468-69 

Input impedance, 382 Leakage reactance. 344-46 ideal lransformers, 85 
Input windings, 66 Length conversion Factors, 669 induction machines, 316, 3 17, 
Instantaneous power in single- Lenz's law, 29-30 389. 390 

phase ac circuits, 47, 48 Linear de machines shunt de generators, 539 
Instantaneous static trips. 521 basic model, 36-37 synchronous genemtors, 198 
Instrument transformers, 140-42 as generators, 41-42 typic!!1 ferromagnetic material, 

Insulation as motors, 39-41 492,493 
I 

ac machi ne windings, 182, starting, 37- 39, 42-43 Magnetizing current, 389 

183.260 Line frequency. See Frequency Magnetizing intensity, 21-23, 669 
in autotransformers, 114-15 Line quantities, 617, 624-25 MagnelOmotive force 

dc machine windings, 454-55 Line voltage. See Voltage ac machines, [69- 72 
overheatin g'.~ effects on, 139, Load changes behavior in fe rromagnetic 

182, 183.454 cumulatively compounded dc 
materials. 21 

( Insu lation system classes, 182, generators, 544-45 
calculating, 11- 12 

261. 454-55 induction generators, 391 
coercive, 27 

Integml-slot windings, 656 
shunt dc generators, 537-38 

compounded dc motor, 500 

Intensity of magnetic fie lds, 9- 10 
synchronous generators in 

cu mulatively compounded dc 

Internal angle, 199, 206 
parallel,230--31 

generator, 543 

Internal generated voltage 
synchronous generators 

dc machines, 468, 475-76 

dc machines. 445-47, 468, 476 
operating alone, 214-16 

differentially compounded de 

synchronous generators, 197-98 
synchronous motors, 277-80 

generators, 547-49 

Internal impedance in 
Load imbalances, 118-19 

real single-phase transformers, 

autotransformers, 115-1 6 83-85 
Internal machine impedance, 210 

Locked-rotor condition, 31 7 
salient~pole synchronous 

lnterpoles, 439-42, 444. 452 
Locked-rotor power factor, 384 generators. 662 

Inverse-time overload trip.~, 52 1 
Locked-rotor test, 382. 383-85 separately excited de 

Iron permeabili ty, 10, 27 Long-legged M al)' Ann, 527 generators, 530-31 
Loop models. See Rotating wire Main transfonners, 13 1 

K loop Mass conversion factors, 669 
Kirchhoff's voltage law Losses. See Energy losses MATLAB programs 

compounded dc motor, 500 Low-power electronics section, core fl ux, 16--17 

equivalcnt c ircui t of 522- 24 li near dc mach ine speed, 46 
synchronous generator, Low-s [ip reg ion, 332 magnetization curves, 469 
200-201 M rotating magnetic field, 168--69 

equivalent circuit of series dc motor torque- speed 
synchronous motor. Magnetic circuit principles, curve, 498-99 
272-73. 289 11-14 shunt dc motor speed control, 

li near dc machines, 37-38 Magnetic field intensi ty, 9- 10 488- 89 

separately excited and shunt Magnetic fields shunt dc motor torque- speed 
dc mOtors, 469, 471 basic principles, &-11 curve, 478-79 

separately excited dc circui! model, 11- 14 synchronous generator temullai 

generators. 529 effects on current-carrying charaetelistic. 223-24 
series dc generator, 54 1 wires, 33-35, 36-37 synchronous motor V curve, 

series dc motor, 493 Faraday's law, 28-32 284-85 
shunt dc generators, 535, 539 induction motors, 330- 3 1, torque-speed characteristic of 

transformers, 10 J 570-73,575- 77,590-9 1 induction motor, 342--43( 

Knee of saturation curve, 21 rotation in ac machines. 160-69 35 1-53 

L 
Magnetic flux dcnsity, 9- 11 transformer magnetization 
Magnetic induction motor starter curve, 136- 38 

Lagging power factor, [01 circuits, 359-62 vo ltage regulation as function 
Laminations, 3 [ Magnetic neutral plane, 433-34 ofload, [06--7 



INDEX 675 

Maximum power in synchronous No-load rotational losses. 185, Permanent-magnet stepper 
generators. 245 525 motors, 604--5 

Max.imum torque in No-load lest, 380-82 Permanent split-capacilor 
synchronous generators, 245 Nonsalient-pole rotors, 169, 170, motors, 582-83. 584 

Measurement. See Units of 192 Permeability 
measure Nonnally closed contacts, 511 basic principles, 10,2 1 

Mcchnnical losses Normally open contacts, 510-11 behavior in ferromagnetic 
ae machines, 184-85 Notation, 3 materials, 21 -24, 25 
de machines, 456 variation with existing flux, 14 
de motors, 525 0 Permeance, 13 
synchronous generalOrs. 205, Ohm's law, II Per-phase air-gap power, 593 

206 Oncoming generators, 226 Per-phase equivalent circuit 
Mechanical power, 457 One-di mensional linear velocity, synchronous generators, 202, 
Method of consequent poles, 3 204 

363-64 One-line diagrams. 632, 633 system analysis with, 625, 626 
Metric units, 2-3, 669 Open-circuit characteristics Per-unit system of measure, 
Miscellaneous losses. See Stray shunt de motors, 490-9 J 94--99, 123-26 

losses synchronous generators, 198, Phase belts, 650 

( 
Moderate-sUp region, 332 208-9 Phase groups, 650 
Moment o f inertia, 7 Open-circuit power factor, 91 Phase quanti ties, 6 17, 623-24 
Motors. See also specific types Open-ci rcuit test, 90-91, 92, Phase sequence, 226-28, 616 

olmolors 208-9 Phase shifts. 120 
basic principles, 1-2, 8, 34 Open-delta connections, 126-29 Phasor diagrams 
linear dc machines as, 39-41, Open-wye-open-delta power flows in synchronous 

42 connections, 130-31 machines, 297 
power-flow diagrams, 185 

Output windings, 66 
salient-pole synchronous 

speed regulation, 186,465 
Overcompounded generators, 545 

generators, 664 
Multiple stator windings, 364-67 

Overexcited synchronous 
synchronous generators, 202-4, 

Multiplex windings, 424, 43 1- 32 
motors, 282, 288-89 

205 
Mutual nux, 79. 80 

Overheating. See also Heat 
synchronous motors, 277, 278 
transformers, 100-102 

N ac machines. 182. 183 
for two-phase sequences, 617 

Nameplates dc machines, 454--55 
Phasors, representing in print, 3 

induction motors, 393-94 synchronous generators, 
Pilot exciters, 195, 196 

synChronous motors. 298 252- 53, 260 Pitch, 423, 427 
tran sformer, 140, 141 transformers, 139 Pitch factor, 422,644,647 

NEMA design class A, 345, 346, Overload protection Plugging, 337 
349 induction motors, 36 1 Polari ty 

NEMAdesign c\ass B, 346, 347, solid-slate variable-freq uency in ideal transformer, 70-71 
348, 349 drives, 378 Lenz's law. 29-3 1 

NEMA design class C, 346, 347, symbols for. 51 1 magnetomotive force, 12 
348,349 Overtemperature trips, 521 real single-phase transformers, 

NEMA design class D, 346, 347, 
P 83 

350 Pole changing, 363-67 
NEMA design class F, 35 1 Parallel operation of ac generators Pole faces , 449, 45 1 
NEMA insulation classes, 182. advantages, 224-26 Pole pieces, 449 

261,454-55 with Jarge power systems, Pole pitch, 640 
NEMA nominal efficiency, 355, 233-37 Pole shoes. 449 

356 power characteristics, 229-33 Position sensors, 606, 609 
NEMA Standard MG 1-1993. 455 procedures. 228-29 Potential transformers, 69, 141 
Neutral connections requirements, 226-28 Power 

( three-phase power systems, for same-sized generators, ac machine losses, 182-86 
615-16, 625 237-44 basic principles, 7-8 

three-phase transformers, 119 Permanent-magnet de motors, conversion factors, 669 
Neutral-plane shift, 433-35 491-93 in ideal transformer, 71- 72 
Newton's law, 6-7, 37 Permanent-magnet rotors, 608-9 induction motor limits, 394 
No-load frequency, 234-35 Permanent magnets, 28 induction motors, 321-28, 369 

-
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Power-Com. Q Relays 

in linear de machines, 39-42 Quadrature synchronous field loss, 491, 5 13-14 

locked-rotor test, 384 reactance, 663 symbols for, 5 11 

open-delta transfonner time-delay, 361 -62, 511- 12 

connection, 127-29 R Reluctunce, 12. 13 

in per-unit system, 95 Rare-earth mngnets, 492 Reluctnncc motors, 597- 98 

salient-pole synchronous Ratings. See also Classification Re\uctHllce torque, 597, 659, 660 

generators, 666-67 induction motors, 393-94 Relucta nce-type stepper motors, 

in single-phase ae circuits, synchronous gcncrato!')<;, 25 1--60 604. 605 
46-52 synchronous motors, 298 Residual nu X. 

synchronous generators, 205-8. transformers, 134-39 de li ned, 27 

229- 33,245,254-55 React.mee in PMDC machines, 492 

three-phase circuits, 6 13, induction motors, 316, 3 18. in shunt de genemlOrs, 535, 536 

622- 25 344--46 Resistance 

Power factor locked-rotor test, 385 dc motor speed control based 

induction motor rotor, 33 1-32 modeling for lnmsformers, 87, on,480-83,484-86 

locked-rotor test, 384 98 dc test, 382-83 

in model transformer, 91-92, rotor versus stator, 385 induction generators, 392- 93 

101- 2 salient-pole synchronous induction motors, 316, 318 

in single-phase ac ci rcui ts, 52 gener:ltors, 660, 663-64 locked-rotor lest, 385 ( 
Power-factor angle. 91, 33 1-32 synchronous generators, 20 I, modeling for transformers, 87, 

Power-factor correction, 285-89 210--11.250 98 

Power-flow diagrams Thevenin equivalent, 335 speed control by changing, 370, 

ac machines, 185-86 universal motors, 567 371 

de machines, 456- 57 Reactive load, 39 1 synchronous generators, 20 1, 

induction motors, 32 1-22, 592 Reacti ve power 2 11-12 

Power grid, generator behavior expressing for synchronous Thevenin equivalent, 335 

in, 233--37 generators, 206, 255 Resistors 

Power losses. See Energy losses in ideal transformer, 72 adding to control shunt dc 

Power transformers, 67--t)9. See induction generator mOior speed. 484--86 

a/.m Transformers requirements, 388, 389 for dc mOlor staning. 506- 10 

Power triangle, 5 1-52. 632-35 open-delta transrormer divertcr, 545, 546 

Preformed rotor coils, 421, 422 connection. 129 for induction motor speed 

Preformed stator coils, 648-49 
with parallel operation of ac control,588 

Primary windi ngs 
generators, 238, 242 for induction motor starting, 

defined,66 
relation to terminal voltage in 359.36 1 

nux leakage, 79 
synchronous generators, Retrogressive windings, 423, 431 

230-3 1,242 Reverse ai r-gap power, 593, 594 
in ideal transformer, 69 in single-phase ac circuits. 49, Reverse-power trips. 235 
in transformer construction, 67 50,52 ReverSi ng magnetic field 

I 
Prime movers versus terminal voltage in rotation, 167-68 

for dc generators, 527 infin ite bus. 233-34 , Right-hand rule, 12, 161 
external types ror motor strutup, 236-37 Rotating magnetic fields, 160-69 

292 in three-phase circuits, 625 Rotating wire loop 
for synchronous generators, variation in synchronous de voltage from, 409-10 

192, 205,229-30,236-37 machines. 297 torque induced in, 156- 60, 
Progressive windings, 423, 431 Real power 4 11-13 
Protection circuits, 521 ideal transformer, 7 1-72 voltage induced in. 153- 56. 
Pullout torque single-phase ac circuits. 404-9 

induction motors, 330, 332. 48-49.50.52 Rotational losses, 322. 380-82 
336,338-39 synchronous generators, Rotational motion principles. 3--8 

synchronous mOlors, 276-77 20S-6, 254 Rotor coils, 421-23 
Pulse-width modulation, variation in synchronous Rotor copper losses 

372-73,374,375 machines, 297 induction motors, 321, 324. 

Push-button switches, 510-11 Rcrening,73 325-26, 594 
Pushover torque, 388 Relative permeability. 10 synChronous ac machines, 184 

i 
I 
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ROlor frequency, 314 Separately excited de generators, Singly excited machines, 316. 

Rotor resi stance 528-34 See also Induction motors 

de test, 382-83 Separately excited de motors, SI units, 2-3, 669 

effects on induction generators. 469,470,483 Skewed rotor conductors, 656, 

392-93 Series current (autotransformer), 657 

locked-rolor test. 385 109 Sl ip (induction mOlors) 

speed control by changing, 370 Series de generators, 54()...42 basic principles, 3 13-14 

Rotors Series de motors. 493-99, 500, relation to rotor resistance, 339 

basic features ill synchronous 566 relation to voltage, 317-18, 320 

generators, [92 Series voltage (autotrans former), variations on torque-speed 

construct ion in de machines, 109 curve, 332 

452 Series windings Slippi ng poles, 277 

copper losses, 184, 32 1, 324, (autotransformer),109 Slip rings, 193-94 

325-26.594 Service factors, 260 Slip speed, 313 

damper windings, 293- 97 Shaded-pole motors, 584--85, Slot harmonics, 648, 654-56 

design developments, 355 586, 587 Slot pitch, 650 

effects of design on induction Shading coils. 584. 585, 587 Soft-start induction motors, 350, 

motor characteris tics, Shell-form transrormers, 67, 68 378 

345-48.392-93 ShOll --<::ircuit characteristics. Solid-.o;tate controllers 

( induction motor circuit model, 209-10 dc motor speed control, 517-24 

317-20 Short-circuit protection, 361 induction motor speed control, 

induction motor types, 309-10, Short-circuit ratio, 212 370,372- 78, 379 

311 Short circuits in synchronous for starting synchronous 

NEMA standard designs, 346, generators, 246-50 motors, 292 

347,349-50 Short-circuit lest. 91-92, 209-10 Spec ial-pnrpose motors 

salient-pole (See Salient-pole ShOiling rings, 293. 310 
brushless, 606-9 

rotors) "Short-shunt" connections. 544 
hysteresis motors, 598--601 

skewed conductors, 656, 657 ShOJ1-time opera tion limits, 
reluctance motors, 597-98 

Rotor slip. See Slip synchronous generators, 260 stepper motors, 597, 602-6 

Rotor windings, See Armature Shunt dc generators, 534-40 
Speed, representing, 4 

windings Shunt dc motors 
Speed control 

Runaway, 491 nonlinear analysis, 475-76 
approaches for induction 

open field circuits, 490-91 
motors, 363-70, 37 1 

S speed control , 479-90 
cumulatively compounded dc 

motors. 505 
Sal ient-pole rotol'S with starting resistor, 506 dc motor advantages, 465 

cylindrical versus, 659 terminal characteristics, 470-72 seri es dc motor. 499 
defi ned, 169, 192 Simplex windings, 423. 431 shunt dc motors, 479-90 
equivalent circuit of machine, Si ngle-phase ac circu its, 46-52 single-phase induction motors, 

660-66 Single-phase induction motors 588~9 
illustrated, ! 70, 193 capacitor-start, 581, 582, 583 solid-state drives for, 370, 
torque and power of machine. capacitor-start, capacitor-run, 372-78, 379 

666-67,668 582- 83, 585 synchronous motors, 276 
Salient poles in dc machines, circu it model. 590-97 universal motors, 567 

452 cross-field theory, 575-77 Ward-Lenard system. 514-17, 
Saturation curves, 21, 22- 23, 28 double-revolving-field theory, 519 
Scalars, 3 570--73.590 Speed droop, 229, 242-44 
Scotl-T connection, 131, 132 permanent split-capacitor, Speed ratings, 251-52 
Secondary windings 582-83 , 584 Speed regulation, 186, 465 

defined,66 shaded-pole, 584-85, 586, 587 Speed regulation circuits, 
flux leakage, 79-80 speed control. 588-89 522-23 
in ideal transformer, 69 split-phase, 578-80 Split-phase induction motors, 

in transformer construction, 67 starting problems, 569-70 578-80 
Self-inductance, 20 1 types compared, 585-88 Spring-type switches, 510-11 

Self-starting reluctance motors, Single-phase transfonners, 11 6, Stabilized shunt motors. 491 

597,598,599 117 Standard units, 2-3, 669 

• 
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Starting Subtransient reactance during Synchronous reluctance motors, 

current inrush in transformers, fauits, 250 597 
139--40 Switches, 510- 11 Synchronous speed, 363 

de motors, 505- 14 Synchronous capacitors, 289, 290 Synchroscopes, 228- 29 

induction motors, 343-44, Synchronous generators - Syncrospeed molor, 598, 599 

357-62 amortisseur windings, 296 SySfeme Intemational (51), 2- 3, 
linear de machines, 37- 39, behavior in single operation, 669 

I 
42-43 213- 24 

single-phase induction motors, construction , 192- 95 T 
578- 88 cylindrical versus salient-pole Tap changing under load 

synchronous motors, 290- 97 rotors, 659 transforme rs, 109 

Starting resistors, 506-10 defined, 19 1 Taps, 108- 9, 13 1 

Start/stop circuits, 521-22 equivalent circuit TCUL transformers, 109 

Static stability limit, 207, 246 determination, 198- 202 Teaser transformers, 13 J 

I Stator copper losses internal generated voltage, Terminal characteristic 

induction motors, 321 , 322, 324 197-98 cumulatively compounded dc 

synchronous ac machines, 184 model parameters, 208-1 3 generators, 544-45, 

Stator resistance, 382-83 parallel operation overview, 546-47, 548 

Stators 224-26 differentially compounded dc 

copper losses, 184, 321, 322, parallel operation power generators, 549, 550, 55 1 ( 
324 characteristics, 229- 33 separately excited de 

design developments, 355 parallel operation procedures, generators, 528-29, 530 

induction motors, 308 
228-29 series de generators, 541--42 

peak voltage, 177 
parallel operation series de motors, 495-96 

rotating magnetic field in, 
requirements, 226- 28 shunt dc generators, 537- 38, 

160-69 
parallel operation with large 539--40 

Stator windings 
power systems, 233-37 shunt de motors, 470-72 

parallel operation with others Terminal voltage 
as autotransfonner, 588- 89 

of same size, 237--44 control in induction 
defined, 192 

phasor diagrams, 202--4, 205 generators, 388, 389, 390 
distributed, 648-56 

power and torque, 205- 8 correcting variation in 
induction motors, 308, 321 ratings, 251 - 60 synchronous generators, 
reluctance-type stepper rotat ion speed, 197 2 16 

mOlors,605 salient-pole equivalent circui t, cumulatively compounded dc 
speed control approaches, 660- 66 generators, 546 

363- 67 salient-pole torque and power detern1ining in synchronous 
typical construction, 648- 50 equations, 666-67 generators, 20 I , 204 

Steady-state current during synchronous motors and, differentially compounded dc 
faults, 249 297- 98 generators, 549 

Steady-state period, 248 transients, 244- 50 effects of load changes in 
Step-down autotransformers, Synchronous machines, 152, 192 induction generators, 391 

109, 110 Synchronous motors effects of load changes in 
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