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Preface

The fourth edition of Power Electronics is intended as a textbook for a course on 
power electronics/static power converters for junior or senior undergraduate students 
in electrical and electronic engineering. It can also be used as a textbook for gradu-
ate students and as a reference book for practicing engineers involved in the design 
and applications of power electronics. The prerequisites are courses on basic electron-
ics and basic electrical circuits. The content of Power Electronics is beyond the scope 
of a one-semester course. The time allocated to a course on power electronics in a 
typical undergraduate curriculum is normally only one semester. Power electronics has 
 already advanced to the point where it is difficult to cover the entire subject in a one-
semester course. For an undergraduate course, Chapters 1 to 11 should be adequate to 
provide a good background on power electronics. Chapters 12 to 17 could be left for 
other courses or included in a graduate course. Table P.1 shows suggested topics for a 
one-semester course on “Power Electronics” and Table P.2 for a one-semester course 
on “Power Electronics and Motor Drives.”

TAblE P.1 Suggested Topics for One-Semester Course on Power Electronics

Chapter Topics Sections Lectures

1 Introduction 1.1 to 1.12 2
2 Power semiconductor diodes and circuits 2.1 to 2.4, 2.6–2.7, 2.11 to 2.16 3
3 Diode rectifiers 3.1 to 3.11 5
4 Power transistors 4.1 to 4.9 3
5 DC–DC converters 5.1 to 5.9 5
6 PWM inverters 6.1 to 6.7 7
7 Resonant pulse inverters 7.1 to 7.5 3
9 Thyristors 9.1 to 9.10 2

10 Controlled rectifiers 10.1 to 10.5 6
11 AC voltage controllers 11.1 to 11.5 3

Mid-term exams and quizzes 3
Final exam 3
Total lectures in a 15-week semester 45
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The fundamentals of power electronics are well established and they do not 
change rapidly. However, the device characteristics are continuously being  improved 
and new devices are added. Power Electronics, which employs the bottom-up  approach, 
covers device characteristics and conversion techniques, and then its applications. 
It emphasizes the fundamental principles of power conversions. This fourth edition 
of Power Electronics is a complete revision of the third edition. The major changes 
 include the following:

	 •	 features	a	bottom-up	rather	than	top-down	approach—that	is,	after	covering	the	
devices, the converter specifications are introduced before covering the conver-
sion techniques;

	 •	 covers	the	development	of	silicon	carbide	(SiC)	devices;
	 •	 introduces	the	averaging	models	of	dc–dc	converters;
	 •	 has	expanded	sections	on	state-of-the-art	space	vector	modulation	technique;
	 •	 has	deleted	the	chapter	on	static	switches;
	 •	 presents	a	new	chapter	on	introduction	to	renewable	energy	and	covers	state-of-the-

art techniques;
	 •	 integrates	 the	 gate-drive	 circuits	 (Chapter	 17	 in	 third	 edition)	 to	 the	 chapters	

 relating to the power devices and converters;
	 •	 expands	the	control	methods	for	both	dc	and	ac	drives;
	 •	 has	added	explanations	in	sections	and/or	paragraphs	throughout	the	book.

The book is divided into five parts:

Part	I:	Power	Diodes	and	Rectifiers—Chapters	2	and	3
Part	II:	Power	Transistors	and	DC–DC	Converters—Chapters	4	and	5

TAblE P.2 Suggested Topics for One-Semester Course on Power Electronics and Motor Drives

Chapter Topics Sections Lectures

 1 Introduction 1.1 to 1.10 2
 2 Power semiconductor diodes and circuits 2.1 to 2.7 2
 3 Diode rectifiers 3.1 to 3.8 4
 4 Power transistors 4.1 to 4.8 1
 5 DC–DC converters 5.1 to 5.8 4
15 DC drives 14.1 to 14.7 5
 6 PWM inverters 6.1 to 6.10 5
 7 Thyristors 9.1 to 9.6 1
Appendix Three-phase circuits A 1
10 Controlled rectifiers 10.1 to 10.7 5
11 AC voltage controllers 11.1 to 11.5 2
Appendix Magnetic circuits B 1
14 AC drives 15.1 to 15.9 6

Mid-term exams and quizzes 3
Final exam 3
Total lectures in a 15-week semester 45
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Part	III:	Inverters—Chapters	6,	7,	and	8
Part	IV:	Thyristors	and	Thyristorized	Converters—Chapters	9,	10,	and	11
Part	V:		Power	Electronics	Applications	and	Protection—Chapters	12,	13,	14,	15,	
16, and 17

Topics like three-phase circuits, magnetic circuits, switching functions of con-
verters, dc transient analysis, Fourier analysis, and reference frame transformation 
are  reviewed in the appendices. Power electronics deals with the applications of 
 solid-state electronics for the control and conversion of electric power. Conversion 
techniques  require the switching on and off of power semiconductor devices. Low-
level electronics circuits, which normally consist of integrated circuits and discrete 
components,  generate the required gating signals for the power devices. Integrated 
circuits and  discrete components are being replaced by microprocessors and signal 
processing ICs.

An ideal power device should have no switching-on and switching-off limita-
tions in terms of turn-on time, turn-off time, current, and voltage handling capabilities. 
Power semiconductor technology is rapidly developing fast-switching power devices 
with increasing voltage and current limits. Power switching devices such as power BJTs, 
power MOSFETs, SITs, IGBTs, MCTs, SITHs, SCRs, TRIACs, GTOs, MTOs, ETOs, 
IGCTs, and other semiconductor devices are finding increasing applications in a wide 
range of products.

As the technology grows and power electronics finds more applications, new 
power devices with higher temperature capability and low losses are still being 
 developed. Over the years, there has been a tremendous development of power 
semiconductor devices. However, silicon-based devices have almost reached their 
limits. Due to research and development during recent years, silicon carbide (SiC) 
power electronics has gone from being a promising future technology to being a 
 potent alternative to state-of-the-art silicon (Si) technology in high-efficiency, high-
frequency, and high-temperature applications. The SiC power electronics has higher 
voltage ratings, lower voltage drops, higher maximum temperatures, and higher 
thermal conductivities. The SiC power devices are expected to go through an evolu-
tion over the next few years, which should lead to a new era of power electronics and 
applications.

With the availability of faster switching devices, the applications of modern 
microprocessors and digital signal processing in synthesizing the control strategy for 
gating power devices to meet the conversion specifications are widening the scope 
of power electronics. The power electronics revolution has gained momentum since 
the early 1990s. A new era in power electronics has been initiated. It is the begin-
ning of the third revolution of power electronics in renewable energy processing 
and  energy  savings around the world. Within the next 30 years, power electronics 
will shape and condition the electricity somewhere between its generation and all 
its users. The  potential applications of power electronics are yet to be fully explored 
but we’ve made every effort to cover as many potential applications as possible in 
this book.

Any comments and suggestions regarding this book are welcomed and should be 
sent to the author.
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C h a p t e r  1

Introduction

After completing this chapter, students should be able to do the following:

	 •	 Describe	what	is	power	electronics.
	 •	 List	the	applications	of	power	electronics.
	 •	 Describe	the	evolution	of	power	electronics.
	 •	 List	the	major	types	of	power	converters.
	 •	 List	the	major	parts	of	power	electronic	equipment.
	 •	 List	the	ideal	characteristics	of	power	switching	devices.
	 •	 List	the	characteristics	and	specifications	of	practical	power	switching	devices.
	 •	 List	the	types	of	power	semiconductor	devices.
	 •	 Describe	the	control	characteristics	of	power	semiconductor	devices.
	 •	 List	the	types	of	power	modules	and	the	elements	of	intelligent	modules.

Symbols and Their Meanings

Symbol Meaning

fs, Ts Frequency	and	period	of	a	waveform,	respectively

IRMS Rms	value	of	a	waveform

Idc, Irms Dc	and	rms	components	of	a	waveform,	respectively

PD, PON, PSW, PG Total	power	dissipation,	on-state	power,	switching	power,	
gate-drive	power,	respectively

td, tr, tn, ts, tf, to Delay,	rise,	on,	storage,	fall,	and	off-time	of	switching	
waveform

vs, vo Instantaneous	ac	input	supply	and	output	voltage,	
respectively

Vm Peak	magnitude	of	an	ac	sinusoidal	supply	voltage

Vs Dc	supply	voltage

vg, VG Instantaneous	and	dc	gate/base	drive	signal	of	a	device,	
respectively

vG, vGS, vB Instantaneous	gate,	gate–source,	and	base	drive	voltages	
of power	devices,	respectively

δ Duty	cycle	of	a	pulse	signal
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1.1 applICatIons of power eleCtronICs

The	demand	for	control	of	electric	power	for	electric	motor	drive	systems	and	industrial	
controls	existed	for	many	years,	and	this	led	to	early	development	of	the	Ward–Leonard	
system	to	obtain	a	variable	dc	voltage	for	the	control	of	dc	motor	drives.	Power	elec-
tronics	has	revolutionized	the	concept	of	power	control	for	power	conversion	and	for	
control	of	electrical	motor	drives.

Power	electronics	combines	power,	electronics,	and	control.	Control	deals	with	
the	steady-state	and	dynamic	characteristics	of	closed-loop	systems.	Power	deals	with	
the	static	and	rotating	power	equipment	for	the	generation,	transmission,	and	distri-
bution	of	electric	energy.	Electronics	deal	with	the	solid-state	devices	and		circuits	for	
signal	processing	 to	meet	 the	desired	control	objectives.	Power electronics	may	be	
defined	as	the	application	of	solid-state	electronics	for	the	control	and	conversion	of	
electric	power.	There	is	more	than	one	way	to	define	power	electronics.	One	could	
also	define	power	electronics	as	the	art	of	converting	electrical	energy	from one	form	
to	another	 in	an	efficient,	 clean,	compact,	and	robust	manner	 for	 the	energy	utili-
zation	 to	meet	 the	 desired	 needs.	 The	 interrelationship	 of	 power	 electronics	with	
power,	electronics,	and	control	is	shown	in	Figure	1.1.	The	arrow	points	to	the	direc-
tion	of	the	current	flow	from	anode	(A)	to	cathode	(K).	It	can	be	turned	on	and	off	
by	a	 signal	 to	 the	gate	 terminal	 (G).	Without	any	gate	 signal,	 it	normally	 remains	
in the	off-state,	behaves	as	an	open	circuit,	and	can	withstand	a	voltage	across	the	
terminals	A	and	K.

Control
Analog  � Digital

Power

Gate Cathode

Anode

Electronics

Power
equipment

Static � Rotating

Electronics
Devices � Circuits

FIgure 1.1

Relationship	of	power	electronics	to	power,	electronics,	and	control.
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Power	electronics	is	based	primarily	on	the	switching	of	the	power	semiconductor	
devices.	With	the	development	of	power	semiconductor	technology,	the	power-handling	
capabilities	and	the	switching	speed	of	the	power	devices	have	improved		tremendously.	
The	development	of	microprocessors	and	microcomputer	technology	has	a	great		impact	
on	the	control	and	synthesizing	the	control	strategy	for	the	power	semiconductor		devices.	
Modern	power	electronics	equipment	uses	(1)	power	semiconductors	that	can	be	regarded	
as	the	muscle,	and	(2)	microelectronics	that	have	the	power	and	intelligence	of	a	brain.

Power	electronics	has	already	found	an	important	place	 in	modern	technology	
and	is	now	used	in	a	great	variety	of	high-power	products,	including	heat	controls,	light	
controls,	motor	controls,	power	supplies,	vehicle	propulsion	systems,	and	high-voltage	
direct-current	 (HVDC)	 systems.	 It	 is	 difficult	 to	 draw	 the	 flexible	 ac	 transmissions	
(FACTs)	 boundaries	 for	 the	 applications	 of	 power	 electronics,	 especially	 with	 the	
present	 trends	 in	 the	development	of	power	devices	and	microprocessors.	Table 1.1	
shows	some	applications	of	power	electronics	[3].

TAble 1.1  Some	Applications	of	Power	Electronics

Advertising
Air-conditioning
Aircraft	power	supplies
Alarms
Appliances
Audio	amplifiers
Battery	charger
Blenders
Blowers
Boilers
Burglar	alarms
Cement	kiln
Chemical	processing
Clothes	dryers
Computers
Conveyors
Cranes	and	hoists
Dimmers
Displays
Electric	blankets
Electric	door	openers
Electric	dryers
Electric	fans
Electric	vehicles
Electromagnets
Electromechanical	electroplating
Electronic	ignition
Electrostatic	precipitators
Elevators
Fans
Flashers
Food	mixers
Food	warmer	trays

(continued)

Forklift	trucks
Furnaces
Games
Garage	door	openers
Gas	turbine	starting
Generator	exciters
Grinders
Hand	power	tools
Heat	controls
High-frequency	lighting
High-voltage	dc	(HVDC)
Induction	heating
Laser	power	supplies
Latching	relays
Light	dimmers
Light	flashers
Linear	induction	motor	controls
Locomotives
Machine	tools
Magnetic	recordings
Magnets
Mass	transits
Mercury	arc	lamp	ballasts
Mining
Model	trains
Motor	controls
Motor	drives
Movie	projectors
Nuclear	reactor	control	rod
Oil	well	drilling
Oven	controls
Paper	mills
Particle	accelerators
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1.2 hIstory of power eleCtronICs

The	history	of	power	electronics	began	with	the	introduction	of	the	mercury	arc	recti-
fier	in	1900.	Then	the	metal	tank	rectifier,	grid-controlled	vacuum-tube	rectifier,	igni-
tron,	phanotron,	and	thyratron	were	introduced	gradually.	These	devices	were	applied	
for	power	control	until	the	1950s.

The	 first	electronics	 revolution	began	 in	1948	with	 the	 invention	of	 the	silicon	
transistor	at	Bell	Telephone	Laboratories	by	Bardeen,	Brattain,	and	Schokley.	Most	
of	 today’s	advanced	electronic	technologies	are	traceable	to	that	 invention.	Modern	
microelectronics	evolved	over	the	years	from	silicon	semiconductors.	The	next	break-
through,	in	1956,	was	also	from	Bell	Laboratories:	the	invention	of	the	PNPN	trigger-
ing	transistor,	which	was	defined	as	a	thyristor	or	silicon-controlled	rectifier	(SCR).

The	 second	 electronics	 revolution	began	 in	 1958	with	 the	development	of	 the	
commercial	 thyristor	 by	 the	General	Electric	Company.	That	was	 the	 beginning	 of	
a	new	era	of	power	electronics.	Since	then,	many	different	types	of	power	semicon-
ductor	devices	and	conversion	techniques	have	been	introduced.	The	microelectronics	
revolution	gave	us	the	ability	to	process	a	huge	amount	of	information	at	incredible	
speed.	The	power	electronics	revolution	is	giving	us	the	ability	to	shape	and	control	
large	amounts	of	power	with	ever-increasing	efficiency.	Due	to	the	marriage	of	power	
electronics,	the	muscle,	with	microelectronics,	the	brain,	many	potential	applications	
of	power	electronics	are	now	emerging,	and	this	trend	will	continue.	Within	the	next	
30	years,	power	electronics	will	shape	and	condition	the	electricity	somewhere	in	the	
transmission	network	between	its	generation	and	all	its	users.	The	power	electronics	
revolution	has	gained	momentum	since	the	late	1980s	and	early	1990s	[1].	A	chrono-
logical	history	of	power	electronics	is	shown	in	Figure	1.2.

People	movers
Phonographs
Photocopies
Photographic	supplies
Power	supplies
Printing	press
Pumps	and	compressors
Radar/sonar	power	supplies
Range	surface	unit
Refrigerators
Regulators
RF	amplifiers
Renewable	energy	including	transmission,		 
	 distribution,	and	storage
Security	systems
Servo	systems
Sewing	machines
Solar	power	supplies
Solid-state	contactors
Solid-state	relays
Space	power	supplies

Static	circuit	breakers
Static	relays
Steel	mills
Synchronous	machine	starting
Synthetic	fibers
Television	circuits
Temperature	controls
Timers
Toys
Traffic	signal	controls
Trains
TV	deflections
Ultrasonic	generators
Uninterruptible	power	supplies
Vacuum	cleaners
Volt-ampere	reactive	(VAR)	compensation
Vending	machines
Very	low	frequency	(VLF)	transmitters
Voltage	regulators
Washing	machines
Welding

Source:	Ref.	3.

TAble 1.1  (Continued)
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30   Chapter 1    Introduction

With	the	increasing	energy	demands	around	the	world,	there	is	a	new	era	of	renew-
able	energy.	Power	electronics	is	an	integral	part	of	renewable	energy	for	its	transmission,	
distribution,	and	storage.	The	research	and	development	for	energy-	efficient	automobiles	
will	also	lead	to	increased	applications	and	development	of	power	electronics.

Over	 the	years,	 there	has	been	a	 tremendous	development	of	power	 semicon-
ductor	devices	 [6].	However,	 silicon-based	devices	have	almost	 reached	 their	 limits.	
Due	 to	 research	 and	 development	 during	 recent	 years,	 silicon	 carbide	 (SiC)	 power	
	electronics	 has	 gone	 from	 being	 a	 promising	 future	 technology	 to	 being	 a	 potent	
	alternative	to	state-of-the-art	silicon	(Si)	technology	in	high-efficiency,	high-frequency,	
and	 	high-temperature	 applications.	 The	 SiC	 power	 electronics	 has	 higher	 	voltage	
	ratings,	 lower	 voltage	 drops,	 higher	 maximum	 temperatures,	 and	 higher	 thermal	
	conductivities.	Manufacturers	are	capable	of	developing	and	processing	high-quality	
transistors	at	costs	that	permit	introduction	of	new	products	in	application	areas	where	
the		benefits	of	the	SiC	technology	can	provide	significant	system	advantages	[11].

A	 new	 era	 in	 power	 electronics	 has	 been	 initiated	 [12].	 It	 is	 the	 beginning	 of	
the third	revolution	of	power	electronics	in	renewable	energy	processing	and	energy	
savings	around	the	world.	It	is	expected	to	continue	for	another	30	years.

1.3 types of power eleCtronIC CIrCuIts

For	 the	 control	 of	 electric	 power	 or	 power	 conditioning,	 the	 conversion	 of	 electric	
power	from	one	form	to	another	is	necessary	and	the	switching	characteristics	of	the	
power	devices	permit	 these	conversions.	The	 static	power	converters	perform	 these	
functions	of	power	conversions.	A	converter	may	be	considered	as	a	switching	matrix,	
in	which	one	or	more	switches	are	turned	on	and	connected	to	the	supply	source	in	
order	to	obtain	the	desired	output	voltage	or	current.	The	power	electronics	circuits	
can	be	classified	into	six	types:

 1. Diode	rectifiers
 2. Dc–dc	converters	(dc	choppers)
 3. Dc–ac	converters	(inverters)
 4. Ac–dc	converters	(controlled	rectifiers)
 5. Ac–ac	converters	(ac	voltage	controllers)
 6. Static	switches

The	switching	devices	in	the	following	converters	are	used	to	illustrate	the	basic	
principles	only.	The	switching	action	of	a	converter	can	be	performed	by	more	than	
one	 device.	The	 choice	 of	 a	 particular	 device	 depends	 on	 the	 voltage,	 current,	 and	
speed	requirements	of	the	converter.

Diode rectifiers.	 A	 diode	 rectifier	 circuit	 converts	 ac	 voltage	 into	 a	 fixed	 dc	
voltage	and	is	shown	in	Figure	1.3.	A	diode	conducts	when	its	anode	voltage	is	higher	
than	 the	 cathode	 voltage,	 and	 it	 offers	 a	 very	 small	 voltage	drop,	 ideally	 zero	 volt-
age,	but	typically	0.7	V.	A	diode	behaves	as	an	open	circuit	when	its	cathode	voltage	
is	higher	than	the	anode	voltage,	and	it	offers	a	very	high	resistance,	 ideally	 infinite	
resis	tance,	but	typically	10	kΩ.	The	output	voltage	is	a	pulsating	dc,	but	it	is	distorted	
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