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Preface

In 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 dc motors were the method of choice for demanding
variable-speed applications. 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 dc 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 coverage 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 instructor
or student wishing to continue using the material in this chapter can freely download it.

Learning objectives have been added to the beginning of each chapter toenhance student learning.

Chapter 1 provides an introduction to basic machinery concepts, and concludes 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 rotating machines, but which share many similar analysis techniques.

After Chapter 2, an instructor may choose to teach either dc or ac machinery first. Chapters 3
through 6 cover ac machinery, and Chapters 7 and 8 cover dc machinery. These chapter sequences have
been made completely independent of 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 dc 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 dc 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®

4.



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 having MATLAB. MATLAB provides an
enhancement to the learning experience if it is available, but if it is not, the examples involving
MATLARB 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 Ahmad Nafisi

University of Victoria California Polytechnic State University, San Luis

William Butuk Obispo

Lakehead University Subhasis Nandi
Shaahin Filizadeh University of Victoria
University of Manitoba

M. Hashem Nehrir

Jesiis Fraile-Ardanuy Montana State University—Bozeman

Universidad Politécnica de Madyid

Riadh Habasl Ali Shaban
1a. ,a b California Polytechnic State University, San Luis
University of Ottawa Ot

Floyd Henderson

Michigan Technological University Kuang Sheng

Rutgers University
Rajesh Kavasseri

North Dakota State University Barna Szabados
: . McMaster University
Ali Keyhani

The Ohio State University Tristan J. Tayag
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CHAPTER

1

INTRODUCTION
TO MACHINERY
PRINCIPLES

OBJECTIVES

* Learn the basics of rotational mechanics: angular velocity, angular acceleration, 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 ELECTRICAL MACHINES, TRANSFORMERS, AND DAILY LIFE

An electrical machine is a device that can convert either mechanical energy to electrical energy or
electrical energy to mechanical energy. When such a device is used to convert mechanical energy to
electrical energy, it is called a generator. When it converts electrical 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 either a generator or a motor. Almost all practical motors and generators convert energy
from one form to another through the action of a magnetic field, and only machines using magnetic
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fields to perform such conversions are considered in this book.

The transformer is an electrical device that is closely related to electrical machines. It converts ac
electrical energy at one voltage level to ac electrical energy at another voltage level. Since transformers
operate on the same principles as generators 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 provide the motive power for almost all tools. Of course,
generators are necessary 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 efficient energy source that is easy to transmit 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 associated 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
energy loss between the point of electric power generation and the point of its use.

1.2 ANOTE ON UNITS AND NOTATION

The design and study of electric machines and power systems are among the oldest 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 units (inches, feet, pounds, etc.). This practice was followed in the study of machines.
Therefore, for many years the electrical and mechanical quantities of machines have been measured
with different systems 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 Systéme International (SI) and has
been adopted throughout most of the world. The United States is practically the sole holdout—even
Britain and Canada have switched over to SI.

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 Electronics Engineers (IEEE) have standardized on
metric units for all work. However, many people have grown up using English units, and this system
will remain in daily use for a long time. Engineering students and working engineers in the United
States today must be familiar with both sets of units, since they will encounter both throughout their
professional lives. Therefore, this book includes problems and examples using both SI and English
units. The emphasis in the examples is on SI units, but the older system is not entirely neglected.
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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., ).

1.3 ROTATIONAL MOTION, NEWTON’S LAW, AND POWER RELATIONSHIPS

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 understanding of rotational motion. This
section contains a brief review of the concepts 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 5.

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 (CW) or counterclockwise (CCW). For the purpose of this volume, a counterclockwise
angle of rotation is assumed to be positive, and a clockwise one is assumed to be negative. 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 6

The angular position & 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 o

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 displacement along the line (#) with respect to time.
dr
p=2
dt
Similarly, angular velocity @ is defined as the rate of change of the angular displacement & with respect
to time.

(1-1)

= ﬁ (1-2)
dt
If the units of angular position are radians, then angular velocity is measured in radians 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

minute. Because speed is such an important quantity in the study of machines, it is customary to use
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different symbols for speed when it is expressed in different units. By using these different symbols,
any possible confusion as to the units intended is minimized. The following symbols are used in this
book to describe angular velocity:

WO angular velocity expressed in radians per second
Jm angular velocity expressed in revolutions per second
Ny, 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:

Ry = 60/;11 (1-38)
Jm =Zn (1-3b)
27

Angular Acceleration o

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 acceleration on a line. Just as one-dimensional linear acceleration is defined by the equation

dv
a=— 14
r (1-4)
angular acceleration is defined by
dw
a=— 1-5
ar (1-5)

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

Torque 7

In linear motion, a force 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 velocity is
constant unless a forque 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 through the axis (Figure 1-1a), 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 1-1b), then the cylinder will tend to rotate in a counterclockwise direction. The torque or
twisting action on the cylinder depends on (1) the magnitude of the applied force and (2) the distance
between the axis of rotation and the line of action of the force.
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T

=0 Torque is counterclockwise
Torque is zero
(a) (b)

FIGURE 1-1 (a) A force applied to a cylinder so that it passes through the axis of rotation. T = (.. (b) A force applied to a
cylinder so that its line of action misses the axis of rotation. Here 1 is counterclockwise.

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 the force and the object’s axis of rotation.

If r is a vector pointing from the axis of rotation to the point A0 ~ B rsw

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

7= (force applied)(perpendicular distance) i

=(F) (rsin @) =rFsin 0 (1-6) ;

where @ 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 counterclockwise if it would
tend to cause a counterclockwise rotation (Figure 1-2). # = (perpendicular distance) (force)
The units of torque are newton-meters in SI units and

pound-feet in the English system.

7= (rsin @)F. counterclockwise

FIGURE 1-2 Derivation of the equation

. for the torque on an object.
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 relationship is given by the equation
F=ma (1-7)
where
F = net force applied to an object
m = mass of the object
a = resulting acceleration

In SI units, force is measured in newtons, mass in kilograms, and acceleration in meters per second
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squared. In the English system, force is measured in pounds, mass in slugs, and acceleration in feet per
second squared.

A similar equation describes the relationship between the torque applied to an object and its
resulting angular acceleration. This relationship, called Newton's law of rotation, is given by the
equation

r=Ja (1-8)
where 7 is the net applied torque in newton-meters or pound-feet and « is the resulting 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.

Work W

For linear motion, work is defined as the application of a force through a distance. In equation form,
W= IFm~ (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 rorque through an angle. Here the equation for
work is
W= jrda (1-11)

and if the torque is constant,
W= 16 (1-12)

Power P

Power is the rate of doing work, or the increase in work per unit time. The equation for power is
aw
p=2"
dt
It is usually measured in joules per second (watts), but also can be measured in foot-pounds per second
or in horsepower.

(1-13)

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

P= LA i(Fr)=F [ij=Fv (1-14)
t dt dt
Similarly, assuming constant torque, power in rotational motion is given by
pet o (rye (4]
dr dt dt

P=rt0 (1-15)



