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PREFACE

he field of power electronics encompasses the

application of fundamental concepts in several
disciplines: electronic devices and circuits, signals
and systems, motor drives, and control systems. A
course in power electronics should tie together all
these diverse fundamental concepts into a consoli-
dated core and add the considerations of power uti-
lization, quality, interfacing, and design issues,
which are special to the field of power electronics.
This book is written with the above focus in mind
with a conscious effort to simplify mathematics by
use of MATLAB™ and to concentrate on develop-
ing a robust understanding of the subject. This book
is intended as a textbook for a course on power elec-
tronics for junior and senior undergraduate students
in electrical engineering programs. It could also
serve as a self-learning book for practicing engi-
neers. The prerequisites for this book are courses on
electrical circuits and systems, electronic devices
and circuits, and mathematics courses in calculus,
differential equations, Fourier series and transfor-
mations, and linear algebra.

This book, intended for a one- or two-semester
course, is divided into four parts. Part I presents an
overview of the field of power electronics and the re-
view of important mathematical concepts such as de-

vii

termining the average and rms values and the har-
monic profile of waveforms, which are essential for
understanding the rest of the chapters.

Part II provides an understanding of components
used in the design of power electronics circuits in
the generic categories of power diodes, transistors,
and thyristors. Design of current sources, inductors,
and transformers illustrated using design examples.
Concepts are introduced for power losses during
switching transitions, and on-state and off-state of
semiconductor devices. This part also introduces
the driver and protection circuits for each device
discussed.

Part III discusses the classes of switch-mode con-
verters: dc-dc, dec-ac, ac-dc, ac-ac, and the resonant
converters. The focus is on topologies, performance
measures, and performance characteristics.

Part IV covers the application systems such as
power factor correction, electric utility interfacing,
converter control, power supply, electronic ballast,
and motor drives. This part also presents practical
design issues such as temperature control, selection
of heat sinks, protection, packaging, shielding, and
layout.

Each chapter contains several, design examples
to reinforce the concept learned, which illustrate
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the decision choices and selection of components.
MATLAB® has been used extensively in these ex-
amples and also in the elaboration of the converter
operation. PSPICE® simulation examples are in-
cluded wherever possible.

Chapters 1 and 2 provide review and focus on
the characteristics of components used in power
electronic circuits. Chapters 3 to 5, on semicon-
ductor switching components, may be covered at a
faster pace if students have a strong prerequisite in
semiconductor devices. Chapters 6 to 11 form the
core of the course. Chapters 12, 14, and 15 discuss
the design requirements of some specific illustra-
tions and, therefore, can be covered at a faster rate.
Chapter 16 on thermal and other design issues, in
my opinion, must not be excluded. Chapter 13
presents the development of average and state-
space average models of power converter systems

followed by the derivation of the transfer function.
It is left to instructor’s discretion whether to cover
it in the undergraduate course or not.

Several reviewers provided valuable assistance
during the development of this text, and I am grateful
for their input. They are Charles L. Bachman,
Southern Polytechnic State University; Shamala
Chickamenahalli, Wayne State University; Alexander
E. Emanuel, Worcester Polytechnic Institute; Michael
L. Holcombe, Purdue University; Rickie L. Miller,
Ferris State University; Medhat M. Morcos, Kansas
State University; and Shekhar Pradhan, Bluefield
State College. As a final note, I am grateful to my wife
Vaidehi, my children Sanjay, Vivek and Kshama for
their patience and encouragement during the time I
devoted to writing and revising this book.

Jai P. Agrawal
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CHAPTER 1

Bird’'s-Eye View of Power
Electronics Systems

OBJECTIVES

1. The overall systems view of power electronic
converters

2. The desired performance characteristics, which
include power efficiency, power factor, undesir-
able harmonic content of voltages and currents,
input—output relationships, parameters of con-
trol, etc.

3. Introduction to modeling of elements and sys-
tems of power electronic converters

4. Introduction to MATLAB methods of solution
and graphic techniques

1.1 INTRODUCTION

Electric power is the muscle of modern industry and
power electronics makes its utilization smarter.
Managing power is an essential gradient in system
design in all fields of electrical engineering but not
necessarily the main concern except in power elec-
tronics and power generating and distribution sys-
tems. For example, in communication engineering,
the premium is placed on the accuracy and quality

of signal transmission and reception. Power elec-
tronics is solely concerned with the processing of
electric energy. The electric energy by itself is not
useful to mankind. It must be converted to other en-
ergy forms such as heat, light, sound and mechani-
cal energies, which are directly useful to human be-
ings and society. The focus in power electronics is
on conversion, efficiency of conversion and control
of energy.

Electric power is used in almost every part of
modern home and society. An efficient use of power,
therefore, is not only tremendously advantageous
but has become essential. The objective of power
electronics is to improve the quality and utilization
of electric power. Generation, transmission, distri-
bution and utilization of electric power takes place at
different levels to suit the available components,
processes and technologies involved. Interfacing of
different technologies needs intelligent control and
conversion techniques. Power electronics addresses
these issues.

Recent advances in semiconductor switching
devices have contributed very significantly to re-
search and reengineering in the field of modemn
power electronics. Power electronics applications
span a wide range on the power scale: milliwatts in
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TABLE 1-1 POWER ELECTRONICS APPLICATIONS

Aerospace

Aircraft power systems
Satellite power systems

Space vehicle power
systems

Automotive

Alarms and security Electric vehicles

systems Regulators
Audio and RF amplifiers
Battery chargers

Commercial

Advertising neon signs Electronic ballasts

and displays Hand power tools
Battery chargers . Light dimmers
Blenders Mercury-arc lamps
Computers Photocopiers
Electric blankets Vending machines
Electric fans Washing machines

Industrial (continued)

Electronic ignitions Oil-well drilling
Electrostatic precipitators equipment
Elevators Paper mill machinery
Flashers Power supplies
Gas turbine starters Prinling press machinery
Generator exciters Pumps and compressors
Grinders and mixers Relays
High-voltage DC Servo systems

(HVDC) Steel mill
Induction heating instrumentation
Laser power supplies Temperature controls

Linear induction motion
control
Machine tools

Timers
Traffic signal controls
Ultrasonic generators

Games and entertainment

Mining power equipments ~ Uninterruptible power

Motor drives and starters supplies (UPS)

Movers Vacuum cleaners

Nuclear reactor control Welding equipment
Medical

Fitness machines
Laser power supplies

Medical instrumentation

Security systems

Games and toys Televisions
Movie projectors
Home appliances

Audio and RF amplifiers Photography
Food warming trays Refrigerators
Garage door. openers Sewing machines
Phonographic

equipment

Industrial

Air conditioning Conveyors
Battery chargers Cranes and hoists
Blowers Dryers
Boilers Electric furnaces and
Chemical processing " ovens

equipment Electric vehicles
Contactor and circuit Electromagnets

breakers Electroplating

Alarms and security Radar/Sonar
systems
Telecommunications
Solar power supplies VLF transmitters
Uninterruptible power Wireless communication
supplies (UPS) power supplies
Transportation

Magnretic levitation
Motor drives

Trains and locomotives

Utility systems

Power factor correction and VAR compensators

A T MR >t £ - e




BIRD'S-EYE VIEW OF POWER ELECTRONICS SYSTEMS 5

wireless personal communication sets or cordless
screwdrivers to megawatts in High Voitage DC trans-
mission systems and huge industrial motor drives.

1.2 A SIMPLE VOLTAGE
CONVERTER

Consider a simple example of designing a 5-volts
dc power supply for TTL ICs from a 12-volts bat-
tery. A voltage divider circuit, shown in Figure
1.1(a), is the first thought that comes to mind.
Selecting resistor R, arbitrarily to be 1 kohm, R, is
determined to be 1.4 kohms.
R, 5 R\R,
% —=— Rs=—"-"*"-=158330h
R,+R, 12 '~ R +R, 3 ohms
The Thevenin equivalent circuit of voltage di-

vider, given in Figure 1.1(b), consists of a 5 volts dc

Rl_'_g Rs
—_— Vs
12V Sro
(@) (b)
Voa

source in series with a source resistance Rg of 583.3
ohms. This circuit has two problems:

1. The voltage at the terminals of voltage divider,
Vo, is 5 volts only when no current is drawn. It
reduces rapidly as more current is drawn from it.

I 1s the current drawn from the output termi-
nals, also called the load current. V will drop
by 0.5 volts (maximum permitted in standard
TTL ICs) if a current of 0.86 mA is drawn from
it. This current is hardly sufficient for a single
IC. The problem of varying output voltage with
increasing load current is referred to as the
voltage regulation problem. Ideally, Vg should
not vary for any amount of current drawn; that
is, the output voltage should have 100% regula-
tion, or exhibits zero regulation error.

o RI1

(c)

Ideat regulation

Medium regulation with Emitter
Follower

Poor regulation without Emitter
Follower

y

(d)

Figure 1.1

(a) A voltage divider (b) Thevenin’s equivalent circuit
(c) voltage divider with emitter follower and

(d) voltage regulation characteristics
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2. Power is continuously drained from the source
even when load current is zero, 60 milliwatts.
This power drain is converted to heat in resis-
tors R, and R,. For a load current of 1 mA, the
actual power delivered is 4.4 milliwatts, a
power efficiency of 6.8%.

Heat generated in resistors must be removed
from the circuit for a reliable operation. The power
is removed by using large size components or by
use of heat sinks.

The voltage regulation can be improved by re-
ducing the value of source resistance Rg using an
emitter follower as shown in Figure 1.1(c). The
transistor is biased in the linear region of the char-
acteristics, hence, it dissipates an additional amount
of power:

Plo.rs = (VS - VO) IO

High power is dissipated at high load current.
Again, this power is converted to heat, and conse-
quently the temperature of the transistor package
raises. A raise in temperature reduces the perform-
ance and reliability of the transistor. The dissipated
heat is removed by using heat sink.

A better design uses a switch in place of the tran-
sistor, as shown in Figure 1.2(a). The switch may be
a bipolar junction transistor operated either in the
cut-off or the saturation region. The switch is turned
on and off alternately in a periodic fashion. The out-

put voltage, after the switch, has a pulse waveform, .

see Figure 1.2(b). The voltage waveform contains a
dc component and an ac component. The ac com-
ponent is removed by passing it through a filter. The
voltage V, at the output terminals is the dc compo-
nent, the value of which is determined by the on-
time of the switch. Assuming the transistor switch
to be ideal, no power is lost in the transistor.

The filter circuit consists of inductors and ca-
pacitors, so no power is lost in the filter. Overall, no
power is lost in the voltage converter. The practical
switch-mode converters, however, have some
power losses owing to parasitic elements such as
the winding resistance of inductors, the leakage re-
sistance in capacitors, and nonideal switching char-

O‘n
e .
Ofte + L l
+
C_> Vs Vg C Vo
T
(a)
Vg
VS
VO
1
>
T T
(b)
Figure 1.2

(a) The switch-mode voitage divider and (b) output
voltage waveform

acteristics of semiconductor devices. The switch-
mode converter exhibits significantly higher power
efficiency than the nonswitch-mode converter.

The power electronic circuit operation requires
temporary storage of energy in inductors and ca-
pacitors. Sizes of inductors and capacitors are dic-
tated by the amount of energy to be stored.
Furthermore, the ac components of voltage or cur-
rents cannot be removed completely by filters.
These are smaller priced items when high power ap-
plications are involved.

1.3 SYSTEMS VIEW OF POWER
ELECTRONIC CONVERTERS

Figure 1.3(a) shows a single-input single-output
power converter system. The source provides
power, the converter converts it into a usable form
to suit the sink where the power is utilized, that is,
removed out of the system. The source is either a dc



