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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 1.1to1.12 2
2 Power semiconductor diodes and circuits 21t024,2.6-2.7,2.11t02.16 3
3 Diode rectifiers 3.1to3.11 5
4 Power transistors 41t049 3
5 DC-DC converters 5.1t05.9 5
6 PWM inverters 6.1t06.7 7
7 Resonant pulse inverters 7.1t07.5 3
9 Thyristors 9.1t09.10 2

10 Controlled rectifiers 10.1 to 10.5 6

11 AC voltage controllers 11.1to 11.5 3

Mid-term exams and quizzes 3
Final exam 3
Total lectures in a 15-week semester 45

17



18 Preface

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

Chapter Topics Sections Lectures
1 Introduction 1.1to 1.10 2
2 Power semiconductor diodes and circuits 2.1t02.7 2
3 Diode rectifiers 31t03.8 4
4 Power transistors 4.1to04.8 1
5 DC-DC converters 51t05.8 4

15 DC drives 14.1to 14.7 5
6 PWM inverters 6.1t06.10 5
7 Thyristors 9.1t09.6 1

Appendix Three-phase circuits A 1

10 Controlled rectifiers 10.1 to 10.7 5

11 AC voltage controllers 11.1to 11.5 2

Appendix Magnetic circuits B 1

14 AC drives 15.1t0 159 6

Mid-term exams and quizzes 3
Final exam 3

A~
[

Total lectures in a 15-week semester

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;

e 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
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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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CHAPTER 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 T Frequency and period of a waveform, respectively
Irms Rms value of a waveform
Lac, Iims Dc and rms components of a waveform, respectively

Pp, Pon, Psw, PG

Total power dissipation, on-state power, switching power,
gate-drive power, respectively

td’ Ly Ly By tf, tO

Delay, rise, on, storage, fall, and off-time of switching
waveform

Vs, Vo Instantaneous ac input supply and output voltage,
respectively

Vin Peak magnitude of an ac sinusoidal supply voltage

Vi Dc supply voltage

v, Vi Instantaneous and dc gate/base drive signal of a device,
respectively

V6, VGs> VB Instantaneous gate, gate—source, and base drive voltages
of power devices, respectively

3 Duty cycle of a pulse signal

25



26
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Chapter 1 Introduction

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.

Gate Cathode

Power

Control

iﬁ Analog | Digital —+

Power
P—  equipment
Static | Rotating

Electronics
Devices | Circuits

Electronics

Anode

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

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

(continued)
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TABLE 1.1 (Continued)

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.

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.
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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.

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:

Diode rectifiers

Dc—dc converters (dc choppers)

Dc-ac converters (inverters)

Ac—dc converters (controlled rectifiers)
Ac—-ac converters (ac voltage controllers)

AN A W=

. 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
resistance, but typically 10 k€). The output voltage is a pulsating dc, but it is distorted
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Diode D, ™ 2w

(a) Circuit diagram (b) Voltage waveforms

FIGURE 1.3

Single-phase diode rectifier circuit.

and contains harmonics. The average output voltage can be calculated from V,avg) =
2 V,/m. The input voltage v; to the rectifier could be either single phase or three phase.

Dc-dc converters. A dc—dc converter is also known as a chopper, or switch-
ing regulator, and a transistor chopper is shown in Figure 1.4. When transistor Q; is
turned on by applying a gate voltage Vg, the dc supply is connected to the load and the
instantaneous output voltage is v, = +V,. When transistor Q1 is turned off by removing
the gate voltage V;, the dc supply is disconnected from the load and the instantaneous
output voltage is v, = 0. The average output voltage becomes V,ava) = 4 V/T =3 V.
Therefore, the average output voltage can be varied by controlling the duty cycle. The
average output voltage v, is controlled by varying the conduction time ¢, of transistor
Q. If T'is the chopping period, then t; = 87 & is known as the duty cycle of the chopper.

+ VGE
IGBT !
Vs Ql
+
Ve — 0 t T P !
dc v, o= 71
supply oy T
1 L : v, =3V
D s
ma v, et __bo___p___] _y{ Y’
d
— 0 t
o f T
(a) Circuit diagram (b) Voltage waveforms
FIGURE 1.4

Dc—dc converter.
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FIGURE 1.5

Single-phase dc-ac converter.

Dc-ac converters. A dc-ac converter is also known as an inverter. A single-
phase transistor inverter is shown in Figure 1.5. When MOSFETs M; and M, are
turned on by applying gate voltages, the dc supply voltage V appears across the load
and the instantaneous output voltage is v, = +Vj. Similarly, when MOSFETs M3 and
M, are turned on by applying gate voltages, the dc supply voltage Vg appears across the
load in the opposite direction. That is, the instantaneous output voltage is v, = - V. If
transistors M; and M, conduct for one half of a period and M3 and M, conduct for the
other half, the output voltage is of the alternating form. The rms value of the output
voltage becomes V,(;ms) = V5. However, the output voltage contains harmonics which
could be filtered out before supplying to the load.

Ac—dc converters. A single-phase converter with two natural commutated thy-
ristors is shown in Figure 1.6. A thyristor normally remains in an off-state and can be
turned on by applying a gate pulse of approximately 10 V with a duration 100 ps. When
thyristor 77 is turned on at a delay angle of wt = «, the supply voltage appears across
load and thyristor 77 is turned off automatically when its current falls to zero at wt = .
When thyristor 75 is turned on at a delay angle of wf = m + «, the negative part of the
supply voltage appears the across the load in the positive direction and thyristor 75 is
turned off automatically when its current falls to zero at wt = 2. The average output
voltage can be found from V,avg) = (1 + cos a)V,,,/w. At a delay angle of a = 0, this
converter operates as a diode rectifier, as shown in Figure 1.3. The average value of
the output voltage v, can be controlled by varying the conduction time of thyristors or
firing delay angle, a. The input could be a single- or three-phase source. These convert-
ers are also known as controlled rectifiers.

Ac-ac converters. These converters are used to obtain a variable ac output
voltage v,, from a fixed ac source and a single-phase converter with a TRIAC is shown
in Figure 1.7. A TRIAC allows a current flow in both directions. It can be turned on
by applying gate voltages at wt = « for a current flow in the positive direction, and
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also at wf = m + « for a current flow in the negative direction. The output voltage is
controlled by varying the conduction time of a TRIAC or firing delay angle, o. These
types of converters are also known as ac voltage controllers.

Static switches.

Because the power devices can be operated as static switches or

contactors, the supply to these switches could be either ac or dc and the switches are
known as ac static switches or dc switches.

TRIAC
o S
+ < +
ac gy =V, sinot v, §
supply
o _
(a) Circuit diagram
FIGURE 1.7

Single-phase ac—ac converter.
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Mains 1 L‘
Mains2 | ~ — N AV, ( Q ) "]

Isolation
transformer

| Load

Static bypass

Rectifier/charger Inverter .
switch

Ba@ry

FIGURE 1.8
Block diagram of an uninterruptible power supply (UPS).

A number of conversion stages are often cascaded to produce the desired out-
put, as shown in Figure 1.8. Mains 1 supplies the normal ac supply to the load through
the static bypass. The ac—dc converter charges the standby battery from mains 2. The
dc—ac converter supplies the emergency power to the load through an isolating trans-
former. Mains 1 and mains 2 are normally connected to the same ac supply.

Figures 1.3 to 1.7 illustrate the fundamental concepts of different conversion
types. The input voltage to a rectifier circuit could be either a single-phase or a three-
phase supply. Similarly, an inverter can produce either a single-phase or a three-phase
ac output voltage. As a result, a converter could be either a single-phase or a three-
phase type.

Table 1.2 summarizes the conversion types, their functions, and their symbols
[9]. These converters are capable of converting energy from one form to another and
finding new applications, as illustrated through Figure 1.9 for harvesting dance-floor
energy to a useful form [10].

DESIGN OF POWER ELECTRONICS EQUIPMENT

The design of a power electronics equipment can be divided into four parts:

1. Design of power circuits

2. Protection of power devices

3. Determination of control strategy
4. Design of logic and gating circuits

In the chapters that follow, various types of power electronic circuits are described
and analyzed. In the analysis, the power devices are assumed to be ideal switches un-
less stated otherwise; effects of circuit stray inductance, circuit resistances, and source
inductance are neglected. The practical power devices and circuits differ from these
ideal conditions and the designs of the circuits are also affected. However, in the early
stage of the design, the simplified analysis of a circuit is very useful to understand the
operation of the circuit and to establish the characteristics and control strategy.
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TABLE 1.2 Conversion Types and Symbols

Conversion From/To  Converter Name Converter Function Converter Symbol
Actodc Rectifier Ac to unipolar (dc) current
~~—
Dctodc Chopper Constant dc to a variable
dc or variable dc to a con-
stant dc —
Dcto ac Inverter Dc to ac of desired output

voltage and frequency

~~
Ac to ac Ac voltage Ac of desired frequency
controller, and/or magnitude from —~—
Cycloconverter, generally line supply ac
Matrix converter -
~~

Before a prototype is built, the designer should investigate the effects of the cir-
cuit parameters (and devices imperfections) and should modify the design if necessary.
Only after the prototype is built and tested, the designer can be, confident about the
validity of the design and estimate more accurately some of the circuit parameters
(e.g., stray inductance).

DETERMINING THE ROOT-MEAN-SQUARE VALUES OF WAVEFORMS

To accurately determine the conduction losses in a device and the current ratings of the
device and components, the rms values of the current waveforms must be known. The
current waveforms are rarely simple sinusoids or rectangles, and this can pose some
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problems in determining the rms values. The rms value of a waveform i(z) can be calcu-
lated as

1 T
Lns = | 75 /0 i dt (1.1)

where T is the time period. If a waveform can be broken up into harmonics whose
rms values can be calculated individually, the rms values of the actual waveform can
be approximated satisfactorily by combining the rms values of the harmonics. That is,
the rms value of the waveform can be calculated from

s = \/Iglc + I%ms(l) + I%ms(Z) t+oee T+ I%rns(n) (12)

where Iy, = the dc component. [yg(1) and Iy, are the rms values of the fundamen-
tal and nth harmonic components, respectively.

Figure 1.10 shows the rms values of different waveforms that are commonly en-
countered in power electronics.

PERIPHERAL EFFECTS

The operations of the power converters are based mainly on the switching of power
semiconductor devices; as a result the converters introduce current and voltage
harmonics into the supply system and on the output of the converters. These can cause
problems of distortion of the output voltage, harmonic generation into the supply sys-
tem, and interference with the communication and signaling circuits. It is normally
necessary to introduce filters on the input and output of a converter system to reduce
the harmonic level to an acceptable magnitude. Figure 1.11 shows the block diagram of
a generalized power converter. The application of power electronics to supply the sen-
sitive electronic loads poses a challenge on the power quality issues and raises prob-
lems and concerns to be resolved by researchers. The input and output quantities of
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The rms values of commonly encountered waveforms.
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FIGURE 1.11

Generalized power converter system.

converters could be either ac or dc. Factors such as total harmonic distortion (THD),
displacement factor (DF), and input power factor (IPF) are measures of the quality
of a waveform. To determine these factors, finding the harmonic content of the wave-
forms is required. To evaluate the performance of a converter, the input and output
voltages and currents of a converter are expressed in a Fourier series. The quality of a
power converter is judged by the quality of its voltage and current waveforms.

The control strategy for the power converters plays an important part on the
harmonic generation and output waveform distortion, and can be aimed to minimize
or reduce these problems. The power converters can cause radio-frequency interfer-
ence due to electromagnetic radiation, and the gating circuits may generate erroneous
signals. This interference can be avoided by grounded shielding.

As shown in Figure 1.11, power flows from the source side to the output side. The
waveforms at different terminal points would be different as they go through process-
ing at each stage. It should be noted that there are two types of waveforms: one at the
power level and another from the low-level signal from the switching or gate control
generator. These two voltage levels must be isolated from each other so that they do
not interfere with each other.

Figure 1.12 shows the block diagram of a typical power converter including isola-
tions, feedback, and reference signals [9]. Power electronics is an interdisciplinary subject
and the design of a power converter needs to address the following:

e Power semiconductor devices including their physics, characteristics, drive
requirements, and their protection for optimum utilization of their capacities.

e Power converter topologies to obtain the desired output.

e Control strategies of the converters to obtain the desired output.

¢ Digital, analog, and microelectronics for the implementation of the control strategies.
e Capacitive and magnetic energy storage elements for energy storage and filtering.
¢ Modeling of rotating and static electrical loading devices.

¢ Ensuring the quality of waveforms generated and a high power factor.

* Minimizing electromagnetic and radio frequency interference (EMI).

¢ Optimizing costs, weights, and energy efficiency.
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The block diagram of a typical power electronic converter. Source: Ref. 9.

CHARACTERISTICS AND SPECIFICATIONS OF SWITCHES

There are many types of power switching devices. Each device, however, has its advan-
tages and disadvantages and is suitable to specific applications. The motivation behind
the development of any new device is to achieve the characteristics of a “super de-
vice.” Therefore, the characteristics of any real device can be compared and evaluated
with reference to the ideal characteristics of a super device.

Ideal Characteristics

The characteristics of an ideal switch are as follows:

1. In the on-state when the switch is on, it must have (a) the ability to carry a high
forward current I, tending to infinity; (b) a low on-state forward voltage drop
Von, tending to zero; and (c) a low on-state resistance Rgy, tending to zero. Low
Ron causes low on-state power loss Pon. These symbols are normally referred to
under dc steady-state conditions.

2. In the off-state when the switch is off, it must have (a) the ability to withstand
a high forward or reverse voltage Vgg, tending to infinity; (b) a low off-state
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leakage current Iogf, tending to zero; and (c) a high off-state resistance Rofr,
tending to infinity. High Ropp causes low off-state power loss Pogg. These sym-
bols are normally referred to under dc steady-state conditions.

3. During the turn-on and turn-off process, it must be completely turned on and off
instantaneously so that the device can be operated at high frequencies. Thus, it must
have (a) a low delay time ;4 tending to zero; (b) a low rise time ¢,, tending to zero;
(c) alow storage time ¢, tending to zero; and (d) a low fall time #;, tending to zero.

4. For turn-on and turn-off, it must require (a) a low gate-drive power Pg, tending
to zero; (b) a low gate-drive voltage V, tending to zero; and (c) a low gate-drive
current /¢, tending to zero.

5. Both turn-on and turn-off must be controllable. Thus, it must turn on with a gate sig-
nal (e.g., positive) and must turn off with another gate signal (e.g., zero or negative).

6. For turning on and off, it should require a pulse signal only, that is, a small pulse
with a very small width ¢,, tending to zero.

7. It must have a high dv/dt, tending to infinity. That is, the switch must be capable
of handling rapid changes of the voltage across it.

8. It must have a high di/dt, tending to infinity. That is, the switch must be capable
of handling a rapid rise of the current through it.

9. Itrequires very low thermal impedance from the internal junction to the ambient
R;4, tending to zero so that it can transmit heat to the ambient easily.
10. The ability to sustain any fault current for a long time is needed; that is, it must
have a high value of /%, tending to infinity.

11. Negative temperature coefficient on the conducted current is required to result
in an equal current sharing when the devices are operated in parallel.

12. Low price is a very important consideration for reduced cost of the power elec-
tronics equipment.

Characteristics of Practical Devices

During the turn-on and turn-off process, a practical switching device, shown in Figure 1.13a,
requires a finite delay time (f4), rise time (¢,), storage time (f;), and fall time (¢7). As
the device current iy, rises during turn-on, the voltage across the device vy, falls. As
the device current falls during turn-off, the voltage across the device rises. The typi-
cal waveforms of device voltages vy, and currents iy, are shown in Figure 1.13b. The
turn-on time (¢,,) of a device is the sum of the delay time and the rise time, whereas
the turn-off time (#,s) of a device is the sum of the storage time and the fall time. In
contrast to an ideal, lossless switch, a practical switching device dissipates some energy
when conducting and switching. Voltage drop across a conducting power device is at
least on the order of 1 V, but can often be higher, up to several volts. The goal of any
new device is to improve the limitations imposed by the switching parameters.
The average conduction power loss Py is given by

1 ["
PON=/ pdt (13)
I Jo
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Typical waveforms of device voltages and currents.

where T, denotes the conduction period and p is the instantaneous power loss (i.e.,
product of the voltage drop vy, across the switch and the conducted current ig,,).
Power losses increase during turn-on and turn-off of the switch because during the
transition from one conduction state to another state both the voltage and current
have significant values. The resultant switching power loss Pgy during the turn-on and
turn-off periods is given by

ty t Iy i
Py = ]2(/ pdt+ / pdt + / pdt + / pdt> (1.4)
0 0 0 0

where f; = 1/T; is the switching frequency; 1y, ,, f;, and i are the delay time, rise time,
storage time, and fall time, respectively. Therefore, the power dissipation of a switch-
ing device is given by:

PD:PON+PSW+PG (15)
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where Pg is the gate-driver power. The on-state power Poy and the gate power Pg
losses are generally low as compared to the switching loss Pgy during the transition
time when a switch is in the process of turning on or off. The gate power loss P can
be neglected for all practical purposes while calculating the total power losses, Pg. The
total amount of energy loss, which is the product of Pp and switching frequency f,
could be a significant amount if the switch is operated a high frequency of kHz range.

Switch Specifications

The characteristics of practical semiconductor devices differ from those of an ideal
device. The device manufacturers supply data sheets describing the device parameters
and their ratings. There are many parameters that are important to the devices. The
most important among these are:

Voltage ratings: Forward and reverse repetitive peak voltages, and an on-state
forward voltage drop.

Current ratings: Average, root-mean-square (rms), repetitive peak, nonrepetitive
peak, and off-state leakage currents.

Switching speed or frequency: Transition from a fully nonconducting to a fully
conducting state (turn-on) and from a fully conducting to a fully nonconducting
state (turn-off) are very important parameters. The switching period T and fre-
quency f; are given by

== L (1.6)

T, ta+t+t,+t,++1,

where ¢, is the off-time during which the switch remains off. The timing involved
in the switching process of a practical switch, as shown in Figure 1.13b, limits the
maximum switching period. For example, if t; = t, =1, = t;, = t; = 1, = lps,
T; = 6 ps and the maximum permission frequency is fgmax) = 1/7; = 166.67kHz.
di/dt rating: The device needs a minimum amount of time before its whole con-
ducting surface comes into play in carrying the full current. If the current rises
rapidly, the current flow may be concentrated to a certain area and the device may
be damaged. The di/dt of the current through the device is normally limited by
connecting a small inductor in series with the device, known as a series snubber.

dv/dt rating: A semiconductor device has an internal junction capacitance C;. If
the voltage across the switch changes rapidly during turn-on, turn-off, and also
while connecting the main supply, the initial current, the current C; dv/dt flowing
through C; may be too high, thereby causing damage to the device. The dv/dt of
the voltage across the device is limited by connecting an RC circuit across the
device, known as a shunt snubber, or simply snubber.

Switching losses: During turn-on the forward current rises before the forward
voltage falls, and during turn-off the forward voltage rises before the current falls.
Simultaneous existence of high voltage and current in the device represents power
losses as shown in Figure 1.13. Because of their repetitiveness, they represent a
significant part of the losses, and often exceed the on-state conduction losses.
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Gate-drive requirements: The gate-drive voltage and current are important
parameters to turn on and off a device. The gate-driver power and the energy
requirement are very important parts of the losses and total equipment cost.
With large and long current pulse requirements for turn-on and turn-off, the
gate-drive losses can be significant in relation to the total losses and the cost of
the driver circuit can be higher than the device itself.

Safe operating area (SOA): The amount of heat generated in the device is pro-
portional to the power loss, that is, the voltage—current product. For this product
to be constant P = vi and equal to the maximum allowable value, the current
must be inversely proportional to the voltage. This yields the SOA limit on the
allowable steady-state operating points in the voltage—current coordinates.

Pt for fusing: This parameter is needed for fuse selection. The ¢ of the device
must be less than that of the fuse so that the device is protected under fault cur-
rent conditions.

Temperatures: Maximum allowable junction, case and storage temperatures, usu-
ally between 150°C and 200°C for junction and case, and between —50°C and
175°C for storage.

Thermal resistance: Junction-to-case thermal resistance, Qj¢, case-to-sink ther-
mal resistance, Q¢g; and sink-ambient thermal resistance, Qg4. Power dissipa-
tion must be rapidly removed from the internal wafer through the package and
ultimately to the cooling medium. The size of semiconductor power switches is
small, not exceeding 150 mm, and the thermal capacity of a bare device is too
low to safely remove the heat generated by internal losses. Power devices are
generally mounted on heat sinks. Thus, removing heat represents a high cost of
equipment.

POWER SEMICONDUCTOR DEVICES

Since the first thyristor SCR was developed in late 1957, there have been tremendous
advances in the power semiconductor devices. Until 1970, the conventional thyristors
had been exclusively used for power control in industrial applications. Since 1970, vari-
ous types of power semiconductor devices were developed and became commercially
available. Figure 1.14 shows the classification of the power semiconductors, which are
made of either silicon or silicon carbide. Silicon carbide devices are, however, under
development. A majority of the devices are made of silicon. These devices can be di-
vided broadly into three types: (1) power diodes, (2) transistors, and (3) thyristors.
These can further be divided broadly into five types: (1) power diodes, (2) thyristors,
(3) power bipolar junction transistors (BJTs), (4) power metal oxide semiconductor
field-effect transistors (MOSFETS), and (5) insulated-gate bipolar transistors (IGBTs)
and static induction transistors (SITs).

The earlier devices were made of silicon materials and the new devices are made
of silicon carbide. The diodes are made of only one prn-junction, whereas transistors
have two pn-junctions and thyristors have three pn-junctions. As the technology grows
and power electronics finds more applications, new power devices with higher tem-
perature capability and low losses are still being developed.
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Classification of the power semiconductors. [Ref. 2, S. Bernet]

Silicon carbide electrons need almost three times more energy to reach the conduc-
tion band as compared to silicon. As a result, SiC-based devices withstand far higher volt-
ages and temperatures than their silicon counterparts. A SiC-based device can have the
same dimensions as a silicon device but can withstand 10 times the voltage. Also, a SiC
device can be less than a tenth the thickness of a silicon device but carry the same volt-
age rating. These thinner devices are faster and boast less resistance, which means less
energy is lost to heat when a silicon carbide diode or transistor is conducting electricity.

Research and development has led to the characterization of 4H-SiC power
MOSFETs for blocking voltages of up to 10 kV at 10 A [13, 14]. When compared with the
state-of-the-art 6.5-kV Si IGBT, the 10-kV SiC MOSFETs have a better performance [12].
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A 13-kV 4H-SiC N-channel IGBT with low on-state resistance and fast switching has
also been reported [14]. These IGBTSs [7, 15] exhibit strong conductivity modulation
in the drift layer and significant improvement in the on-state resistance compared to
10-kV MOSFET. The SiC power devices are expected to go through an evolution over
the next few years, which should lead to a new era of power electronics and applications.
Figure 1.15 shows the power range of commercially available power semiconduc-
tors. The ratings of commercially available power semiconductor devices are shown
in Table 1.3, where the on-state resistance can be determined from the on-state volt-
age drop of the device at the specified current. Table 1.4 shows the symbols and the v-i
characteristics of commonly used power semiconductor devices. Power semiconductors
fall into one of the three types: diodes, thyristors, and transistors. A conducting diode
offers a very small resistance when its anode voltage is higher than the cathode voltage,
and a current flows through the diode. A thyristor is normally turned on by applying a
pulse of short duration, typically 100 ps. A thyristor offers a low resistance in the on-state,
while it behaves as an open circuit in the off-state and offers a very high resistance.
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Power ranges of commercially available power semiconductors. [Ref. 2, S. Bernet]
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TABLE 1.3 Ratings of Power Semiconductor Devices

Upper On-State
Device Voltage/Current  Frequency Switching  Resistance
Type Devices Rating (Hz) Time (us) Q)
Power Power General 4000 V/4500 A 1k 50-100 0.32m
diodes diodes purpose 6000 V/3500 A 1k 50-100 0.6 m
600 V/9570 A 1k 50-100 0.1m
2800 V/1700 A 20k 5-10 0.4m
High speed 4500 V/1950 A 20k 5-10 1.2m
6000 V/1100 A 20k 5-10 1.96 m
600 V/17 A 30k 0.2 0.14
Schottky 150 V/80 A 30k 0.2 8.63m
Power Bipolar Single 400 V/250 A 25k 9 4m
transistors transistors 400 V/40 A 30k 6 31m
630 V/50 A 35k 2 15m
Darlington 1200 V/400 A 20k 30 10 m
MOSFETs Single 800 V/1.5 A 100 k 1.6 1
COOLMOS Single 800 V/7.8 A 125k 2 12m
600 V/40 A 125k 1 0.12m
1000 V/6.1 A 125k 1.5 20
IGBTs Single 2500 V/2400 A 100 k 5-10 23m
1200 V/52 A 100 k 5-10 0.13
1200 V/25 A 100 k 5-10 0.14
1200 V/80 A 100 k 5-10 44 m
1800 V/2200 A 100 k 5-10 1.76 m
SITs 1200 V/300 A 100 k 0.5 12
Thyristors Phase Line- 6500 V/4200 A 60 100-400 0.58 m
(silicon- control commutated 2800 V/1500 A 60 100400 0.72m
controlled thyristors low speed 5000 V/4600 A 60 100400 0.48 m
rectifiers) 5000 V/3600 A 60 100-400 0.50 m
5000 V/5000 A 60 100400 0.45m
Forced- Reverse 2800 V/1850 A 20k 20-100 0.87m
turned-off blocking high 1800 V/2100 A 20k 20-100 0.78 m
thyristors speed 4500 V/3000 A 20k 20-100 0.5m
6000 V/2300 A 20k 20-100 0.52m
4500 V/3700 A 20k 20-100 0.53m
Bidirectional 4200 V/1920 A 20k 20-100 0.77 m
RCT 2500 V/1000 A 20k 20-100 21m
GATT 1200 V/400 A 20k 10-50 22m
Light triggered 6000 V/1500 A 400 200-400 0.53m
Self-turned- GTO 4500 V/4000 A 10k 50-110 1.07 m
off thyristors HD-GTO 4500 V/3000 A 10k 50-110 1.07 m
Pulse GTO 5000 V/4600 A 10k 50-110 0.48 m
SITH 4000 V/2200 A 20k 5-10 5.6m
MTO 4500 V/500 A Sk 80-110 10.2 m
ETO 4500 V/4000 A Sk 80-110 0.5m
IGCT 4500 V/3000 A Sk 80-110 0.8 m
TRIACs Bidirectional 1200 V/300 A 400 200-400 3.6m
MCTs Single 4500 V/250 A S5k 50-110 10.4 m
1400 V/65 A Sk 50-110 28 m
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TABLE 1.4 Characteristics and Symbols of Some Power Devices

Devices Symbols Characteristics
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A transistor is turned on by applying a gate control voltage. As long as the gate
voltage is applied, the transistor remains turned on and it switches to off-state if the
gate voltage is removed. The collector—emitter voltage of a bipolar transistor (simply
BJT) depends on its base current. As a result, a significant amount of base current may
be needed to drive a BJT switch into the low resistance saturation region. On the other
hand, the drain—source voltage of a MOS-type (metal oxide semiconductor) transistor
depends on its gate voltage and its gate current is negligible. As a result an MOSFET
does not require any gate current, and the gate power to drive a MOSFET switch into
the low resistance saturation region is negligible. A power semiconductor device with
a MOS-type of gate control is preferable and the development of power devices tech-
nology is progressing accordingly.

Figure 1.16 shows the applications and frequency range of power devices.
The ratings of power devices are continuously improving and one should check the
available power devices. A superpower device should (1) have a zero on-state voltage,
(2) withstand an infinite off-state voltage, (3) handle an infinite current, and (4) turn
on and off in zero time, thereby having infinite switching speed.

With the development of SiC-based power devices, the switching time and the
on-state resistance would be significantly reduced while the device voltage rating would
increase almost 10 times. As a result, the applications of power devices in Figure 1.16
are expected to change.
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FIGURE 1.16

Applications of power devices. (Courtesy of Powerex, Inc.)
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CONTROL CHARACTERISTICS OF POWER DEVICES

The power semiconductor devices can be operated as switches by applying control
signals to the gate terminal of thyristors (and to the base of bipolar transistors). The
required output is obtained by varying the conduction time of these switching devices.
Figure 1.17 shows the output voltages and control characteristics of commonly used
power switching devices. Once a thyristor is in a conduction mode, the gate signal of
either positive or negative magnitude has no effect and this is shown in Figure 1.17a.

When a power semiconductor device is in a normal conduction mode, there is a
small voltage drop across the device. In the output voltage waveforms in Figure 1.17,
these voltage drops are considered negligible, and unless specified this assumption is
made throughout the following chapters.

The power semiconductor switching devices can be classified on the basis of:

1. Uncontrolled turn-on and turn-off (e.g., diode);

2. Controlled turn-on and uncontrolled turn-off (e.g., SCR);

3. Controlled turn-on and -off characteristics (e.g., BJT, MOSFET, GTO, SITH,
IGBT, SIT, MCT);

4. Continuous gate signal requirement (BJT, MOSFET, IGBT, SIT);

5. Pulse gate requirement (e.g., SCR, GTO, MCT);

6. Bipolar voltage-withstanding capability (SCR, GTO);

7. Unipolar voltage-withstanding capability (BJT, MOSFET, GTO, IGBT, MCT);

8. Bidirectional current capability (TRIAC, RCT);

9. Unidirectional current capability (SCR, GTO, BJT, MOSFET, MCT, IGBT,

SITH, SIT, diode).

Table 1.5 shows the switching characteristics in terms of its voltage, current, and
gate signals.

DEVICE CHOICES

Although, there are many power semiconductor devices, none of them have the ideal
characteristics. Continuous improvements are made to the existing devices and new
devices are under development. For high-power applications from the ac 50- to 60-Hz
main supply, the phase control and bidirectional thyristors are the most economi-
cal choices. COOLMOSs and IGBTs are the potential replacements for MOSFETs
and BJTs, respectively, in low- and medium-power applications. GTOs and IGCTs are
most suited for high-power applications requiring forced commutation. With the con-
tinuous advancement in technology, IGBTs are increasingly employed in high-power
applications and MCTs may find potential applications that require bidirectional
blocking voltages.

With a long list of available devices as listed in Table 1.3, it a daunting task to
decide which one to select. Some of the devices in the list are intended for specialized
applications. The continued development in new semiconductor structures, materi-
als, and fabrication brings to the market many new devices with higher power ratings
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Control characteristics of power switching devices.
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TABLE 1.6 Device Choices for Different Power Levels

Choices Low Power Medium Power High Power
Power Range Up to 2 kW 2 to 500 kW More than 500 kW
Usual Converter ac-dc, dc-dc ac-dc, dc-dc, dc-ac ac-dc, dc-ac
Topologies
Typical Power MOSFET MOSFET, IGBT IGBT, IGCT, thyristor
Semiconductors
Technology Trend High power density Small volume and High nominal power
High efficiency weight of the converter
Low cost and high High power quality
efficiency and stability
Typical Applications Low-power devices Electric vehicles Renewable energy
Appliances Photovoltaic roofing Transportation
Power distribution
Industry

Source: Ref. 8, Kazmierkowski, et al.

and improved characteristics. The most common power electronic devices are power
MOSFETs and IGBTs for low- and medium-power applications. For a very high power
range, the thyristors and IGCTs are being used.

Table 1.6 shows the device choices for different applications at different power
levels [8]. The choice of the devices will depend on the type of input supply: ac or dc.
It is often necessary to use more than one conversion stage. The following guidelines
in general can be used to select a device for most applications depending on the type
of input supply.

For a dc input source:

1. Check if a power MOSFET can meet the voltage, the current, and the frequency
of the intended applications.

2. If you cannot find a suitable power MOSFET, check if an IGBT can meet the
voltage, the current, and the frequency of the intended applications.

3. If you cannot find a suitable power MOSFET or an IGBT, check if a GTO or
an IGCT can meet the voltage, the current, and the frequency of the intended
applications.

For an ac input source:

1. Check if a TRIAC can meet the voltage, the current, and the frequency of the
intended applications.

2. If you cannot find a suitable TRIAC, check if a thyristor can meet the voltage,
the current, and the frequency of the intended applications.

3. If you cannot find a suitable TRIAC or a thyristor, you can use a diode rectifier
to convert the ac source into a dc source. Check if an MOSFET or an IGBT can
meet the voltage, the current, and the frequency of the intended applications.
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POWER MODULES

Power devices are available as a single unit or in a module. A power converter often
requires two, four, or six devices, depending on its topology. Power modules with dual
(in half-bridge configuration) or quad (in full bridge) or six (in three phase) are avail-
able for almost all types of power devices. The modules offer the advantages of lower
on-state losses, high voltage and current switching characteristics, and higher speed
than that of conventional devices. Some modules even include transient protection
and gate-drive circuitry.

INTELLIGENT MODULES

Gate-drive circuits are commercially available to drive individual devices or modules.
Intelligent modules, which are the state-of-the-art power electronics, integrate the
power module and the peripheral circuit. The peripheral circuit consists of input or
output isolation from, and interface with, the signal and high-voltage system, a drive
circuit, a protection and diagnostic circuit (against excess current, short circuit, an open
load, overheating, and an excess voltage), microcomputer control, and a control power
supply. The users need only to connect external (floating) power supplies. An intel-
ligent module is also known as smart power. These modules are used increasingly in
power electronics [4]. Smart power technology can be viewed as a box that interfaces
power source to any load. The box interface function is realized with high-density com-
plementary metal oxide semiconductor (CMOS) logic circuits, its sensing and protec-
tion function with bipolar analog and detection circuits, and its power control function
with power devices and their associated drive circuits. The functional block diagram of
a smart power system [5] is shown in Figure 1.18.

The analog circuits are used for creating the sensors necessary for self-protection
and for providing a rapid feedback loop, which can terminate chip operation harm-
lessly when the system conditions exceed the normal operating conditions. For ex-
ample, smart power chips must be designed to shut down without damage when a short
circuit occurs across a load such as a motor winding. With smart power technology, the
load current is monitored, and whenever this current exceeds a preset limit, the drive
voltage to the power switches is shut off. In addition to this, over-current protection
features such as overvoltage and overtemperature protection are commonly included
to prevent destructive failures. Some manufacturers of devices and modules and their
Web sites are as follows:

Advanced Power Technology, Inc. ~ www.advancedpower.com/

ABB Semiconductors www.abbsem.com/

Bharat Heavy Electricals Ltd http://www.bheledn.com/

Compound Semiconductor http://www.compoundsemiconductor.net/
Collmer Semiconductor, Inc. www.collmer.com

Cree Power http://www.cree.com

Dynex Semiconductor www.dynexsemi.com

Eupec www.eupec.com/p/index.htm

Fairchild Semiconductor http://www.fairchildsemi.com
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Smart power technology
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FIGURE 1.18

Functional block diagram of a smart power. [Ref. 5, J. Baliga]
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PowerTech, Inc.

RCA Corp.

Rockwell Automation

Rockwell Inc.

Reliance Electric

Renesas Electronics Corporation

Siemens

Silicon Power Corp.

Semikron International

Semelab Limits

Siliconix, Inc.

Tokin, Inc.

Toshiba America Electronic
Components, Inc.

TranSiC Semiconductor

Unitrode Integrated Circuits Corp.

Westcode Semiconductors Ltd.

Yole Development

www.power-tech.com/
www.rca.com/
http://www.ab.com
www.rockwell.com
www.reliance.com
http://www.renesas.com/
WWwWw.siemens.com
www.siliconpower.com/
www.semikron.com/
http://www.semelab-tt.com
www.siliconix.com
www.tokin.com/

www.toshiba.com/taec/
http://www.transic.com
www.unitrode.com/
www.westcode.com/ws-prod.html
http://www.yole.fr
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There are many professional journals and conferences in which the new developments are
published. The Institute of Electrical and Electronics Engineers (IEEE) e-library Explore
is an excellent tool in finding articles published in the IET journals and magazines, and in
the IEEE journals, magazines, and sponsored conferences. Some of them are:

IEEE e_Library

IEEE Industrial Electronics Magazine

IEEE Industry Applications Magazine

IEEE Power & Energy Magazine

IEEE Transactions on Aerospace and Systems
IEEE Transactions on Industrial Electronics
IEEE Transactions on Industry Applications
IEEE Transactions on Power Delivery
IEEE Transactions on Power Electronics

IET Proceedings on Electric Power

http://ieeexplore.ieee.org/

magazine/
http://magazine.ieee-pes.org/
http://ieeexplore.ieee.org/
www.ieee.org/
www.ieee.org/
www.ieee.org/
www.ieee.org/
www.ieee.org/
www.iet.org/Publish/

Applied Power Electronics Conference (APEC)

European Power Electronics Conference (EPEC)

IEEE Industrial Electronics Conference (IECON)

IEEE Industry Applications Society (IAS) Annual Meeting
International Conference on Electrical Machines (ICEM)
International Power Electronics Conference (IPEC)

International Power Electronics Congress (CIEP)

International Telecommunications Energy Conference (INTELEC)
Power Conversion Intelligent Motion (PCIM)

Power Electronics Specialist Conference (PESC)

http://ieee-ies.org/index.php/pubs/
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SUMMARY

As the technology for the power semiconductor devices and integrated circuits devel-
ops, the potential for the applications of power electronics becomes wider. There are
already many power semiconductor devices that are commercially available; however,
the development in this direction is continuing. The power converters fall generally
into six categories: (1) rectifiers, (2) ac-dc converters, (3) ac-ac converters, (4) dc—dc
converters, (5) dc—ac converters, and (6) static switches. The design of power electron-
ics circuits requires designing the power and control circuits. The voltage and current
harmonics that are generated by the power converters can be reduced (or minimized)
with a proper choice of the control strategy.
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PROBLEMS
1.1

1.2

1.3

What is power electronics?

What are the various types of thyristors?

What is a commutation circuit?

What are the conditions for a thyristor to conduct?

How can a conducting thyristor be turned off?

What is a line commutation?

What is a forced commutation?

What is the difference between a thyristor and a TRIAC?

What is the gating characteristic of a GTO?

What is the gating characteristic of an MTO?

What is the gating characteristic of an ETO?

What is the gating characteristic of an IGCT?

What is turn-off time of a thyristor?

What is a converter?

What is the principle of ac—dc conversion?

What is the principle of ac—ac conversion?

What is the principle of dc—dc conversion?

What is the principle of dc—ac conversion?

What are the steps involved in designing power electronics equipment?
What are the peripheral effects of power electronics equipment?

What are the differences in the gating characteristics of GTOs and thyristors?
What are the differences in the gating characteristics of thyristors and transistors?
What are the differences in the gating characteristics of BJTs and MOSFETs?
What is the gating characteristic of an IGBT?

What is the gating characteristic of an MCT?

What is the gating characteristic of an SIT?

What are the differences between BJTs and IGBTs?

What are the differences between MCTs and GTOs?

What are the differences between SITHs and GTOs?

What are the conversion types and their symbols?

What are the main blocks of a typical power converter?

What are the issues to be addressed for the design of a power converter?
What are the advantages of SiC power devices over the Si power devices?
What are the guidelines for the device choices for different applications?

57

The peak value of the current waveform through a power device as shown in Figure 1.10a
is Ip = 100 A. If T, = 8.3 ms and the period T = 16.67 ms, calculate the rms current Igys

and average current /5y g through the device.

The peak value of the current waveform through a power device as shown in Figure 1.10b
is Ip = 100 A. If the duty cycle k = 50% and the period T = 16.67 ms, calculate the rms

current Igys and average current /5y through the device.

The peak value of the current waveform through a power device as shown in Figure 1.10c
is Ip = 100 A. If the duty cycle kK = 80% and the period T = 16.67 ms, calculate the rms

current Igys and average current /5y through the device.
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1.4 The peak value of the current waveform through a power device as shown in Figure 1.10d

1.5

1.6

is Ip = 100 A. If the duty cycle kK = 40% and the period T = 1 ms, calculate the rms cur-
rent Irpys and average current /5y through the device.

The current waveform through a power device is shown in Figure 1.10e. If I, = 80 A,
I, = 100 A, the duty cycle kK = 40%, and the period 7 = 1 ms, calculate the rms current
Irms and average current /5y through the device.

The peak value and rms value of the current waveform through a power device as shown
in Figure 1.10f are Ip = 150 A and Igyps = 75 A respectively. If Ty = 1.5 ms, calculate the
duty cycle and time period.



PART | Power Diodes and Rectifiers

CHAPTER 2

Power Diodes and Switched
RLC Circuits

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

Explain the operating principal of power diodes.

Describe the diode characteristics and its circuit models.

List the types of power diodes.

Explain the series and parallel operation of diodes.

Derive the SPICE diode model.

Explain the reverse recovery characteristics of power diodes.

Calculate the reverse recovery current of diodes.

Calculate the steady-state capacitor voltages of an RC circuit and the amount of stored energy.
Calculate the steady-state inductor currents of an RL circuit and the amount of stored energy.
Calculate the steady-state capacitor voltages of an LC circuit and the amount of stored energy.
Calculate the steady-state capacitor voltage of an RLC circuit and the amount of stored
energy.

Determine the initial di/dt and dv/dt of RLC circuits.

Symbols and Their Meanings

Symbol Meaning

ip,Vp Instantaneous diode current and voltage, respectively

i(0),is(t) Instantaneous current and supply current, respectively

Ip,Vp Dc diode current and voltage, respectively

Is

Leakage (or reverse saturation) current

Io

Steady-state output current

Igy, Iy Leakage (or reverse saturation) currents of diodes Dy and D, _respectively

Reverse recovery current

Reverse recovery time

Thermal voltage

(continued)
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Symbol Meaning

Vo1, Vo Voltage drops across diodes D; and D, respectively

Ver, VrM Reverse breakdown and maximum repetitive voltages, respectively

VR, Ve, VI, Instantaneous voltages across a resistor, a capacitor, and an inductor,

respectively

Veco,vs, Vs Initial capacitor, instantaneous supply, and dc supply voltages, respectively

ORr

Reverse storage charge

T

Time constant of a circuit

n

Empirical emission constant

2.1

2.2

INTRODUCTION

Many applications have been found for diodes in electronics and electrical engineering
circuits. Power diodes play a significant role in power electronics circuits for conver-
sion of electric power. Some diode circuits that are commonly encountered in power
electronics for power processing are reviewed in this chapter.

A diode acts as a switch to perform various functions, such as switches in rec-
tifiers, freewheeling in switching regulators, charge reversal of capacitor and energy
transfer between components, voltage isolation, energy feedback from the load to the
power source, and trapped energy recovery.

Power diodes can be assumed as ideal switches for most applications but practi-
cal diodes differ from the ideal characteristics and have certain limitations. The power
diodes are similar to pn-junction signal diodes. However, the power diodes have
larger power-, voltage-, and current-handling capabilities than those of ordinary sig-
nal diodes. The frequency response (or switching speed) is low compared with that of
signal diodes.

Inductors L and capacitors C, which are the energy storage elements, are com-
monly used in power electronics circuits. A power semiconductor device is used to
control the amount of energy transfer in a circuit. A clear understanding of the switch-
ing behaviors of RC, RL, LC, and RLC circuits are prerequisites for understanding the
operation of power electronics circuits and systems. In this chapter, we will use a diode
connected in series with a switch to exhibit the characteristics of a power device and
analyze switching circuits consisting of R, L, and C. The diode allows a unidirectional
current flow and the switch performs the on and off functions.

SEMICONDUCTOR BASICS

Power semiconductor devices are based on high-purity, single-crystal silicon. Single
crystals of several meters long and with the required diameter (up to 150 mm) are
grown in the so-called float zone furnaces. Each huge crystal is sliced into thin wafers,
which then go through numerous process steps to turn into power devices.
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TABLE 2.1 A Portion of the Periodic Table Showing Elements Used in Semiconductor Materials

Group
Period I 111 v \'% VI
2 B C N O
Boron Carbon Nitrogen Oxygen
3 Al Si P S
Aluminum Silicon Phosphorus Sulfur
4 Zn Ga Ge As Se
Zinc Gallium Germanium Arsenic Selenium
5 Cd In Sn Sn Te
Cadmium Indium Tin Antimony Tellurium
6 Hg
Mercury
Elementary Si
Semiconductors Silicon
Ge,
Germanium
Compound SiC GaAs
Semiconductors Silicon carbide Gallium arsenide
SiGe

Silicon germanium

The most commonly used semiconductors are silicon and germanium [1] (Group IV
in the periodic table as shown in Table 2.1) and gallium arsenide (Group V). Silicon
materials cost less than germanium materials and allow diodes to operate at higher
temperatures. For this reason, germanium diodes are rarely used.

Silicon is a member of Group IV of the periodic table of elements, that is, hav-
ing four electrons per atom in its outer orbit. A pure silicon material is known as an
intrinsic semiconductor with resistivity that is too low to be an insulator and too high
to be a conductor. It has high resistivity and very high dielectric strength (over 200 kV/
cm). The resistivity of an intrinsic semiconductor and its charge carriers that are avail-
able for conduction can be changed, shaped in layers, and graded by implantation of
specific impurities. The process of adding impurities is called doping, which involves
a single atom of the added impurity per over a million silicon atoms. With different
impurities, levels and shapes of doping, high technology of photolithography, laser cut-
ting, etching, insulation, and packaging, the finished power devices are produced from
various structures of n-type and p-type semiconductor layers.

® n-type material: If pure silicon is doped with a small amount of a Group V ele-
ment, such as phosphorus, arsenic, or antimony, each atom of the dopant forms
a covalent bond within the silicon lattice, leaving a loose electron. These loose
electrons greatly increase the conductivity of the material. When the silicon is
lightly doped with an impurity such as phosphorus, the doping is denoted as
n-doping and the resultant material is referred to as n-type semiconductor. When
it is heavily doped, it is denoted as n+ doping and the material is referred to as
n+-type semiconductor.
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e p-type material: If pure silicon is doped with a small amount of a Group III
element, such as boron, gallium, or indium, a vacant location called a hole is in-
troduced into the silicon lattice. Analogous to an electron, a hole can be consid-
ered a mobile charge carrier as it can be filled by an adjacent electron, which in
this way leaves a hole behind. These holes greatly increase the conductivity of the
material. When the silicon is lightly doped with an impurity such as boron, the
doping is denoted as p-doping and the resultant material is referred to as p-type
semiconductor. When it is heavily doped, it is denoted as p+ doping and the
material is referred to as p+-type semiconductor.

Therefore, there are free electrons available in an n-type material and free holes avail-
able in a p-type material. In a p-type material, the holes are called the majority carriers
and electrons are called the minority carriers. In the n-type material, the electrons are
called the majority carriers and holes are called the minority carriers. These carriers
are continuously generated by thermal agitations, they combine and recombine in ac-
cordance to their lifetime, and they achieve an equilibrium density of carriers from
about 10'° to 10'3/ecm?® over a range of about 0°C to 1000°C. Thus, an applied electric
field can cause a current flow in an n-type or p-type material.

Silicon carbide (SiC) (compound material in Group IV of the periodic table) is
a promising new material for high-power/high-temperature applications [9]. SiC has a
high bandgap, which is the energy needed to excite electrons from the material’s va-
lence band into the conduction band. Silicon carbide electrons need about three times
as much energy to reach the conduction band as compared to silicon. As a result, SiC-
based devices withstand far higher voltages and temperatures than their silicon counter-
parts. Silicon devices, for example, can’t withstand electric fields in excess of about 300
kV/cm. Because electrons in SiC require more energy to be pushed into the conduction
band, the material can withstand much stronger electric fields, up to about 10 times the
maximum for silicon. As a result, an SiC-based device can have the same dimensions as
a silicon device but can withstand 10 times the voltage. Also, an SiC device can be less
than a tenth the thickness of a silicon device but carry the same voltage rating. These
thinner devices are faster and have less resistance, which means less energy is lost to
heat when a silicon carbide diode or transistor is conducting electricity.

Key Points of Section 2.2

¢ Free electrons or holes are made available by adding impurities to the pure sili-
con or germanium through a doping process. The electrons are the majority car-
riers in the n-type material whereas the holes are the majority carriers in a p-type
material. Thus, the application of electric field can cause a current flow in an
n-type or a p-type material.

DIODE CHARACTERISTICS

A power diode is a two-terminal pn-junction device [1, 2] and a pn-junction is normally
formed by alloying, diffusion, and epitaxial growth. The modern control techniques in
diffusion and epitaxial processes permit the desired device characteristics. Figure 2.1
shows the sectional view of a pn-junction and diode symbol.
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(a) pn-junction (b) Diode symbol pn-junction and diode symbol.
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When the anode potential is positive with respect to the cathode, the diode is
said to be forward biased and the diode conducts. A conducting diode has a relatively
small forward voltage drop across it; the magnitude of this drop depends on the manu-
facturing process and junction temperature. When the cathode potential is positive
with respect to the anode, the diode is said to be reverse biased. Under reverse-biased
conditions, a small reverse current (also known as leakage current) in the range of
micro- or milliampere flows and this leakage current increases slowly in magnitude
with the reverse voltage until the avalanche or zener voltage is reached. Figure 2.2a
shows the steady-state v—i characteristics of a diode. For most practical purposes, a diode
can be regarded as an ideal switch, whose characteristics are shown in Figure 2.2b.

The v—i characteristics shown in Figure 2.2a can be expressed by an equation
known as Schockley diode equation, and it is given under dc steady-state operation by

Ip = Ig(e¥?"Vr — 1) (2.1)

where Ip = current through the diode, A;
Vp = diode voltage with anode positive with respect to cathode, V;
I; = leakage (or reverse saturation) current, typically in the range 10~
to 1075 A;
n = empirical constant known as emission coefficient, or ideality factor,
whose value varies from 1 to 2.

The emission coefficient n depends on the material and the physical construction of
the diode. For germanium diodes, # is considered to be 1. For silicon diodes, the pre-
dicted value of n is 2, but for most practical silicon diodes, the value of » falls in the
range 1.1 to 1.8.

iD Ip
Ip
—Vir

\ l v
: T 0 vy 0 vp
|
| Reverse

leakage

current

(a) Practical (b) Ideal FIGURE 2.2

v—i characteristics of a diode.
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Vrin Eq. (2.1) is a constant called thermal voltage and it is given by

kT

v
T g

2.2)

where g = electron charge:1.6022 X 10~ coulomb (C);
T = absolute temperature in Kelvin (K = 273 + °C);
k = Boltzmann’s constant: 1.3806 X 1072 J/K.

At a junction temperature of 25°C, Eq. (2.2) gives

kT 13806 X 107> X (273 +25)

V.
T g 1.6022 X 10719

=~ 25.7mV

At a specified temperature, the leakage current Ig is a constant for a given diode. The
diode characteristic of Figure 2.2a can be divided into three regions:

Forward-biased region, where V), > 0
Reverse-biased region, where Vp < 0
Breakdown region, where Vp < —Vpp

Forward-biased region. In the forward-biased region, V, > 0. The diode cur-
rent [ is very small if the diode voltage Vp is less than a specific value Vp (typically
0.7 V). The diode conducts fully if Vp is higher than this value Vyp, which is referred
to as the threshold voltage, cut-in voltage, or turn-on voltage. Thus, the threshold volt-
age is a voltage at which the diode conducts fully.

Let us consider a small diode voltage Vp, = 0.1V, n = 1, and Vy = 25.7mV.
From Eq. (2.1) we can find the corresponding diode current I as

Ip = Ig(e"PVr — 1) = [[®VIX0025T) — 1] = [((48.96 — 1) = 47.96 I

which can be approximated I, = Ise"?"V7 = 48.96 I, that is, with an error of 2.1%.
As vp increases, the error decreases rapidly.

Therefore, for V, > 0.1V, which is usually the case, I, >> I;, and Eq. (2.1) can
be approximated within 2.1% error to

Ip = Is(e""Vr — 1) = Ise"oVr (23)

Reverse-biased region. In the reverse-biased region, Vp < 0. If V, is negative
and |Vp| >=> Vy, which occurs for V;, < —0.1V, the exponential term in Eq. (2.1)
becomes negligibly small compared with unity and the diode current I, becomes

Ip = Ig(eVolVr — 1) = —[ (2.4)
which indicates that the diode current Ip in the reverse direction is constant and

equals Zg.

Breakdown region. In the breakdown region, the reverse voltage is high, usu-
ally with a magnitude greater than 1000 V. The magnitude of the reverse voltage may
exceed a specified voltage known as the breakdown voltage V gg. With a small change
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in reverse voltage beyond Vg, the reverse current increases rapidly. The operation in
the breakdown region will not be destructive, provided that the power dissipation is
within a “safe level” that is specified in the manufacturer’s data sheet. However, it is
often necessary to limit the reverse current in the breakdown region to limit the power
dissipation within a permissible value.

Example 2.1 Finding the Saturation Current

The forward voltage drop of a power diode is V, = 1.2V at I, = 300 A. Assuming that n = 2
and Vy = 25.7mV, find the reverse saturation current /.

Solution
Applying Eq. (2.1), we can find the leakage (or saturation) current /g from

300 = 15[61.2/(2><2547><1073) B 1]

which gives Iy = 2.17746 X 10 8A.

2.4

Key Points of Section 2.3

¢ A diode exhibits a nonlinear v—i characteristic, consisting of three regions: forward
biased, reverse-biased, and breakdown. In the forward condition the diode drop
is small, typically 0.7 V. If the reverse voltage exceeds the breakdown voltage, the
diode may be damaged.

REVERSE RECOVERY CHARACTERISTICS

The current in a forward-biased junction diode is due to the net effect of majority and
minority carriers. Once a diode is in a forward conduction mode and then its forward
current is reduced to zero (due to the natural behavior of the diode circuit or applica-
tion of a reverse voltage), the diode continues to conduct due to minority carriers that
remain stored in the pn-junction and the bulk semiconductor material. The minority
carriers require a certain time to recombine with opposite charges and to be neutral-
ized. This time is called the reverse recovery time of the diode. Figure 2.3 shows two
reverse recovery characteristics of junction diodes. It should be noted that the recov-
ery curves in Figure 2.3 are not scaled and indicate only their shapes. The tailing of
the recovery period is expanded to illustrate the nature of recovery although in reality
t, > t,. The recovery process starts at t = £, when the diode current starts to fall from
the on-state current I at a rate of dildt = —Ip/(t; — ty). The diode is still conducting
with a forward voltage drop of V.

The forward current Iy falls to zero at t = ¢; and then continues to flow in
the reverse direction because the diode is inactive and not capable of blocking
the reverse current flow. At t = t,, the reverse current reaches a value of Igxg and
the diode voltage starts to reverse. After the recovery process is completed at
t = t;, the reverse diode voltage reaches a peak of Vgys. The diode voltage passes
through a transient oscillation period to complete the stored charge recovery until
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Vrm

(a) Soft recovery (b) Abrupt recovery

FIGURE 2.3

Reverse recovery characteristics.

it falls to its normal reverse operating voltage. The complete process is nonlinear
[8] and Figure 2.3 is used only to illustrate the process. There are two types of
recovery: soft and hard (or abrupt). The soft-recovery type is more common. The
reverse recovery time is denoted as ¢,, and is measured from the initial zero cross-
ing of the diode current to 25% of maximum (or peak) reverse current Igzg. The
t,, consists of two components, ¢, and ;. Variable ¢, is due to charge storage in the
depletion region of the junction and represents the time between the zero crossing
and the peak reverse current Igg. The ¢, is due to charge storage in the bulk semi-
conductor material. The ratio #,/t, is known as the softness factor (SF). For practi-
cal purposes, one needs be concerned with the total recovery time ¢,, and the peak
value of the reverse current Izp.

ty =1, + t (2.5)
The peak reverse current can be expressed in reverse di/dt as

di
Irg = 1, di (2.6)
Reverse recovery time t,, may be defined as the time interval between the instant
the current passes through zero during the changeover from forward conduction to
reverse blocking condition and the moment the reverse current has decayed to 25% of
its peak reverse value Igg. Variable ¢,, is dependent on the junction temperature, rate
of fall of forward current, and forward current prior to commutation, /.

Reverse recovery charge Qgpg is the amount of charge carriers that flows across
the diode in the reverse direction due to changeover from forward conduction to re-
verse blocking condition. Its value is determined from the area enclosed by the curve
of the reverse recovery current. Thatis, Qrr = Q1 + O,.

The storage charge, which is the area enclosed by the curve of the recovery current,
is approximately

1 1 1
Orr = 01+ O, = EIRRta + EIRRtb = EIRRtrr (2.7)
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or

Irr = 2Crr (2.8)

trr

Equating Iz in Eq. (2.6) to Igg in Eq. (2.8) gives

_ 20kr

frla = ity (2.9)

If ¢, is negligible as compared to ¢,, which is usually the case (although Figure 2.3a
depicts 1, > t,), t,, = t,, and Eq. (2.9) becomes

20grr
~ | 2.1
Lo dild (2.10)

di
Igr = ZQRRE (2.11)

and

It can be noticed from Eqs. (2.10) and (2.11) that the reverse recovery time ¢,, and the
peak reverse recovery current Izg depend on the storage charge Qg and the reverse
(or reapplied) di/dt. The storage charge is dependent on the forward diode current /.
The peak reverse recovery current Igg, reverse charge Qgg, and the SF are all of interest
to the circuit designer, and these parameters are commonly included in the specifica-
tion sheets of diodes.

If a diode is in a reverse-biased condition, a leakage current flows due to the mi-
nority carriers. Then the application of forward voltage would force the diode to carry
current in the forward direction. However, it requires a certain time known as forward
recovery (or turn-on) time before all the majority carriers over the whole junction can
contribute to the current flow. If the rate of rise of the forward current is high and the
forward current is concentrated to a small area of the junction, the diode may fail.
Thus, the forward recovery time limits the rate of the rise of the forward current and
the switching speed.

Example 2.2 Finding the Reverse Recovery Current

The reverse recovery time of a diode is #,, = 3 s and the rate of fall of the diode current is
di/dt = 30 A/ps. Determine (a) the storage charge Qgg, and (b) the peak reverse current Igg.

Solution
t,, = 3ws and di/dt = 30 A/ps.

a. From Eq. (2.10),

Ldi

Salr= 0.5 X 30A/us X (3 X 107°)2 = 135uC

Orr =
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b. From Eq. (2.11),

di
Irr = \/20krr ;; = V2 X135 x 10 x 30 x 105 = 90A

2.5

2.5.1

Key Points of Section 2.4

¢ During the reverse recovery time ¢,,, the diode behaves effectively as a short cir-
cuit and is not capable of blocking reverse voltage, allowing reverse current flow,
and then suddenly disrupting the current. Parameter ¢,, is important for switching
applications.

POWER DIODE TYPES

Ideally, a diode should have no reverse recovery time. However, the manufacturing
cost of such a diode may increase. In many applications, the effects of reverse recovery
time is not significant, and inexpensive diodes can be used.

Depending on the recovery characteristics and manufacturing techniques, the
power diodes can be classified into the following three categories:

1. Standard or general-purpose diodes
2. Fast-recovery diodes
3. Schottky diodes

General-purpose diodes are available up to 6000 V, 4500 A, and the rating of fast-
recovery diodes can go up to 6000 V, 1100 A. The reverse recovery time varies between
0.1 ws and 5 ps. The fast-recovery diodes are essential for high-frequency switching of
power converters. Schottky diodes have a low on-state voltage and a very small re-
covery time, typically in nanoseconds. The leakage current increases with the voltage
rating and their ratings are limited to 100 V, 300 A. A diode conducts when its anode
voltage is higher than that of the cathode; and the forward voltage drop of a power
diode is very low, typically 0.5 Vto 1.2 V.

The characteristics and practical limitations of these types restrict their applications.

General-Purpose Diodes

The general-purpose rectifier diodes have relatively high reverse recovery time, typi-
cally 25 us; and are used in low-speed applications, where recovery time is not critical
(e.g., diode rectifiers and converters for a low-input frequency up to 1-kHz applica-
tions and line-commutated converters). These diodes cover current ratings from less
than 1 A to several thousands of amperes, with voltage ratings from 50 V to around
5 kV. These diodes are generally manufactured by diffusion. However, alloyed types
of rectifiers that are used in welding power supplies are most cost-effective and rugged,
and their ratings can go up to 1500 V, 400 A.
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FIGURE 2.4

Various general-purpose diode configura-
tions. (Courtesy of Powerex, Inc.)

Figure 2.4 shows various configurations of general-purpose diodes, which basi-
cally fall into two types. One is called a stud, or stud-mounted type; the other is called
a disk, press pak, or hockey-puck type. In a stud-mounted type, either the anode or the
cathode could be the stud.

Fast-Recovery Diodes

The fast-recovery diodes have low recovery time, normally less than 5ps. They are
used in dc—dc and dc—ac converter circuits, where the speed of recovery is often of
critical importance. These diodes cover current ratings of voltage from 50 V to around
3kV, and from less than 1 A to hundreds of amperes.

For voltage ratings above 400 V, fast-recovery diodes are generally made by diffu-
sion and the recovery time is controlled by platinum or gold diffusion. For voltage rat-
ings below 400 V, epitaxial diodes provide faster switching speeds than those of diffused
diodes. The epitaxial diodes have a narrow base width, resulting in a fast recovery time
of as low as 50 ns. Fast-recovery diodes of various sizes are shown in Figure 2.5.
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FIGURE 2.5

Fast-recovery diodes. (Courtesy of
Powerex, Inc.)
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Schottky Diodes

The charge storage problem of a pn-junction can be eliminated (or minimized) in a
Schottky diode. It is accomplished by setting up a “barrier potential” with a contact
between a metal and a semiconductor. A layer of metal is deposited on a thin epitaxial
layer of n-type silicon. The potential barrier simulates the behavior of a pn-junction.
The rectifying action depends on the majority carriers only, and as a result there are
no excess minority carriers to recombine. The recovery effect is due solely to the self-
capacitance of the semiconductor junction.

The recovered charge of a Schottky diode is much less than that of an equivalent pn-
junction diode. Because it is due only to the junction capacitance, it is largely independent
of the reverse di/dt. A Schottky diode has a relatively low forward voltage drop.

The leakage current of a Schottky diode is higher than that of a pn-junction
diode. A Schottky diode with relatively low-conduction voltage has relatively high
leakage current, and vice versa. As a result, the maximum allowable voltage of this
diode is generally limited to 100 V. The current ratings of Schottky diodes vary from
1 to 400 A. The Schottky diodes are ideal for high-current and low-voltage dc power
supplies. However, these diodes are also used in low-current power supplies for
increased efficiency. In Figure 2.6, 20- and 30-A dual Schottky rectifiers are shown.

Key Points of Section 2.5

e Depending on the switching recovery time and the on-state drop, the power
diodes are of three types: general purpose, fast recovery, and Schottky.

FIGURE 2.6
Dual Schottky center rectifiers of 20 and 30 A.

SILICON CARBIDE DIODES

Silicon carbide (SiC) is a new material for power electronics. Its physical properties
outperform Si and GaAs by far. For example, the Schottky SiC diodes manufactured
by Infineon Technologies [3] have ultralow power losses and high reliability. They also
have the following features:

¢ No reverse recovery time;
e Ultrafast switching behavior;
¢ No temperature influence on the switching behavior.
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SiC

Si
FIGURE 2.7

Comparison of reverse recovery time.

The typical storage charge Qgg is 21 nC for a 600-V, 6-A diode and is 23 nC for a 600-V,
10-A device.

The low reverse recovery characteristic of SiC diodes, as shown in Figure 2.7,
has also a low reverse recovery current. It saves energy in many applications such as
power supplies, solar energy conversion, transportations, and other applications such
as welding equipment and air conditioners. SiC power devices enable increased effi-
ciency, reduced solution size, higher switching frequency, and produce significant less
electromagnetic interference (EMI) in a variety of applications.

SILICON CARBIDE SCHOTTKY DIODES

Schottky diodes are used primarily in high frequency and fast-switching applica-
tions. Many metals can create a Schottky barrier on either silicon or GaAs semi-
conductors. A Schottky diode is formed by joining a doped semiconductor region,
usually n-type, with a metal such as gold, silver, or platinum. Unlike a pr-junction
diode, there is a metal to semiconductor junction. This is shown in Figure 2.8a and
its symbol in Figure 2.8b. The Schottky diode operates only with majority carriers.
There are no minority carriers and thus no reverse leakage current as in pn-junction
diodes. The metal region is heavily occupied with conduction band electrons, and
the n-type semiconductor region is lightly doped. When forward biased, the higher
energy electrons in the n-region are injected into the metal region where they give
up their excess energy very rapidly. Since there are no minority carriers, it is a fast-
switching diode.
The SiC Schottky diodes have the following features:

e Lowest switching losses due to low reverse recovery charge;

Fully surge-current stable, high reliability, and ruggedness;
¢ Lower system costs due to reduced cooling requirements;

Higher frequency designs and increased power density solutions.

These devices also have low device capacitance that enhances overall system efficiency,
especially at higher switching frequencies.
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Semiconductor
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FIGURE 2.8

Basic internal structure of a Schottky diode.

SPICE DIODE MODEL

The SPICE model of a diode [4-6] is shown in Figure 2.9b. The diode current I, that
depends on its voltage is represented by a current source. R; is the series resistance,
and it is due to the resistance of the semiconductor. Ry, also known as bulk resistance,
is dependent on the amount of doping. The small-signal and static models that are
generated by SPICE are shown in Figures 2.9c and 2.9d, respectively. Cp is a non-
linear function of the diode voltage vp and is equal to Cp = dq,/dvp, where q, is
the depletion-layer charge. SPICE generates the small-signal parameters from the
operating point.
The SPICE model statement of a diode has the general form

.MODEL DNAME D (P1=V1 P2=V2 P3=V3 ..... PN=VN)

DNAME is the model name and it can begin with any character; however, its word size
is normally limited to 8. D is the type symbol for diodes. P1, P2,...and V1, V2,...are
the model parameters and their values, respectively.

Among many diode parameters, the important parameters [5, 8] for power
switching are:

IS Saturation current

BV Reverse breakdown voltage
IBV  Reverse breakdown current
TT Transit time

CJO  Zero-bias pn capacitance

Because the SiC diodes use a completely new type of technology, the use of SPICE
models for silicon diodes may introduce a significant amount of errors. The manufac-
turers [3] are, however, providing the SPICE models of SiC diodes.
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FIGURE 2.9
SPICE diode model with reverse-biased diode.

Key Points of Section 2.8

¢ The SPICE parameters, which can be derived from the data sheet, may signifi-
cantly affect the transient behavior of a switching circuit.

2.9 SERIES-CONNECTED DIODES

In many high-voltage applications (e.g., high-voltage direct current [HVDC] transmis-
sion lines), one commercially available diode cannot meet the required voltage rating,
and diodes are connected in series to increase the reverse blocking capabilities.
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(a) Circuit diagram (b) v—i characteristics
FIGURE 2.10

Two series-connected diodes with reverse bias.

Let us consider two series-connected diodes as shown in Figure 2.10a. Variables
ip and vp are the current and voltage, respectively, in the forward direction; Vp; and
Vp, are the sharing reverse voltages of diodes Dy and D,, respectively. In practice,
the v—i characteristics for the same type of diodes differ due to tolerances in their
production process. Figure 2.10b shows two v—i characteristics for such diodes. In the
forward-biased condition, both diodes conduct the same amount of current, and the
forward voltage drop of each diode would be almost equal. However, in the reverse
blocking condition, each diode has to carry the same leakage current, and as a result
the blocking voltages may differ significantly.

A simple solution to this problem, as shown in Figure 2.11a, is to force equal volt-
age sharing by connecting a resistor across each diode. Due to equal voltage sharing,
the leakage current of each diode would be different, and this is shown in Figure 2.11b.
Because the total leakage current must be shared by a diode and its resistor,

ip
_ ? vp
v ITr1 D,
D1
§R 1 Ig P
' O
¢ —
Is
V
D2 RZ D2
+ Iga Ig
(a) Circuit diagram (b) v—i characteristics
FIGURE 2.11

Series-connected diodes with steady-state voltage-sharing characteristics.
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StSTZldcy_ Transient
voltage voltage
sharing sharing  FIGURE 2.12

Series diodes with voltage-sharing
networks under steady-state and
transient conditions.

I, = I + Igy = Iy + Ipo (2.12)

However, Iz; = Vpi/R; and Iz, = Vpo/R, = Vpi/R,. Equation (2.12) gives the rela-
tionship between R and R, for equal voltage sharing as

Vb1 Vb1
Ig + —=1Ip + —
SUT R, 27 R
If the resistances are equal, then R = R; = R, and the two diode voltages would be
slightly different depending on the dissimilarities of the two v—i characteristics. The
values of Vp, and Vp, can be determined from Egs. (2.14) and (2.15):

(2.13)

lDl lD2
Ig +—=1Iyp + — 2.14
S1 R 52 R ( )

VDl + VD2 - VS (215)

The voltage sharings under transient conditions (e.g., due to switching loads, the initial
applications of the input voltage) are accomplished by connecting capacitors across
each diode, which is shown in Figure 2.12. R, limits the rate of rise of the blocking
voltage.

Example 2.3 Finding the Voltage-Sharing Resistors

Two diodes are connected in series, as shown in Figure 2.11a, to share a total dc reverse voltage
of Vp = 5kV.The reverse leakage currents of the two diodes are I; = 30mA and Iy, = 35mA.
(a) Find the diode voltages if the voltage-sharing resistances are equal, R; = R, = R = 100kQ).
(b) Find the voltage-sharing resistances R; and R, if the diode voltages are equal,
Vp1 = Vpa = Vp/2.(c) Use PSpice to check your results of part (a). PSpice model parameters of
the diodes are BV = 3kV and IS = 30mA for diode Dy, and IS = 35mA for diode D,.

Solution

a. ISl = 30mA, ISZ = 35mA, and Rl = Rz = R = 100k(). 7VD = 7VD1 - VDZ or
VDZ = VD - VDl' From Eq (214),

v, v,
Yo _, Yo

Iy +
s1 R R
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Substituting Vp, = V) — Vp; and solving for the diode voltage D1, we get

V R
VDl = 70 + 5 (152 - ISl)
\Y%
_ % . 1002kQ (35 X 10 — 30 X 10°%) = 2750V (2.16)

and Vp, = Vp — Vp, = SkV — 2750 = 2250V.

b. ISl = 30mA, 152 = 35mA, and VDI = VD2 = VD/2 = 2.5kV. From Eq (213),
V V
I+ ot =In+ >
Ry R,
which gives the resistance R, for a known value of R; as
VpoR,
Vb — Rilsy — Is1)
Assuming that R; = 100k{}, we get
2.5kV X 100kQ
R, = 3 = = 125kQ
2.5kV — 100kQ X (35 X 107 — 30 X 107)
c¢. The diode circuit for PSpice simulation is shown in Figure 2.13. The list of the circuit
file is as follows:
Example 2.3 Diode Voltage-Sharing Circuit
VS 1 0 DC 5KV
R 1 2 0.01
R1 2 3 100K
R2 3 0 100K
D1 3 2 MOD1
D2 0 3 MOD2
.MODEL MOD1 D (IS=30MA BV=3KV) ; Diode model parameters
.MODEL MOD2 D (IS=35MA BV=3KV) ; Diode model parameters
.OP ; Dc operating point analysis
.END
R 2
1 A%
0.01 Q
D, Ry
100 kQ
+
Ve =/ 5kV 3
FIGURE 2.13 D, Ry
: 100 kQ2
Diode circuit for PSpice simulation

for Example 2.3.
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The results of PSpice simulation are

NAME D1 D2

ID -3.00E-02 Ip;=-30 mA -3.50E-02 Ip,=-35 mA

VD —2.75E+03 Vp;=—2750 V expected -2750 V -2.25E+03 Vp,=—2250 V
expected -2250 V

REQ 1.00E+12 Rp;=1 GQ 1.00E+12 Rpy,=1 GQ

2.10

Note: The SPICE gives the same voltages as expected. A small resistance of
R = 10mQ) is inserted to avoid SPICE error due to a zero-resistance voltage loop.

Key Points of Section 2.9

e When diodes of the same type are connected in series, they do not share the same
reverse voltage due to mismatches in their reverse v—i characteristics. Voltage-
sharing networks are needed to equalize the voltage sharing.

PARALLEL-CONNECTED DIODES

In high-power applications, diodes are connected in parallel to increase the current-
carrying capability to meet the desired current requirements. The current sharings of
diodes would be in accord with their respective forward voltage drops. Uniform current
sharing can be achieved by providing equal inductances (e.g., in the leads) or by con-
necting current-sharing resistors (which may not be practical due to power losses); this
is depicted in Figure 2.14. It is possible to minimize this problem by selecting diodes
with equal forward voltage drops or diodes of the same type. Because the diodes are
connected in parallel, the reverse blocking voltages of each diode would be the same.

The resistors of Figure 2.14a help current sharing under steady-state conditions.
Current sharing under dynamic conditions can be accomplished by connecting coupled
inductors as shown in Figure 2.14b. If the current through D rises, the L di/dt across
L; increases, and a corresponding voltage of opposite polarity is induced across in-
ductor L,. The result is a low-impedance path through diode D, and the current is
shifted to D,. The inductors may generate voltage spikes and they may be expensive
and bulky, especially at high currents.

Up

)
I+

FIGURE 2.14

(a) Steady state (b) Dynamic sharing Parallel-connected diodes.
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Key Points of Section 2.10

¢ When diodes of the same type are connected in parallel, they do not share the
same on-state current due to mismatches in their forward v—i characteristics.
Current sharing networks are needed to equalize the current sharing.

DIODE SWITCHED RC LOAD

Figure 2.15a shows a diode circuit with an RC load. For the sake of simplicity, the di-
odes are considered to be ideal. By “ideal” we mean that the reverse recovery time ¢,,
and the forward voltage drop Vp are negligible. That is, #,, = 0 and V, = 0. The source
voltage Vg is a dc constant voltage. When the switch S is closed at ¢t = 0, the charging
current i that flows through the capacitor can be found from

1 t
VS=1)R+1)C=1)R+C/idt+vc(t=O) (2.18)
Iy

vg = Ri (2.19)

With initial condition v,.(¢t = 0) = 0, the solution of Eq. (2.18) (which is derived in
Appendix D, Eq. D.1) gives the charging current i as

v,
i(t) = Ese—”RC (2.20)

The capacitor voltage v, is

t
v.(t) = é/idr =V, (1 — e ") =V, (1 —e) (2.21)
0
where 1 = RC is the time constant of an RC load. The rate of change of the capacitor
voltage is
dv. Vi
dt ~ RC

e !IRC (2.22)

and the initial rate of change of the capacitor voltage (at t = 0) is obtained from
Eq. (2.22)

do. | _ W
dt |-y RC

(2.23)

We should note that at the instant when the switch is closed at t = 0, the voltage
across the capacitor is zero. The dc supply voltage V¢ will appear in the resistance
R and the current will rise instantaneously to V¢/R. That is, the initial di/dt = o°.

Note: Because the current i in Figure 2.15a is unidirectional and does not tend to
change its polarity, the diode has no effect on circuit operation.
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(a) Circuit diagram

FIGURE 2.15

Diode circuit with an RC load.

Key Points of Section 2.11

2.11 Diode Switched RC Load
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(b) Waveforms
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e The current of an RC circuit that rises or falls exponentially with a circuit time
constant does not reverse its polarity. The initial dv/dt of a charging capacitor in

an RC circuit is Vi/RC.

Example 2.4 Finding the Peak Current and Energy Loss in an RC Circuit

A diode circuit is shown in Figure 2.16a with R = 44 ) and C = 0.1 pF. The capacitor has an
initial voltage, Vo = V. (¢t = 0) = 220V.If switch S is closed at r = 0, determine (a) the peak
diode current, (b) the energy dissipated in the resistor R, and (c) the capacitor voltage att = 2 ps.

Solution
The waveforms are shown in Figure 2.16b.

a. Equation (2.20) can be used with V; = V,, and the peak diode current /, is

20

VCO
= -2 =
P R

(a) Circuit diagram

FIGURE 2.16

Diode circuit with an RC load.

=5A
44

=| =

(b) Waveforms
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b. The energy W dissipated is
W = 0.5CV?% = 0.5 X 0.1 X 10°° X 220> = 0.00242] = 2.42mJ

c¢. ForRC =44 X 01w =4.4psandt = t; = 2ps, the capacitor voltage is

v (t=2ps) = Ve ™RC =220 X 7244 = 139.64V

Note: Because the current is unidirectional, the diode does not affect circuit
operation.

2.12 DIODE SWITCHED RL LOAD
A diode circuit with an RL load is shown in Figure 2.17a. When switch S is closed at

t = 0, the current i through the inductor increases and is expressed as

.
VS=vL+vR=Ld—;+Ri (2.24)

With initial condition i(¢# = 0) = 0, the solution of Eq. (2.24) (which is derived in
Appendix D, Eq. D.2) yields

V,
i(t) == (1 — ¢ 'RL) (2.25)
R
The rate of change of this current can be obtained from Eq. (2.25) as
di _ Vs i
5L (2.26)

and the initial rate of rise of the current (at ¢+ = 0) is obtained from Eq. (2.26):

di v,
e 227
dt|_y L (2:27)

(a) Circuit diagram (b) Waveforms

FIGURE 2.17
Diode circuit with an RL load.
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The voltage v; across the inductor is

i
o (1) = Ld—; = Ve tRIL (2.28)

where L/R = 7is the time constant of an RL load.

We should note that at the instant when the switch is closed at ¢t = 0, the current
is zero and the voltage across the resistance R is zero. The dc supply voltage Vg will
appear across the inductor L. That is,

Ve=1L%
§ dt

which gives the initial rate of change of the current as

di Vs

dt L
which is the same as Eq. (2.27). If there was no inductor, the current would rise instan-
taneously. But due to the inductor, the current will rise with an initial slope of V/L
and the current can be approximated to i = Vs*t/L.

Note: D1 is connected in series with the switch and it will prevent any negative
current flow through the switch if there is an ac input supply voltage, but it is not ap-
plicable for a dc supply. Normally, an electronic switch (BJT or MOSFET or IGBT)
will not allow reverse current flow. The switch, along with the diode D, emulates the
switching behavior of an electronic switch.

The waveforms for voltage v; and current are shown in Figure 2.17b. If t >> L/R,
the voltage across the inductor tends to be zero and its current reaches a steady-state
value of I, = V{/R. If an attempt is then made to open switch Sj, the energy stored in
the inductor (= 0.5Li*) will be transformed into a high reverse voltage across the
switch and diode. This energy dissipates in the form of sparks across the switch; diode
Dy is likely to be damaged in this process. To overcome such a situation, a diode com-
monly known as a freewheeling diode is connected across an inductive load as shown
in Figure 2.24a.

Note: Because the current i in Figure 2.17a is unidirectional and does not tend to
change its polarity, the diode has no effect on circuit operation.

Key Points of Section 2.12

e The current of an RL circuit that rises or falls exponentially with a circuit time
constant does not reverse its polarity. The initial di/df in an RL circuit is V/L.

Example 2.5 Finding the Steady-State Current and the Energy Stored in an Inductor

A diode RL circuit is shown in Figure 2.17a with V5 = 220V, R = 4Q, and L = 5mH. The in-
ductor has no initial current. If switch S is closed at = 0, determine (a) the steady-state diode
current, (b) the energy stored in the inductor L, and (c) the initial di/dt.
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Solution
The waveforms are shown in Figure 2.17b.

a. Eq. (2.25) can be used with t = « and the steady-state peak diode current is

Vs 220
Ip = — =22 =55A
PR 4

b. The energy stored in the inductor in the steady state at a time ¢ tending
W =0.5L13 = 0.5 X 5 X 1073552 = 7.563 mJ
c. Eq. (2.26) can be used to find the initial di/dt as

di Vs 220
dt L _5><10—3_44A/nrls

d. For L/R = SmH/4 = 1.25ms,and ¢t = t; = 1ms, Eq. (2.25) gives the inductor current as

20

i(t=1ms) = = (1 — ™) = X (1 — e %) =30287 A

12.13 DIODE SWITCHED LC LOAD

A diode circuit with an LC load is shown in Figure 2.18a. The source voltage V; is a
dc constant voltage. When switch §; is closed at ¢t = 0, the charging current i of the
capacitor is expressed as

d 1 [
Vi=L—+ — [ idt+ t=20 2.29
=L g = 0) (229)

With initial conditions i(# = 0) = O and v.(¢t = 0) = 0, Eq. (2.29) can be solved for
the capacitor current i as (in Appendix D, Eq. D.3)

i
LF---> ;
I
I
I
0 I t
/2 1
DN I
2, |- S s :
I
Vir———-5 : n=m VLC
I
| I
0 : t
\ gl !
(a) Circuit diagram (b) Waveforms

FIGURE 2.18
Diode circuit with an LC load.
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i(t) = K\/E sin gt (2.30)

= I, sin oyt (2.31)

where wy = 1/VLC and the peak current /,, is

c
I =Vl (2.32)

The rate of rise of the current is obtained from Eq. (2.30) as

di 'V
o= L o8 wot (2.33)

and Eq. (2.33) gives the initial rate of rise of the current (at t = 0) as

di Vi
— = — 2.34
dt |,—g L (2:34)
The voltage v, across the capacitor can be derived as
1 t
v(t) = C/idt = V,(1 — cos wgt) (2.35)
0

Atatimet = t{ = mVLC, the diode current i falls to zero and the capacitor is charged
to 2V,. The waveforms for the voltage v; and current i are shown in Figure 2.18b.

Notes:

¢ Because there is no resistance in the circuit, there can be no energy loss. Thus,
in the absence of any resistance, the current of an LC circuit oscillates and the
energy is transferred from C to L and vice versa.

¢ D is connected in series with the switch and it will prevent any negative current
flow through the switch. In the absence of the diode, the LC circuit will continue
to oscillate forever. Normally, an electronic switch (BJT or MOSFET or IGBT)
will not allow reverse current flow. The switch along with the diode D emulates
the switching behavior of an electronic switch.

e The output of the capacitor C can be connected to other similar circuits con-
sisting of a switch, and a diode connected in series with an L and a C to obtain
multiples of the dc supply voltage V. This technique is used to generate a high
voltage for pulse power and superconducting applications.

Example 2.6 Finding the Voltage and Current in an LC Circuit

A diode circuit with an LC load is shown in Figure 2.19a with the capacitor having an initial
voltage, V. (t = 0) = =V, = V, — 220V;capacitance, C = 20 uF;and inductance, L = 80 nH.



84 Chapter 2 Power Diodes and Switched RLC Circuits

I *****
r I
I
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0 Y t
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3\ Vc() S
3 ih=mVLC
0 : t
FIGURE 2.19 /
Diode circuit with an Veo h \
LC load. (a) Circuit diagram (b) Waveforms

If switch Sy is closed at ¢t = 0, determine (a) the peak current through the diode, (b) the conduc-
tion time of the diode, and (c) the final steady-state capacitor voltage.

Solution
a. Using Kirchhoff’s voltage law (KVL), we can write the equation for the current i as

di 1 ('
LS+~ [idi+v(t=0)=0
Gt e i=0

and the current { with initial conditions of i(r = 0) = 0 and v.(t = 0) = =V, is

solved as
. C .
i(t) = Vco\/;sm ot

where wy = 1/VLC = 10%V20 X 80 = 25,000rad/s. The peak current I,is

C 120
I, = vd,ﬁ = 2204 = 110A

b. Att =1t = wVLC, the diode current becomes zero and the conduction time ¢; of
diode is
ty = wVLC = wV20 X 80 = 125.66 ps

c¢. The capacitor voltage can easily be shown to be

1 t
V(1) = E/Oidl — Vo = =V, cos oyt

Fort = t; = 125.66 ps,v.(t = t;) = —220cos m = 220V.

Note: This is an example of reversing the polarity of a capacitor voltage. Some
applications may require a voltage with a polarity that is opposite of the available voltage.

Key Points of Section 2.13

e The current of an LC circuit goes through a resonant oscillation with a peak
value of Vg (C/L). The diode D stops the reverse current flow and the capacitor
is charged to 2V
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DIODE SWITCHED RLC LOAD

A diode circuit with an RLC load is shown in Figure 2.20. If switch Sy is closed at ¢ = 0,
we can use the KVL to write the equation for the load current i as

L+Rl+/ldl+v (r=0) = (2.36)

with initial conditions i(t = 0) = 0 and v.(t = 0) = V. Differentiating Eq. (2.36)
and dividing both sides by L gives the characteristic equation
d% Rdi i

— et = .
da? Ldt LC 0 (2:37)

Under final steady-state conditions, the capacitor is charged to the source voltage V
and the steady-state current is zero. The forced component of the current in Eq. (2.37)
is also zero. The current is due to the natural component.

The characteristic equation in Laplace’s domain of s is

R 1
+=s+—= 2.
s L5 ™" (238)

and the roots of quadratic equation (2.38) are given by
R R\ 1
=—-—1= — | - 2.
N2 T o <2L) LC (2-39)

Let us define two important properties of a second-order circuit: the damping factor,
R
= — 2.40

and the resonant frequency,

(2.41)

FIGURE 2.20
Diode circuit with an RLC load.
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Substituting these into Eq. (2.39) yields

sip = —a £ Vo — of (2.42)

The solution for the current, which depends on the values of « and w,, would follow
one of the three possible cases.

Case 1. If « = w, the roots are equal, s; = s,, and the circuit is called critically
damped. The solution takes the form

i(t) = (A + Ayt)e™ (2.43)
Case 2. If a > o, the roots are real and the circuit is said to be overdamped. The
solution takes the form

i(1) = A’ + Aye™ (2.44)
Case 3. If o < wy, the roots are complex and the circuit is said to be underdamped.
The roots are

S12 = —a T jo, (2.45)
where w, is called the ringing frequency (or damped resonant frequency) and
o, = V 0} — o The solution takes the form

i(t) = e (A cos wi + Aysin w,t) (2.46)

which is a damped or decaying sinusoidal.

A switched underdamped RLC circuit is used to convert a dc supply voltage into
an ac voltage at the damped resonant frequency. This method is covered in detail in
Chapter 7.

Notes:

e The constants A; and A, can be determined from the initial conditions of the
circuit. Solving for these two constants requires two boundary equations at
i(t=0) and di/dt(t = 0).The ratio of a/w, is commonly known as the damping

ratio, 8 = R/2V C/L. Power electronic circuits are generally underdamped such

that the circuit current becomes near sinusoidal, to cause a nearly sinusoidal ac
output or to turn off a power semiconductor device.

e For critical and underdamped conditions, the current i(f) will not oscillate and
there is no need for the diode.

e Equations (2.43), (2.44), and (2.26) are the general forms for the solution of any
second-order differential equations. The particular form of the solution will de-
pend on the values of R, L, and C.

Example 2.7 Finding the Current in an RLC Circuit

The second-order RLC circuit of Figure 2.20 has the dc source voltage V; = 220V, inductance
L = 2mH, capacitance C = 0.05 wF, and resistance R = 160 (). The initial value of the capacitor
voltageisv.(t = 0) = V,y = 0and conductor currenti(¢t = 0) = 0.If switch S; isclosed att = 0,
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determine (a) an expression for the current i(f), and (b) the conduction time of diode. (c) Draw a
sketch of i(¢). (d) Use PSpice to plot the instantaneous current i for R = 50,160 Q, and 320 ().

Solution

a. FromEq. (2.40),a = R2L = 160 X 10%(2 X 2) = 40,000rad/s, and from Eq. (2.41),
wy = 1/VVLC = 10°rad/s. The ringing frequency becomes

o, = V10'° — 16 x 10® = 91,652rad/s

Because a < w, it is an underdamped circuit and the solution is of the form
i(t) = e (Ajcos it + A;sin o,t)
Att = 0,i(t = 0) = 0 and this gives A; = 0. The solution becomes
i(t) = e ™A, sin ¢

The derivative of i(f) becomes

di _
a = , Cos w,t Ase

When the switch is closed at t = 0, the capacitor offers a low impedance and the
inductor offers a high impedance. The initial rate of rise of the current is limited only
by the inductor L. Thus at ¢ = 0, the circuit di/dt is V/L. Therefore,

di v,

= — A = —
dt |1=o T

af o

— asin w,tAe”

which gives the constant as

Vi 220 X 1,000
oL 91,652 X2
The final expression for the current i(¢) is

i(t) = 1.2sin (91,652t ) 40000

Ay = = 12A

b. The conduction time #; of the diode is obtained when i = 0. That is,

T
- =342
o165z oHTws

c. The sketch for the current waveform is shown in Figure 2.21.

ol =T Oor

i, amp
1.2 1

0.8 1 1 ,26740’0(]0‘

0.4 1

-04 4

-1 2674(1‘()()()1

—0.8
FIGURE 2.21

Current waveform for Example 2.7.
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FIGURE 2.22

RLC circuit for PSpice simulation.

d. The circuit for PSpice simulation [4] is shown in Figure 2.22. The list of the circuit file

is as follows:

Example 2.7 RLC Circuit with Diode
.PARAM VALU = 160
.STEP PARAM VALU LIST 50 160 320

Vs 1 0 PWL (0 0 INS 220V 1MS 220V)
R 2 3 {vaLu}

L 3 4 2MH

c 4 0 0.05UF

D1 1 2 DMOD

.MODEL DMOD D(IS=2.22E-15 BV=1800V)
.TRAN 0.1US 60US

. PROBE

.END

7

I

7

7
7
7

7

I

Define parameter VALU

Vary parameter VALU
Piecewise linear

Variable resistance

Diode with model DMOD
Diode model parameters
Transient analysis
Graphics postprocessor

The PSpice plot of the current /(R) through resistance R is shown in Figure 2.23. The cur-
rent response depends on the resistance R. With a higher value of R, the current becomes
more damped; and with a lower value, it tends more toward sinusoidal. For R = 0, the
peak current becomes V;( C/L) = 220 X (0.05n/2m) = 1.56 A. A circuit designer could
select a value of damping ratio and the values of R, L, and C to generate the desired shape

of the waveform and the output frequency.
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An RLC circuit with a diode Temperature: 27.0

1.0A

0.8 A
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H=TRL RN () Time Cl =14385p., 913.522 m
C2 = 0.000, 0.000
dif = 14.385 p, 913.522 m
FIGURE 2.23
Plots for Example 2.7.

Key Points of Section 2.14

e The current of an RLC circuit depends on the damping ratio 8 = (R/2) (C/L).
Power electronics circuits are generally underdamped such that the circuit cur-
rent becomes near sinusoidal.

FREWHEELING DIODES WITH SWITCHED RL LOAD

If switch S; in Figure 2.24a is closed for time #;, a current is established through the
load; then if the switch is opened, a path must be provided for the current in the
inductive load. Otherwise, the inductive energy induces a very high voltage and this
energy is dissipated as heat across the switch as sparks. This is normally done by con-
necting a diode D,, as shown in Figure 2.24a, and this diode is usually called a free-
wheeling diode. Diode D,, is needed to prove a path for the inductive load current.
Diode D; is connected in series with the switch and it will prevent any negative cur-
rent flow through the switch if there is an ac input supply voltage. But for dc supply,
as shown in Figure 2.24a, there is no need for Dq. The switch along with the diode D,
emulates the switching behavior of an electronic switch.

Att = 0 + (after a finite time at the start of the time clock after zero), the switch
has just closed and the current is still zero. If there was no inductor, the current would
rise instantaneously. But due to the inductor, the current will rise exponentially with
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FIGURE 2.24

Circuit with a freewheeling diode.

an initial slope of V/L as given by Eq. (2.27). The circuit operation can be divided
into two modes. Mode 1 begins when the switch is closed at + = 0, and mode 2 begins
when the switch is then opened. The equivalent circuits for the modes are shown in
Figure 2.24b. Variables i1 and i, are defined as the instantaneous currents for mode
1 and mode 2, respectively; ¢; and t, are the corresponding durations of these modes.

Mode 1. During this mode, the diode current i1, which is similar to Eq. (2.25), is
i(t) = — (1 - ™) (2.47)

When the switch is opened at ¢ = ¢, (at the end of this mode), the current at that time
becomes

v,
L=i(t=1) =ES(1—e—1R/L) (2.48)

If the time # is sufficiently long, the current practically reaches a steady-state current
of I, = V/R flows through the load.

Mode 2. This mode begins when the switch is opened and the load current
starts to flow through the freewheeling diode D,,. Redefining the time origin at the
beginning of this mode, the current through the freewheeling diode is found from
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diy :
0=L~—+Ri (2.49)
with initial condition i, (¢ = 0) = I;. The solution of Eq. (2.49) gives the freewheeling
current iy = i as

ib(t) = Le ™™ (2.50)

and at t = f, this current decays exponentially to practically zero provided that
t, >> L/R. The waveforms for the currents are shown in Figure 2.24c.

Note: Figure 2.24c shows that at ¢ and t,, the currents have reached the steady-
state conditions. These are the extreme cases. A circuit normally operates under
zero-conditions such that the current remains continuous.

Example 2.8 Finding the Stored Energy in an Inductor with a Freewheeling Diode

In Figure 2.24a, the resistance is negligible (R = 0), the source voltage is V;, = 220V (constant
time), and the load inductance is . = 220 wH. (a) Draw the waveform for the load current if the
switch is closed for a time #; = 100 ws and is then opened. (b) Determine the final energy stored
in the load inductor.

Solution

a. The circuit diagram is shown in Figure 2.25a with a zero initial current. When the
switch is closed at t = 0, the load current rises linearly and is expressed as

andatt = t;, I, = Vity/L = 200 X 100/220 = 100 A.

VoA
Ip=25¢ |-——————=
o= h |
I
I
0 : t
1
I
iy I
Sl ]0 ,,,,,,,,,
0 t
1A
I
1 |
/%) S A ——
h
0 t
h
(a) Circuit diagram (b) Waveforms

FIGURE 2.25

Diode circuit with an L load.



92 Chapter 2 Power Diodes and Switched RLC Circuits
b. When switch S is opened at a time ¢ = ¢y, the load current starts to flow through diode
D,,. Because there is no dissipative (resistive) element in the circuit, the load current
remains constant at [, = 100 A and the energy stored in the inductor is 0.5LI = 1.1J.
The current waveforms are shown in Figure 2.25b.
Key Points of Section 2.15
e If the load is inductive, an antiparallel diode known as the freewheeling diode
must be connected across the load to provide a path for the inductive current to
flow. Otherwise, energy may be trapped into an inductive load.
2.16 RECOVERY OF TRAPPED ENERGY WITH A DIODE

In the ideal lossless circuit [7] of Figure 2.25a, the energy stored in the inductor is
trapped there because no resistance exists in the circuit. In a practical circuit, it is desir-
able to improve the efficiency by returning the stored energy into the supply source.
This can be achieved by adding to the inductor a second winding and connecting a
diode Dy, as shown in Figure 2.26a. The inductor and the secondary winding behave as
a transformer. The transformer secondary is connected such that if v; is positive, v, is
negative with respect v, and vice versa. The secondary winding that facilitates returning
the stored energy to the source via diode D1 is known as a feedback winding. Assuming
a transformer with a magnetizing inductance of L,,, the equivalent circuit is as shown
in Figure 2.26b.

If the diode and secondary voltage (source voltage) are referred to the primary
side of the transformer, the equivalent circuit is as shown in Figure 2.26c. Parameters
i1 and i, define the primary and secondary currents of the transformer, respectively.

The turns ratio of an ideal transformer is defined as

_M

a—N1

(2.51)

The circuit operation can be divided into two modes. Mode 1 begins when switch Sy is
closed at + = 0 and mode 2 begins when the switch is opened. The equivalent circuits
for the modes are shown in Figure 2.27a, with #; and ¢, the durations of mode 1 and
mode 2, respectively.

Mode 1. During this mode, switch S is closed at t = 0. Diode D is reverse
biased and the current through the diode (secondary current) is ai, = 0 or i, = 0.
Using the KVL in Figure 2.27a formode 1, V; = (vp — Vj)/a, and this gives the reverse
diode voltage as

vp = V(1 + a) (2.52)
Assuming that there is no initial current in the circuit, the primary current is the same
as the switch current i; and is expressed as

diy
=L,— 2.53
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Circuit with an energy recovery diode. [Ref. 7, S. Dewan]
which gives
. . Vs
ih(t) = ig(t) =L—t for 0=tr=1¢ (2.54)
m

This mode is valid for 0 < ¢ =< ¢, and ends when the switch is opened at t = ¢;. At the
end of this mode, the primary current becomes

|4

IO == 7Sl‘1

Ly,

(2.55)
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FIGURE 2.27

Equivalent circuits and waveforms.
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Mode 2. During this mode the switch is opened, the voltage across the inductor
is reversed, and the diode D; is forward biased. A current flows through the trans-
former secondary and the energy stored in the inductor is returned to the source. Using
the KVL and redefining the time origin at the beginning of this mode, the primary
current is expressed as

dip Vs

L,—+—=0 2.56
mg T . (2.56)

with initial condition ; (f = 0) = I, and we can solve the current as

_ V,
i(t) = _aLSm t+ 1, for 0=t=t (2.57)
The conduction time of diode D1 is found from the condition i;(t = t,) = 0of Eq. (2.57)
and is
aLmIO
L= = at 2.58
2 v, an ( )

Mode 2 is valid for 0 = ¢ =< 1,. At the end of this mode at ¢ = 1,, all the energy stored
in the inductor L,, is returned to the source. The various waveforms for the currents
and voltage are shown in Figure 2.27b for a = 10/6.

Example 2.9 Finding the Recovery Energy in an Inductor with a Feedback Diode

For the energy recovery circuit of Figure 2.26a, the magnetizing inductance of the transformer
is L,, = 250pH, N; = 10, and N, = 100. The leakage inductances and resistances of the trans-
former are negligible. The source voltage is V; = 220V and there is no initial current in the circuit.
If switch Sy is closed for a time #; = 50 us and is then opened, (a) determine the reverse voltage
of diode Dy, (b) calculate the peak value of primary current, (c) calculate the peak value of sec-
ondary current, (d) determine the conduction time of diode Dy, and (e) determine the energy
supplied by the source.

Solution
The turns ratiois a = N,/N; = 100/10 = 10.
a. From Eq. (2.52) the reverse voltage of the diode,
vp = V(1 +a) =220X (1+10) = 2420V
b. From Eq. (2.55) the peak value of the primary current,

S =220 X ﬂ=44A

I, =
°T L, 250

c¢. The peak value of the secondary current Ij, = Iy/a = 44/10 = 4.4 A.
d. From Eq. (2.58) the conduction time of the diode
aLmIO

10
tZZT:250X44X EZSOOMS
s
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e. The source energy,

i by, 1 V2
W = jdt = V,—tdt = ——12
/0”’ /0 ST, 21, '

Using [, from Eq. (2.55) yields
W = 0.5L,,I5 = 0.5 X 250 X 107 X 44> = 0.242] = 242m]J

Key Points of Section 2.16

e The trapped energy of an inductive load can be fed back to the input supply
through a diode known as the feedback diode.

SUMMARY

The characteristics of practical diodes differ from those of ideal diodes. The reverse recov-
ery time plays a significant role, especially at high-speed switching applications. Diodes
can be classified into three types: (1) general-purpose diodes, (2) fast-recovery diodes,
and (3) Schottky diodes. Although a Schottky diode behaves as a pn-junction diode, there
is no physical junction; as a result a Schottky diode is a majority carrier device. On the
other hand, a pn-junction diode is both a majority and a minority carrier diode.

If diodes are connected in series to increase the blocking voltage capability, voltage-
sharing networks under steady-state and transient conditions are required. When diodes
are connected in parallel to increase the current-carrying ability, current-sharing elements
are also necessary.

In this chapter, we have seen the applications of power diodes in voltage reversal
of a capacitor, charging a capacitor more than the dc input voltage, freewheeling ac-
tion, and energy recovery from an inductive load.

The energy can be transferred from a dc source to capacitors and inductors with
a unidirectional switch. An inductor tries to maintain its current constant by allowing
the voltage across it to change, while a capacitor tries to maintain its voltage constant
by allowing the current through it to change.
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PROBLEMS
21

2.2

What are the types of power diodes?

What is a leakage current of diodes?

What is a reverse recovery time of diodes?

What is a reverse recovery current of diodes?

What is a softness factor of diodes?

What are the recovery types of diodes?

What are the conditions for a reverse recovery process to start?

The diode reverse voltage reaches its peak value at what time in the recovery process?
What is the cause of reverse recovery time in a pr-junction diode?

What is the effect of reverse recovery time?

Why is it necessary to use fast-recovery diodes for high-speed switching?

What is a forward recovery time?

What are the main differences between pn-junction diodes and Schottky diodes?

What are the limitations of Schottky diodes?

What is the typical reverse recovery time of general-purpose diodes?

What is the typical reverse recovery time of fast-recovery diodes?

What are the problems of series-connected diodes, and what are the possible solutions?
What are the problems of parallel-connected diodes, and what are the possible solutions?
If two diodes are connected in series with equal-voltage sharings, why do the diode leak-
age currents differ?

What is the time constant of an RL circuit?

What is the time constant of an RC circuit?

What is the resonant frequency of an LC circuit?

What is the damping factor of an RLC circuit?

What is the difference between the resonant frequency and the ringing frequency of an
RLC circuit?

What is a freewheeling diode, and what is its purpose?

What is the trapped energy of an inductor?

How is the trapped energy recovered by a diode?

What will be the effect of having a large inductor in an RL circuit?

What will be the effect of having a very small resistance in an RLC?

What are the differences between a capacitor and an inductor as energy storage elements?

The reverse recovery time of a diode is ¢,, = 5 us, and the rate of fall of the diode current
is dildt = 80 A/ps. If the softness factor is SF = 0.5, determine (a) the storage charge
ORrRg, and (b) the peak reverse current Igg.

The storage charge and the peak reverse current of a diode are Qgrg = 10000 nC and
Izr = 4000. If the softness factor is SF = (.5, determine (a) the reverse recovery time of
the diode t,,, and (b) the rate of fall of the diode current di/dt.
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23

24

2.5

2.6

2.7

238

The reverse recovery time of a diode is #,, = 5 s and the softness factor is SF = 0.5. Plot
both (a) the storage charge Qg and (b) the peak reverse current /zg against the rate of
fall of the diode current from 100 A/ps to 1 kA/ps with an increment of 100 A/ps.

The measured values of a diode at a temperature of 25°C are

Vp = 1.0Vatlp, = 50A
= 1.5Vatlp = 600 A

Determine (a) the emission coefficient n, and (b) the leakage current /.
The measured values of a diode at a temperature of 25°C are

Vp = 12Vatlp, = 100A

Vp = 1.6Vatlp = 1500 A
Determine (a) the emission coefficient n, and (b) the leakage current /.
Two diodes are connected in series as shown in Figure 2.11 and the voltage across each diode is
maintained the same by connecting a voltage-sharing resistor, such that Vj,; = Vp, = 2000V

and R; = 100k{}. The v—i characteristics of the diodes are shown in Figure P2.6. Determine
the leakage currents of each diode and the resistance R, across diode D,.

150
100

50 1
2200 2000 1600 1200 800 400 200
! L

v

FIGURE P2.6

Two diodes are connected in series as shown in Figure 2.11a and the voltage across
each diode is maintained the same by connecting voltage-sharing resistors, such that
Vp1 = Vpp, = 2.2kV and R; = 100kQ. The v—i characteristics of the diodes are shown
in Figure P2.6. Determine the leakage currents of each diode and the resistance R, across
diode D,.

Two diodes are connected in parallel and the forward voltage drop across each diode is
1.5 V. The v—i characteristics of diodes are shown in Figure P2.6. Determine the forward
currents through each diode.
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2.9 Two diodes are connected in parallel and the forward voltage drop across each diode is
2.0 V. The v—i characteristics of the diodes are shown in Figure P2.6. Determine the for-
ward currents through each diode.

2.10 Two diodes are connected in parallel as shown in Figure 2.14a, with current-sharing resis-
tances. The v—i characteristics are shown in Figure P2.6. The total current is I = 200 A.
The voltage across a diode and its resistance is v = 2.5V. Determine the values of resis-
tances R; and R; if the current is shared equally by the diodes.

2.11 Two diodes are connected in parallel as shown in Figure 2.14a, with current-sharing resis-
tances. The v—i characteristics are shown in Figure P2.6. The total current is I = 300 A.
The voltage across a diode and its resistance is v, = 2.8 V. Determine the values of resis-
tances R; and R; if the total current is shared equally by the diodes.

2.12 Two diodes are connected in series as shown in Figure 2.11a. The resistance across the
diodes is Ry = R, = 10k} . The input dc voltage is 5 kV. The leakage currents are
I; = 25mA and I, = 40mA. Determine the voltage across the diodes.

2.13 Two diodes are connected in series as shown in Figure 2.11a. The resistances across the
diodes are R; = R, = 50kQ). The input dc voltage is 10 kV. The voltages across the diodes
are Vp; = 5225V and Vpp, = 4775 V. Determine the leakage currents Ig; and Igp.

2.14 The current waveforms of a capacitor are shown in Figure P2.14. Determine the average,
root mean square (rms), and peak current ratings of the capacitor. Assume Ip = 500 A of
a half sine-wave.

i1A
Ii==
t; =100 ps f, =250 Hz
£, =300 ps
£3 =500 ps
0 : t
[1 lz l3 T\‘ — ]T
=200 f———————————— - :
FIGURE P2.14

2.15 The current waveform of a diode is shown in Figure P2.15. Determine the average, root
mean square (rms), and peak current ratings of the diode. Assume /p = 500 A of a half

sine-wave.
ilA
I
;=100 ps f, = 500 Hz
£, = 300 ps
f; = 500 ps
0 T : T t
ll [2 [3 T ==
s fs
FIGURE P2.15

2.16 The current waveform through a diode is shown in Figure P2.15. If the rms current is
Irms = 120 A, determine the peak current /p and the average current /5y of the diode.

2.17 The current waveform through a diode is shown in Figure P2.15. If the average current is
Invg = 100 A, determine the peak current /p and the rms current Igys of the diode.

2.18 The waveforms of the current flowing through a diode are shown in Figure P2.18.
Determine the average, rms, and peak current ratings of the diode. Assume /p = 300 A
with a half sine-wave of 150 A (peak).



100

Chapter 2 Power Diodes and Switched RLC Circuits
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FIGURE P2.18

The waveforms of the current flowing through a diode are shown in Figure P2.18.
Determine the average, rms, and peak current ratings of the diode. Assume Ip = 150 A
without any half sine wave.

The waveforms of the current flowing through a diode are shown in Figure P2.18. If the
rms current is Irys = 180 A, determine the peak current /p and the average current Iovg
of the diode.

The waveform of the current flowing through a diode is shown in Figure P2.18. If the average
current is [ayg = 30 A, determine the peak current /p and the rms current Igyg of the diode.
The diode circuit as shown in Figure 2.15a has Vg = 220V, R = 4.7Q) , and C = 10uF.
The capacitor has an initial voltage of Vcg (t = 0) = 0. If switch is closed at ¢t = 0, de-
termine (a) the peak diode current, (b) the energy dissipated in the resistor R, and (c) the
capacitor voltage at t = 2 ps.

A diode circuit is shown in Figure P2.23 with R = 22Q and C = 10pF. If switch §; is
closed att = 0, determine the expression for the voltage across the capacitor and the energy
lost in the circuit.

C R
1=
; Ve =220
s, D1
FIGURE P2.23 o >t

The diode RL circuit as shown in Figure 2.17ahas Vg = 110V, R = 4.7Q,and L = 4.5mH.
The inductor has no initial current. If switch Sy is closed at ¢t = 0, determine (a) the steady-
state diode current, (b) the energy stored in the inductor L, and (c) the initial di/dt.

The diode RL circuit as shown in Figure 2.17a has Vg = 220V, R = 4.7Q, and
L = 6.5mH. The inductor has no initial current. If switch S is closed at t = 0, determine (a)
the steady-state diode current, (b) the energy stored in the inductor L, and (c) the initial di/dt.
A diode circuit is shown in Figure P2.26 with R = 10Q), L = S5mH, and V, = 220V. If a
load current of 10 A is flowing through freewheeling diode D,,, and switch S; is closed at
t = 0, determine the expression for the current i through the switch.

+ 0
I
o

FIGURE P2.26 o ®
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2.27 If the inductor of the circuit in Figure 2.18 has an initial current of /,, determine the
expression for the voltage across the capacitor.

2.28 If switch Sy of Figure P2.28 is closed at t = 0, determine the expression for (a) the cur-
rent flowing through the switch i(¢), and (b) the rate of rise of the current di/dt. (¢) Draw
sketches of i(f) and di/dt. (d) What is the value of initial di/dt? For Figure P2.28e, find the
initial di/dt only.

FIGURE P2.28

2.29 The diode circuit with an LC load as shown in Figure 2.18a has an initial capacitor V¢
(t=0) = 0, dcsupply Vg = 110V, capacitance C = 10 wF, and inductance L = 50 nH.
If switch Sy is closed at ¢ = 0, determine (a) the peak current through the diode, (b) the
conduction time of the diode, and (c) the final steady-state capacitor voltage.

2.30 The second-order circuit of Figure 2.20 has the source voltage V,; = 220V, inductance
L = 5mH, capacitance C = 10uF, and resistance R = 22() . The initial voltage of the
capacitor is Vo = 50V.If the switch is closed at ¢ = 0, determine (a) an expression for the
current, and (b) the conduction time of the diode. (¢) Draw a sketch of i(¢).

2.31 Repeat Example 2.7 if L = 4 pH.

2.32 Repeat Example 2.7 if C = 0.5 uF

2.33 Repeat Example 2.7if R = 16 Q.

2.34 In Figure 2.24a, the resistance is negligible (R = 0), the source voltage is Vg = 110V
(constant time), and the load inductance is L = 1mH. (a) Draw the waveform for the
load current if switch S is closed for a time #; = 100 ws and is then opened. (b) Determine
the final energy stored in the load inductor L.

2.35 For the energy recovery circuit of Figure 2.26a, the magnetizing inductance of the trans-
formeris L,, = 150pH, N; = 10, and N, = 200. The leakage inductances and resistances
of the transformer are negligible. The source voltage is V;, = 200V and there is no initial
current in the circuit. If switch Sy is closed for a time #; = 100 s and is then opened,
(a) determine the reverse voltage of diode D, (b) calculate the peak primary current,
(¢) calculate the peak secondary current, (d) determine the time for which diode D; con-
ducts, and (e) determine the energy supplied by the source.

2.36 Repeat Example 2.9if L = 500 nH.
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2.37 Repeat Example 2.9 if N; = 10 and N, = 10.

2.38 Repeat Example 2.9 if Ny = 10 and N, = 1000.

2.39 A diode circuit is shown in Figure P2.39 where the load current is flowing through diode
D,,. If switch Sy is closed at a time ¢t = 0, determine (a) expressions for v.(¢), i.(¢), and
i4(t); (b) time #; when the diode D; stops conducting; (c) time ¢, when the voltage across
the capacitor becomes zero; and (d) the time required for capacitor to recharge to the sup-
ply voltage V.

L D,
Sl 4 V. _ lq

° o o) I la
+ S 0v R

t= V.v c

€ 1,

Vs AN Dm
o—

FIGURE P2.39



CHAPTER 3

Diode Rectifiers

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

List the types of diode rectifiers and their advantages and disadvantages.
Explain the operation and characteristics of diode rectifiers.

List and calculate the performance parameters of diode rectifiers.

Analyze and design diode rectifier circuits.

Evaluate the performances of diode rectifiers by SPICE simulations.
Determine the effects of load inductance on the load current.

Determine the Fourier components of rectifier outputs.

Design output-side filters for diode rectifiers.

Determine the effects of source inductances on the rectifier output voltage.

Symbols and Their Meanings

Symbols

Meaning

ID(aV); ID(rms)

Average and rms diode currents, respectively

Io(av); Io(rms)

Average and rms output currents, respectively

L, I rms primary and secondary currents of an input transformer,
respectively

Py Py dc and ac output powers, respectively

RF; TUF; PF Output ripple factor, transformer utilization factor, and power

factor, respectively

vp(t); ip(t)

Instantaneous diode voltage and diode current, respectively

Instantaneous input supply, output, and ripple voltages,
respectively

Vm; Vo(av); Vo(rms)

Peak, average, and rms output voltages, respectively

Viopys Vipys Virms)

Peak to peak, peak, and rms ripple output voltages, respectively

15 Vs Vs

Transformer turns ratio, rms primary voltage, and secondary
voltage, respectively

103
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Chapter 3 Diode Rectifiers

INTRODUCTION

Diodes are extensively used in rectifiers. A rectifier is a circuit that converts an ac
signal into a unidirectional signal. A rectifier is a type of ac—dc converter. A rectifier
may also be considered as an absolute value converter. If v, is an ac input voltage, the
waveform of the output voltage v, would have the same shape, but the negative part
will appear as a positive value. That is, v, = |v,]. Depending on the type of input sup-
ply, the rectifiers are classified into two types: (1) single phase and (2) three phase. A
single-phase rectifier can be either a half wave or a full wave. A single-phase half-wave
rectifier is the simplest type, but it is not normally used in industrial applications. For
the sake of simplicity the diodes are considered to be ideal. By “ideal” we mean that
the reverse recovery time ¢,, and the forward voltage drop Vj are negligible. That is,
t,, = 0and Vp = 0.

PERFORMANCE PARAMETERS

Although the output voltage of a rectifier in Figure 3.1a should ideally be a pure dc,
the output of a practical rectifier contains harmonics or ripples as shown in Figure 3.1b.
A rectifier is a power processor that should give a dc output voltage with a minimum
amount of harmonic contents. At the same time, it should maintain the input current
as sinusoidal as possible and in phase with the input voltage so that the power factor
is near unity. The power-processing quality of a rectifier requires the determination
of harmonic contents of the input current, the output voltage, and the output current.
We can use the Fourier series expansions to find the harmonic contents of voltages
and currents. The performances of a rectifier are normally evaluated in terms of the
following parameters:

The average value of the output (load) voltage, V.
The average value of the output (load) current, Iy
The output dc power,

Pdc = Vdcldc (31)
v, .
output with ripple
4 o
AC T
/U()
DC — ideal dc

4 o

0 t

(a) Rectifier (b) Output voltage

FIGURE 3.1

Input and output relationship of a rectifier.
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The root-mean-square (rms) value of the output voltage, Vs
The rms value of the output current, I,
The output ac power

Pac = ‘/l'mSIl'mS (3‘2)
The efficiency (or rectification ratio) of a rectifier, which is a figure of merit and
permits us to compare the effectiveness, is defined as

Pdc
"= p (3.3)
It should be noted that m is not the power efficiency. It is the conversion effi-
ciency which is a measure of the quality of the output waveform. For a pure dc output,
the conversion efficiency would be unity.
The output voltage can be considered as composed of two components: (1) the dc
value and (2) the ac component or ripple.
The effective (rms) value of the ac component of output voltage is

vac =V V%ms - v%c (34)

The form factor, which is a measure of the shape of output voltage, is

‘/rms
FF = — 35
Vi (3.5)
The ripple factor, which is a measure of the ripple content, is defined as
Vac
RF = — 3.6
Vi (3.6)
Substituting Eq. (3.4) in Eq. (3.6), the ripple factor can be expressed as
| % 2
RF = <m> - 1= VFF* -1 (3.7)
Vdc
The transformer utilization factor is defined as
Pdc
TUF = 3.8

where V; and I; are the rms voltage and rms current of the transformer secondary,
respectively. The input power can be determined approximately by equating input
power with the output ac power. That is, the power factor is related by

— Pac
Vil
Crest factor (CF), which is a measure of the peak input current Iy(peqk) as com-

pared with its rms value I, is often of interest to specify the peak current ratings of
devices and components. CF of the input current is defined by

PF

(3.9)

I
CF = @ (3.10)
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Key Points of Section 3.2

e The performance of a rectifier that is measured by certain parameters is poor.
The load current can be made continuous by adding an inductor and a freewheel-
ing diode. The output voltage is discontinuous and contains harmonics at mul-
tiples of the supply frequency.

3.3 SINGLE-PHASE FULL-WAVE RECTIFIERS

A full-wave rectifier circuit with a center-tapped transformer is shown in Figure 3.2a.
During the positive half-cycle of the input voltage, diode D conducts and diode D, is
in a blocking condition. The input voltage appears across the load. During the negative
half-cycle of the input voltage, diode D, conducts while diode D; is in a blocking condi-
tion. The negative portion of the input voltage appears across the load as a positive volt-
age. The waveform of the output voltage over a complete cycle is shown in Figure 3.2b.
Because there is no dc current flowing through the transformer, there is no dc saturation
problem of transformer core. The average output voltage is

T2
2 ) 2V,
Vie==1[ V,sinotd=="""= 06366V, (3.11)
T/ ™
v, 1%

vy =V, sin t

0 wt

™ 2
l
I
- Vm 777777777 :» -
I
I
an;vg 777:>777

I
I
l

0 \ wt
’l:r 2w

v
0 D I wt
™ 2m
VUp2 Up1
vp; =0 Vpy =0
72Vm L — — —
(a) Circuit diagram (b) Waveforms

FIGURE 3.2

Full-wave rectifier with center-tapped transformer.
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(a) Circuit diagram

Full-wave bridge rectifier.

3.3 Single-Phase Full-Wave Rectifiers
vS
Vab——<
0 ot
Tr| 2T
|
|
|
7Vm ————————— :————
|
|
Vo Vo _ _ ___:____
|
|
|
|
0 . wt
™ 2
Up | ;
27 @
_v L — —
" Up3> Vp4 Up1-Vp2
(b) Waveforms

107

Instead of using a center-tapped transformer, we could use four diodes, as shown
in Figure 3.3a. During the positive half-cycle of the input voltage, the power is supplied
to the load through diodes D; and D,. During the negative cycle, diodes D; and D,
conduct. The waveform for the output voltage is shown in Figure 3.3b and is similar
to that of Figure 3.2b. The peak inverse voltage of a diode is only V,,. This circuit is
known as a bridge rectifier, and it is commonly used in industrial applications [1, 2].

Some of the advantages and disadvantages for the circuits in Figures 3.2 and 3.3
are listed in Table 3.1.

TABLE 3.1 Advantages and Disadvantages of Center-Tapped and Bridge Rectifiers

Advantages

Disadvantages

Center-tapped
transformer

Bridge rectifier

Simple, only two diodes

Ripple frequency is twice the
supply frequency

Provides an electrical isolation

Suitable for industrial
applications up to 100 kW

Ripple frequency is twice the
supply frequency

Simple to use in commercially
available units

Limited low power supply, less than 100 W

Increased cost due to the center-tapped

transformer

Dc current flowing through each side of the second-
ary will increase the transformer cost and size

The load cannot be grounded without an input-side

transformer

Although an input-side transformer is not needed
for the operation of the rectifier, one is normally
connected to isolate the load electrically from the

supply
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Example 3.1 Finding the Performance Parameters of a Full-Wave Rectifier with a
Center-Tapped Transformer

If the rectifier in Figure 3.2a has a purely resistive load of R, determine (a) the efficiency, (b) the
FF, (¢) the RF, (d) the TUF, (e) the PIV of diode Dy, (f) the CF of the input current, and (g) the
input power factor PF.

Solution
From Eq. (3.11), the average output voltage is

2V,
Vdc = T = 0.6366Vm

and the average load current is

Vie 06366V,
Idc =5 =
R R

The rms values of the output voltage and current are

2 T2 5 12 Vm
Vims = {? . (Vm sin (J.)l) dt = % = 0.707V,,
Vims 0707V,
Irms = R = R

From Eq. (3.1) Py, = (0.6366V,,)*/R, and from Eq. (3.2) P,. = (0.707V,,)*/R.

From Eq. (3.3), the efficiency n = (0.6366V,,)%/(0.707V,,)*> = 81%.

From Eq. (3.5), the form factor FF = 0.707V,,/0.6366V,, = 1.11.

From Eq. (3.7), the ripple factor RF = V1.1 — 1 = 0.482 or 48.2%.

The rms voltage of the transformer secondary V, = V,,/V2 = 0.707V,,. The rms value
of transformer secondary current I, = 0.5V,,/R. The volt-ampere rating (VA) of the
transformer, VA = V2V,I, = \V/2 X 0.707V,, X 0.5V, /R. From Eq. (3.8),

po s

2
TUF = 0.6366 = 0.81064 = 81.06%

V2 X 0.707 X 0.5

The peak reverse blocking voltage, PIV = 2V,,.

f. Lpeaxy = Vi/R and I, = 0.707V,,/R. The CF of the input current is CF = Lpeany/Iy =
1/0.707 = V2.

g. The input PF for a resistive load can be found from

P 0.707> _
VA V2 %0707 X 05
Note: 1/TUF = 1/0.81064 = 1.136 signifies that the input transformer, if present, must be

1.75 times larger than that when it is used to deliver power from a pure ac sinusoidal voltage. The
rectifier has an RF of 48.2% and a rectification efficiency of 81%.

PF 1.0
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Example 3.2 Finding the Fourier Series of the Output Voltage
for a Full-Wave Rectifier

The rectifier in Figure 3.3a has an RL load. Use the method of Fourier series to obtain expres-
sions for output voltage vy().

Solution

The rectifier output voltage may be described by a Fourier series (which is reviewed in
Appendix E) as

o0
v(H) = Vge + D (@, cos not + b, sin nor)

where

2

1 2m ol ) oV
Vie = g/ﬁ vo(t) d(wt) = g/o V,, sin of d(wt) = Tm

1 2 2 ™
a, = —/ V) COS nwt d((,ot) = */ V,, sin wt cos not d(wt)
/o ™ Jo

4V, & 1

- Tn:zA,.“m

=0 forn =1,3,5, ...

forn = 2,4,6, ...

1 2m 2 ™
b, = 7/ v sin not d(ot) = —/ V,, sin ot sin not d(wt) — 0
TS ™Jo

Substituting the values of a,, and b,,, the expression for the output voltage is

(z—zv’" Vi 2wt Vi 4ot Vi 6wt 3.12
v(t) = - 3y CO8 2wt — 7= cos 4wt — = cos 6w (3.12)

3.4

Note: The output of a full-wave rectifier contains only even harmonics and the
second harmonic is the most dominant one and its frequency is 2f(= 120 Hz). The
output voltage in Eq. (3.12) can be derived by spectrum multiplication of switching
function, and this is explained in Appendix C.

Key Points of Section 3.3

e There are two types of single-phase rectifiers: center-tapped transformer and
bridge. Their performances are almost identical, except the secondary current of
the center-tapped transformer carries unidirectional (dc) current and it requires
alarger VA rating. The center-tapped type is used in applications less than 100 W
and the bridge rectifier is used in applications ranging from 100 W to 100 kW.
The output voltage of the rectifiers contains harmonics whose frequencies are
multiples of 2f (two times the supply frequency).

SINGLE-PHASE FULL-WAVE RECTIFIER WITH RL LOAD

With a resistive load, the load current is identical in shape to the output voltage. In
practice, most loads are inductive to a certain extent and the load current depends on
the values of load resistance R and load inductance L. This is shown in Figure 3.4a.
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FIGURE 3.4

Full-bridge rectifier with RL load.
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A Dbattery of voltage E is added to develop generalized equations. If v, = V,, sin wt =
V2 V, sin wt is the input voltage, the load current i, can be found from

di
L?;+RiO+E= V2V, sinwt| for iy=0

which has a solution of the form

V2V, E
iy = ‘ 7 > sin(wt — e)‘ + Aje RO — ? (3.13)

where load impedance Z = [R?> + (wL)?]"?, load impedance angle 6 = tan™!(wL/R),
and V is the rms value of the input voltage.

Case 1: continuous load current. This is shown in Figure 3.4b. The constant A;
in Eq. (3.13) can be determined from the condition: at ot = m, iy = .

E V2V, .
A = <IO + E — Z ~sin 6>e(R/L)(“/‘*’)

Substitution of A; in Eq. (3.13) yields

E

s E V2V, . _
sin 9>e(R/L)(“/"’ D — ? (3.14)

V2
iy = sinfwt — 0) + | [h + — —
zZ R

Under a steady-state condition, j(wt = 0) = ijy(wt = ). That is, iwt = 0) = I
Applying this condition, we get the value of [; as
\/2‘/3 . 1+ e*(R/L)(Tr/u)) E

Iy 7 S 1 _ o ®D@w) R

forly = 0 (3.15)

which, after substituting [ in Eq. (3.14) and simplification, gives

V2V
=~ {sm(mt - 0) + [~ @0

E
in o (R/L)t:| _
sin 6 e R

for0 =< (ot — 0) = mwandiy =0 (3.16)

The rms diode current can be found from Eq. (3.16) as

1 1"'.2 12
Ip(rms) = [27:/ i d(wf)]
0

and the rms output current can then be determined by combining the rms current of
each diode as

Io(rms) = (IZD(rms) + IZD(rrns))l/2 = \ﬁlr

The average diode current can also be found from Eq. (3.16) as

1 m
Ipav) = 217/0 iy d(ot)
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Case 2: discontinuous load current. This is shown in Figure 3.4d. The load cur-
rent flows only during the period « = wt < B. Let us define x = E/V,, = E/\V2V, as
the load battery (emf) constant, called the voltage ratio. The diodes start to conduct at
ot = a given by

1

_ PR E _ . 71
a = sin v sin” " (x)

At ot = a, ig(wf) = 0 and Eq. (3.13) gives

E V2V, .
Al = |:R — 7 : Sll’l(OL _ e):|e(R/L)(cx/w)

which, after substituting in Eq. (3.13), yields the load current

V2V, E V2V, E
i =~ sin(wr — 6) + {R —— sin(a - e)}AR/L)(a/M -x G
At ot = B, the current falls to zero, and iy(wt = B) = 0. That is,
V2V, [E V2V, } E
5 —9) + | = s _ (RIL)(a—B)lo _ & _ )
Z sin(B — ) R Z sinfa — 0) |e R 0 (3.18)

Dividing Eq. (3.18) by V2V,/Z, and substituting R/Z = cos  and wL/R = tan 0,
we get

X
cos(0)

(@) X
— sin(a — 0) |ew® — =
in(a )>e ! cos(0)

sin(B — 0) + ( 0 (3.19)
B can be determined from this transcendental equation by an iterative (trial and error)
method of solution. Start with B = 0, and increase its value by a very small amount
until the left-hand side of this equation becomes zero.

As an example, Mathcad was used to find the value of B for 6 = 30°, 60°, and
x = 0to 1. The results are shown in Table 3.2. As x increases, 3 decreases. Atx = 1.0,
the diodes do not conduct and no current flows.

The rms diode current can be found from Eq. (3.17) as

1 B~2 12
ID(rms) = 2’_“_/ 1o d(w[)

The average diode current can also be found from Eq. (3.17) as

1 B
Ipayy = %/ i d(ot)

TABLE 3.2 Variations of Angle B with the Voltage Ratio, x

Voltage Ratio, x 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

B for 6 = 30° 210 203 197 190 183 175 167 158 147 132 90
B for 6 = 60° 244 234 225 215 205 194 183 171 157 138 90
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Boundary: Discontinuous/Continuous Region
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FIGURE 3.5

Boundary of continuous and discontinuous regions for single-phase rectifier.

Boundary conditions: The condition for the discontinuous current can be found by
setting Iy in Eq. (3.15) to zero.

VAVZ |14 e
= Sln(e) T R
V4 1 — e ®@

E
0 “Rr

which can be solved for the voltage ratio x = E/( \/EVS) as
1+ ¢ @@)

x(0): = [ — ] sin(0) cos(0) (3.20)
1 — ei(lan(ﬂ))

The plot of the voltage ratio x against the load impedance angle 6 is shown in Figure 3.5.
The load angle 6 cannot exceed /2. The value of x is 63.67% at 6 = 1.5567 rad,
43.65% at 6 = 0.52308 rad (30°), and 0% at 6 = 0.

Example 3.3 Finding the Performance Parameters of a Full-Wave Rectifier with an RL Load

The single-phase full-wave rectifier of Figure 3.4a has L = 6.5mH, R =25Q,and £ = 10 V.
The input voltage is V; = 120 V at 60 Hz. (a) Determine (1) the steady-state load current I, at
ot = 0, (2) the average diode current Ip(,y), (3) the rms diode current /p(ms), (4) the rms output
current I, (), and (5) the input power factor PE. (b) Use PSpice to plot the instantaneous output
current iy. Assume diode parameters IS = 2.22E — 15, BV = 1800 V.
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It is not known whether the load current is continuous or discontinuous. Assume that the load
current is continuous and proceed with the solution. If the assumption is not correct, the load
current is zero and then moves to the case for a discontinuous current.

a.

b.

R=25Q, L=65mH, f=60Hz, o =2m X 60 =377radls, V, =120V, Z =
[R? + (oL)’]"? =35 Q,and 8 = tan"(wL/R) = 44.43°.

1. The steady-state load current at ot = 0, [, = 32.8 A. Because [, > 0, the load
current is continuous and the assumption is correct.

2. The numerical integration of i, in Eq. (3.16) yields the average diode current as
ID(av) = 19.61 A.

3. By numerical integration of i3 between the limits wt = 0 and m, we get the rms
diode current as Ipms) = 28.5 A.

4. The rms output current Ipumsy = V2I, = V2 X 28.50 = 403 A.

5. The ac load power is Py, = I%, R = 40.3> X 2.5 =4.06 kW. The input power
factor is

P 4061 x 107
PF = = = 0.84 (laggi
Vil 120 X 40.3 (lagging)

Notes

1. i, has a minimum value of 25.2 A at wt = 25.5° and a maximum value of 51.46 A
at wt = 125.25°. iy becomes 27.41 A at ot = 6 and 48.2 A at wt = 6 + . There-
fore, the minimum value of i, occurs approximately at wt = 6.

2. The switching action of diodes makes the equations for currents nonlinear. A

numerical method of solution for the diode currents is more efficient than the
classical techniques. A Mathcad program is used to solve for Iy, Ip(ay), and Ip(ims)
by using numerical integration. Students are encouraged to verify the results of
this example and to appreciate the usefulness of numerical solution, especially in
solving nonlinear equations of diode circuits.

3 i,
Iy ‘|/|y Jg D D
1 I 1 3 RZ 250
+ ov ) + 5
@ Us Yo Q65mH
6
A D D
0 T 4 2 vV, 0V
4

FIGURE 3.6

Single-phase bridge rectifier for PSpice simulation.

The single-phase bridge rectifier for PSpice simulation is shown in Figure 3.6. The list
of the circuit file is as follows:
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Example 3.3 Single-Phase Bridge Rectifier with RL load

VS 1 0 SIN (0 169.7V 60HZ)

L 5 6 6 .5MH

R 3 5 2.5

VX 6 4 DC 10V; Voltage source to measure the output current
D1 2 3 DMOD ; Diode model

D2 4 0 DMOD

D3 0 3 DMOD

D4 4 2 DMOD

vy 1 2 0DC

.MODEL DMOD D(IS=2.22E-15 BV=1800V) ; Diode model parameters
. TRAN 1US 32MS 16.667MS ; Transient analysis

. PROBE ; Graphics postprocessor
.END

The PSpice plot of instantaneous output current i is shown in Figure 3.7, which
gives Iy = 31.83 A, compared with the expected value of 32.8 A. A Dbreak diode was
used in PSpice simulation to specify the diode parameters.

60 A T

IR 7 ’_K"""""""""?K

40 A /

20A 1—
1 T (VX)
200V T
/ ‘\:\ /’ \
100V S 1
| \\// )
|
|
ov ;
|
|
~100V '
16 ms 18 ms 20 ms 22 ms 24 ms 26 ms 28 ms 30 ms 32 ms
oV (3,4) C1 = 22.747 m, 50.179
Time C2 =16.667 m, 31.824
dif = 6.0800 m, 18.355
FIGURE 3.7

PSpice plot for Example 3.3.
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Key Points of Section 3.4

¢ An inductive load can make the load current continuous. There is a critical value
of the load impedance angle 6 for a given value of the load emif constant x to keep
the load current continuous.

SINGLE-PHASE FULL-WAVE RECTIFIER WITH A HIGHLY
INDUCTIVE LOAD

With a resistive load, the input current of the single-phase rectifier will be a sine wave.
With an inductor load, the input current will be distorted as shown in Figure 3.4c. If
the load is highly inductive, the load current will remain almost constant with a small
amount of ripple content and the input current will be like a square wave. Let us con-
sider the waveforms of Figure 3.8, where v, is the sinusoidal input voltage, i is the
instantaneous input current, and i is its fundamental component.

If ¢ is the angle between the fundamental components of the input current and
voltage, ¢ is called the displacement angle. The displacement factor is defined as

DF = cos ¢ (3.21)

The harmonic factor (HF) of the input current is defined as

]Z _ 121 12 I\2 12
HF=<“ - ) - [(1) _1} (3.22)
sl s1

where [ is the fundamental component of the input current . Both [; and [ are ex-
pressed here in rms. The input power factor (PF) is defined as

PF =

VI I
‘Z;Sl cos ¢ = Iisl cos ¢ (3.23)

52 %8 Input current

NS \ +1,
—
s N
7
0 N

ot

Input voltage

Fundamental component

FIGURE 3.8

Waveforms for input voltage and current.
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Notes

1. HF is a measure of the distortion of a waveform and is also known as total har-
monic distortion (THD).

2. If the input current i is purely sinusoidal, /;; = I and the power factor PF equals
the displacement factor DF. The displacement angle ¢ becomes the impedance
angle & = tan '(wL/R) for an RL load.

3. Displacement factor DF is often known as displacement power factor (DPF).

4. An ideal rectifier should have n = 100%, V,. = 0, RF = 0, TUF = 1, HF =
THD = 0, and PF = DPF = 1.

Example 3.4 Finding the Input Power Factor of a Full-Wave Rectifier

A single-phase bridge rectifier that supplies a very high inductive load such as a dc motor is
shown in Figure 3.9a. The turns ratio of the transformer is unity. The load is such that the motor
draws a ripple-free armature current of 7, as shown in Figure 3.9b. Determine (a) the HF of input
current and (b) the input PF of the rectifier.

DN
Vo b--=
ot
. Fundamental
7 ls _~~«" component
. al o/ N
o d . ’ \
+ j: ) 0 - > wt
/2w
AN z
_Iu ~_”
Iﬂ
o= 0 ot
(a) Circuit diagram (b) Waveforms
FIGURE 3.9

Full-wave bridge rectifier with dc motor load.

Solution
Normally, a dc motor is highly inductive and acts like a filter in reducing the ripple current of
the load.

a. The waveforms for the input current and input voltage of the rectifier are shown in
Figure 3.9b. The input current can be expressed in a Fourier series as
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00
ity =Ije + > (a,cosnot + b, sin nwt)
n=13,...
where
1 2m 1 2m
Iy = —/ ii(?) d(ot) = —/ L,d(wt) =0
2w/, 2w J,
1 2w 2 ™
a, = */ iy(t) cos nwt d(wt) = */ I, cos nwt d(ot) = 0
TJo TJo
LT 2 (7 41,
b, = — ii(t) sin not d(ot) = — | I, sin not d(ot) = —
™ 0 ™ 0 n
Substituting the values of a, and b,,, the expression for the input current is
41, (sinwt sin 3wt  sin Sot
(1) = — + + + o :
(1) = — < 1 3 5 ) (3.24)
The rms value of the fundamental component of input current is
L=t _ o0
st V2 o
The rms value of the input current is
4 1 2 1 2 <1)2 (1)2 :|l/2
L=—=LI1+(5)+(2)+lz)+(5) + - =1
a6 (6 () 6 u
From Eq. (3.22),
1 \2 12
HF = THD = K—) - 1} = 04843 or 48.43%
0.90
b. The displacement angle ¢ = 0 and DF = cos ¢ = 1. From Eq. (3.23), the PF =
(Iy/L;) cos & = 0.90 (lagging).
Key Points of Section 3.5
¢ The input power factor of a rectifier with a resistive load is PF =1.0 and PF =0.9
for a highly inductive load. The power factor will depend on the load inductor
and the amount of distortion of the input current.
3.6 MULTIPHASE STAR RECTIFIERS

We have seen in Eq. (3.11) the average output voltage that could be obtained from
single-phase full-wave rectifiers is 0.6366V,, and these rectifiers are used in applications
up to a power level of 15 kW. For larger power output, three-phase and multiphase rec-
tifiers are used. The Fourier series of the output voltage given by Eq. (3.12) indicates
that the output contains harmonics and the frequency of the fundamental component
is two times the source frequency (2f). In practice, a filter is normally used to reduce
the level of harmonics in the load; the size of the filter decreases with the increase in
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frequency of the harmonics. In addition to the larger power output of multiphase recti-
fiers, the fundamental frequency of the harmonics is also increased and is g times the
source frequency (gf). This rectifier is also known as a star rectifier.

The rectifier circuit of Figure 3.2a can be extended to multiple phases by hav-
ing multiphase windings on the transformer secondary as shown in Figure 3.10a. This
circuit may be considered as g single-phase rectifiers and can be considered as a half-
wave type. The kth diode conducts during the period when the voltage of kth phase
is higher than that of other phases. The waveforms for the voltages and currents are
shown in Figure 3.10b. The conduction period of each diode is 2w/q.

It can be noticed from Figure 3.10b that the current flowing through the second-
ary winding is unidirectional and contains a dc component. Only one secondary wind-
ing carries current at a particular time, and as a result the primary must be connected

v (%1 Uy V3 Vy Vs ’Uq
Vin ! | | | | | |
N l l l l l
I
t
0 ! i E I i N3~ 2m ©
> l PR l
. v4 |
" T I I I I I I
| I I I I I I
Uy 1 ! i, =v,/R : : : !
Vin %WWV\
: ) 1 I ) 1 |
. Dion | Dyon ; Dy | Dy | Ds | D, |
T 2m 4 om 8w 10m 2w
q q q q q q
(b) Waveforms
FIGURE 3.10

Multiphase rectifiers.
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in delta to eliminate the dc component in the input side of the transformer. This mini-
mizes the harmonic content of the primary line current.

Assuming a cosine wave from m/q to 2m/q, the average output voltage for a g-phase
rectifier is given by

2 wlq

q . m
Vdc = m . Vm COS wt d((x)t) = Vm; Slng (325)
) /g R ) 12
Vims = [Z’n'/q/o V', cos” wt d(wt)}
q T 1 ) 21T>:|1/2
= — — + - — *
Vo {ZW(CI > sin p (3.26)

If the load is purely resistive, the peak current through a diode is 1,, = V,,/R and we
can find the rms value of a diode current (or transformer secondary current) as

o [ 12
I, = {/ 2, cos® wt d(mt)}
0

1 /7 1 .27\ Vi
=7 |——+ =sin— = = 3.27
’”Lw(q Zquﬂ R (3:27)

Example 3.5 Finding the Performance Parameters of a Three-Phase Star Rectifier

A three-phase star rectifier has a purely resistive load with R ohms. Determine (a) the efficiency,
(b) the FF, (c) the RF, (d) the TUF factor, (e) the PIV of each diode, and (f) the peak current
through a diode if the rectifier delivers I;. = 30 A at an output voltage of V. = 140 V.

Solution
For a three-phase rectifier ¢ = 3 in Egs. (3.25) to (3.27)
a. From Eq. (3.25), V3. = 0.827V}, and Iy, = 0.827V,,/R. From Eq. (3.26), V;,s = 0.84068V,,

and I, = 0.84068V,/R. From Eq. (3.1), P, = (0.827V,))%R; from Eq. (32),
P,. = (0.84068V,,)%/R; and from Eq. (3.3), the efficiency

(0.827V,,,)?
n= = 96.77%
(0.84068V,,,)

b. From Eq. (3.5), the FF = 0.84068/0.827 = 1.0165 or 101.65%.
From Eq. (3.7), the RF = V1.0165* — 1 = 0.1824 = 18.24%.
. The rms voltage of the transformer secondary, V, = V,,/V2 = 0.707V,,. From
Eq. (3.27), the rms current of the transformer secondary,
0.4854V,,
R
The VA rating of the transformer for ¢ = 3 is

20

I, = 048541, =

0.4854V,,

VA = 3V1, = 3 X 0707V, X =
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From Eq. (3.8),

0.827?
TUF = 3 X 0.707 X 0.4854 0.6643

_ 0.84068”
3 X 0.707 X 0.4854

PF = 0.6844

e. The peak inverse voltage of each diode is equal to the peak value of the secondary
line-to-line voltage. Three-phase circuits are reviewed in Appendix A. The line-to-line
voltage is V3 times the phase voltage and thus PIV = V3V,

f. The average current through each diode is
g
2 1
Ipay = g/o I, cos ot d(ot) = Im; sing (3.28)

For g = 3, Ipay) = 0.27571,,,. The average current through each diode is Ip,y) = 30/3 = 10 A
and this gives the peak current as 1,, = 10/0.2757 = 36.27 A.

Example 3.6 Finding the Fourier Series of a g-Phase Rectifier

a. Express the output voltage of a g-phase rectifier in Figure 3.10a in Fourier series.

b. If g =6,V,, =170V, and the supply frequency is f = 60 Hz, determine the rms
value of the dominant harmonic and its frequency.

Solution
a. The waveforms for g-pulses are shown in Figure 3.10b and the frequency of the output
is g times the fundamental component (gf). To find the constants of the Fourier series,
we integrate from —/g to w/g and the constants are

b,=0
1 (™
a, = —— V, €Os wt cos nwt d(wt)
lq —lg
_ %{sin[(ﬂ - Dml/q] N sin[(n + 1)1T/q]}
o n—1 n+1

qV,, (n + 1) sin[(n — Dw/q] + (n — 1) sin[(n + 1)w/q]
™ -1

After simplification and then using the following trigonometric relationships,
sin(A + B) = sin A cos B + cos A sin B

and
sin(A — B) = sin A cos B — cos A sin B

we get

24Vin

a, = 27(11 sin " cos © — cos sinl> (3.29)
w(n® — 1) q q q q
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For a rectifier with g-pulses per cycle, the harmonics of the output voltage are:
gth, 2qth, 3gth, and 4qth, and Eq. (3.29) is valid for n = 0, 1q, 2q, 3q. The term
sin(nw/q) = sinw = 0 and Eq. (3.29) becomes
—2qV,, ( nw . Tr)
a4, = —— | cos —sin—
w(n” — 1) q q
The dc component is found by letting » = 0 and is
W _ 4T
Vie = 2 Vin —sin q (3.30)
which is the same as Eq. (3.25). The Fourier series of the output voltage v, is expressed as
ap >
v =5+ > a,cosnot
2 n=q2q,...
Substituting the value of a,,, we obtain
q . m i 2 nw
vg=V,—sin—|1 - 5 COS — COS nwt (3.31)
™ q n=q2q,... N~ — q
b. For g = 6, the output voltage is expressed as
() = 0.9549V, <1+i 6t*i 12t+---> (3.32)
vo(t) = 0. - 35 C0s 6wr — T cos 120 .
The sixth harmonic is the dominant one. The rms value of a sinusoidal voltage is 1/V/2 times its
peak magnitude, and the rms of the sixth harmonic is Vg, = 0.9549V,, X 2/(35 X V2) = 6.56 V
and its frequency is fy = 6f = 360 Hz.
Key Points of Section 3.6
¢ A multiphase rectifier increases the amount of dc component and lowers the
amount of the harmonic components. The output voltage of a g-phase rectifier
contains harmonics whose frequencies are multiples of g (g times the supply fre-
quency), gf.
3.7 THREE-PHASE BRIDGE RECTIFIERS

A three-phase bridge rectifier is commonly used in high-power applications and it is
shown in Figure 3.11. This is a full-wave rectifier. It can operate with or without a trans-
former and gives six-pulse ripples on the output voltage. The diodes are numbered in
order of conduction sequences and each one conducts for 120°. The conduction se-
quence for diodes is Dl - Dz, D3 - Dz, D3 - D4, D5 - D4, D5 - Dﬁ’ and Dl - D6'
The pair of diodes which are connected between that pair of supply lines having the
highest amount of instantaneous line-to-line voltage will conduct. The line-to-line volt-
age is V3 times the phase voltage of a three-phase Y-connected source. The wave-
forms and conduction times of diodes are shown in Figure 3.12 [4].
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Three-phase bridge rectifier.
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FIGURE 3.12

Waveforms and conduction times of diodes.

123



124

Chapter 3 Diode Rectifiers

If V,, is the peak value of the phase voltage, then the instantaneous phase volt-

ages can be described by

Van = Vipsin(ot) vy, = Vysin(or — 120°) v, = V,, sin(wt — 240°)

Because the line-line voltage leads the phase voltage by 30°, the instantaneous line-line

voltages can be described by

Vap = V3V, sin(ot + 30°) vy = V3V, sin(wt — 90°)

Vea = V3V, sin(wt — 210°)

The average output voltage is found from

Vie = / V3V, cos ot d(wt)

27/6

iv = 1,654V,

where V,, is the peak phase voltage. The rms output voltage is

o) /6
_ 2 n2
Vims {2’"/6/0 3V, cos” ot d(wt)}

12
<3 + M) V,, = 1.6554V,,
2 47

12

If the load is purely resistive, the peak current through a diode is 7,, =

the rms value of the diode current is

4 /6 ) X 12
Ipamsy = [%/ I;, cos” ot d(wt)}
0

_ [1(“+1 : 2“)}”2
“im| 5\ T2

= 0.55181,

and the rms value of the transformer secondary current,

8 w/6 12
I, = {/ I2, cos? wt d(mt)}
21T 0

2z 1 2m ]
—qu 6 2SlIl6
= 0.78041,

where 1, is the peak secondary line current.

(3.33)

(3.34)

V3V,/R and

(3.35)

(3.36)

For a three-phase rectifier ¢ = 6, Eq. (3.32) gives the instantaneous output volt-

age as

2
= 0. + —
() = 0 9549Vm(1 3 cos(bwt) — 1 4 3

cos(12wt) + - --

) (3.37)
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Note: In order to increase the number of pulses in the output voltages to 12,
two three-phase rectifiers are connected in series. The input to one rectifier is a
Y-connected secondary of a transformer and the input to the other rectifier is a delta-
connected secondary of a transformer.

Example 3.7 Finding the Performance Parameters of a Three-Phase Bridge Rectifier

A three-phase bridge rectifier has a purely resistive load of R. Determine (a) the efficiency,
(b) the FF, (c) the RF, (d) the TUF, (e) the peak inverse (or reverse) voltage (PIV) of each diode,
and (f) the peak current through a diode. The rectifier delivers I, = 60 A at an output voltage
of V4. = 280.7 V and the source frequency is 60 Hz.

Solution

a. From Eq. (3.33), Vi =1.654V,, and I4. = 1.654V,,/R. From Eq. (3.34), Vips =
1.6554V,, and I,qms) = 1.6554V,/R. From Eq. (3.1), Py = (1.654V,,)*/R, from
Eq. (3.2), P,. = (1.654V,,)%/R, and from Eq. (3.3) the efficiency

_(1.654V,)
N7 (165541,
b. From Eq. (3.5), the FF = 1.6554/1.654 = 1.0008 = 100.08%.

¢. From Eq. (3.6), the RF = V1.0008*> — 1 = 0.04 = 4%.

d. From Eq. (3.15), the rms voltage of the transformer secondary, V; = 0.707V,,,.
From Eq. (3.36), the rms current of the transformer secondary,

= 99.83%

Vin
I, = 0.78041,, = 0.7804 X V3 r
The VA rating of the transformer,
Vin
VA = 3V,I, = 3 X 0.707V,, X 0.7804 X V3 R

From Eq. (3.8),

2
TUF = 1.654 = 0.9542
3 X V3 X 0.707 X 0.7804
The input power factor is
P, 1.6554
PF = = = 0.956 (lagging)

T VA 3 x V3 x 0707 x 0.7804

e. From Eq. (3.33), the peak line-to-neutral voltage is V,, = 280.7/1.654 = 169.7 V. The
peak inverse voltage of each diode is equal to the peak value of the secondary line-to-
line voltage, PIV = V3 V,, = V3 X 169.7 = 293.9 V.

f. The average current through each diode is
/6
4 2
Ipay = =5 /0 Iy cos ot d(wi) = I, - sin% = 0.31831,

The average current through each diode is Ip(,,) = 60/3 = 20 A; therefore, the peak current is
I, = 20/0.3183 = 62.83 A.
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Note: This rectifier has considerably improved performances compared with
those of the multiphase rectifier in Figure 3.10 with six pulses.

Key Points of Section 3.7

e A three-phase bridge rectifier has considerably improved performances com-
pared with those of single-phase rectifiers.

THREE-PHASE BRIDGE RECTIFIER WITH RL LOAD

Equations that are derived in Section 3.4 can be applied to determine the load current
of a three-phase rectifier with an RL load (as shown in Figure 3.13). It can be noted
from Figure 3.12 that the output voltage becomes

2

Vg = V2V sinwt  for 3

i < [ =
Dot =
3

where V,,, is the line-to-line rms input voltage. The load current i, can be found from
di

4+ Riy + E= |V2V,sinwt| foriy =0

L
dt

which has a solution of the form

E

2V .
b sin(wt — 6)‘ + Aje (R — R (3.38)

iQ:’

where load impedance Z = [R?> + (wL)?]"? and load impedance angle 6 = tan!
(wL/R). The constant A; in Eq. (3.38) can be determined from the condition: at

ol = 1T/3, iO = 10.
A = {Io + E_ V2Vay sin(F;r - 9)]6(R/L)(“/3‘”)

R Z
4 i(}

I *

Dy Ds Ds R< 250

1 6

2 ° L315mH
3

- D -« D D 7
AN T4 VAN 2 v, 10V

FIGURE 3.13

Three-phase bridge rectifier for PSpice simulation.
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Substitution of A; in Eq. (3.38) yields
L V2V E_ V2V (m y _E
h=—F sin(wt — 0) + | [ + Rz sm(3 - 9)}6(”1‘)(“&” - R
(3.39)

Under a steady-state condition, iy(wt = 2m/3) = iy(wt = w/3). That is, i(wt=
2w/3) = I,. Applying this condition, we get the value of [, as

V2V, sin2m/3 — 0) — sin(w/3 — §)e” KD

Iy 7 1 _ o~ (RIL)(wh3o0)

"R forly = 0 (3.40)

which, after substitution in Eq. (3.39) and simplification, gives

V2V, sin(2mw/3 — 6) — sin(w/3 —

0 (ri
. . _ )(w/3w—t
h=—F sin(wt — 0) + | = o (RD50) e (R )

E
R form/3 = wt = 2w/3and iy = 0 (3.41)

The rms diode current can be found from Eq. (3.41) as

2 217/3'2 12
ID(rms) = |:2’IT//3 Ly d(u)l):|

and the rms output current can then be determined by combining the rms current of
each diode as

Io(rms) = (IzD(rms) + IZD(rms) + IzD(rms))l/2 = \[3 Ir
The average diode current can also be found from Eq. (3.40) as

27/3
ID(aV) = 211_//3 o d(")t)

Boundary conditions: The condition for the discontinuous current can be found by set-
ting I in Eq. (3.40) to zero.

sin (% - 9) — sin (Tr - ﬂ)e_(lz)(;:,)
V2Vup . 3 3

E_,
Z 1 — e (&) R
which can be solved for the voltage ratio x = E/(\/EVA B) as
. 2m . Tl' ,(L)
sin 3 0 | — sin 3" 0 e m®
x(0): = cos(0) (3.42)

1 — e’(zta:(e))
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Boundary: Discontinuous/Continuous Region

1
0.95
9]
&
= x(6) 0.9
>
<
<
3
=
0.85
0‘80 0.2 0.4 0.6 0.8 1 12 1.4 -
0 2
Load impedance angle, radians
FIGURE 3.14

Boundary of continuous and discontinuous regions for three-phase rectifier.

The plot of the voltage ratio x against the load impedance angle 6 is shown in Figure 3.14.
The load angle 6 cannot exceed /2. The value of x is 95.49% at 6 = 1.5598 rad, 95.03%
at 6 = 0.52308 (30°), and 86.68% at 6 = 0.

Example 3.8 Finding the Performance Parameters of a Three-Phase Bridge Rectifier
with an RL Load

The three-phase full-wave rectifier of Figure 3.13 has a load of L = 1.5mH, R = 2.5 , and
E = 10 V. The line-to-line input voltage is V,;, = 208 V, 60 Hz. (a) Determine (1) the steady-
state load current [, at wt = 7/3, (2) the average diode current Ip(,y), (3) the rms diode current
Ip(ms)> (4) the rms output current I, mg), and (5) the input power factor PE. (b) Use PSpice to plot
the instantaneous output current i, Assume diode parameters IS = 2.22E — 15, BV = 1800 V.

Solution
a. R=250Q,L=15mH, f=60Hz, ® = 2w X 60 = 377 rad/s, V,, = 208V, Z =
[R? + (oL)’]"? = 2.56 Q,and 6 = tan”(wL/R) = 12.74°.
1. The steady-state load current at wt = /3, I, = 105.77 A.
2. The numerical integration of iy in Eq. (3.41) yields the average diode current as
Ip@ay) = 36.09 A. Because I, > 0, the load current is continuous.

3. By numerical integration of i3 between the limits wt = /3 and 27/3, we get the rms
diode current as Ip ) = 62.53 A.
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4. The rms output current Ipms) = \/5],,(,,“5) = V3 X 62.53 = 10831 A.
5. The ac load power is P, = Ig(rms)R = 108.31% X 2.5 = 29.3 kW. The input power

factor is

PF

T 3V2Vipms | 3V2 X 120 X 62.53

Pic 29.3 x 10°

= 0.92 (lagging)

b. The three-phase bridge rectifier for PSpice simulation is shown in Figure 3.13. The list
of the circuit file is as follows:

Example 3.8 Three-Phase Bridge Rectifier with RL load

VAN 8 0 SIN (0 169.7V 60HZ)
VBN 2 0 SIN (0 169.7V 60HZ 0 0 120DEG)
VCN 3 0 SIN (0 169.7V 60HZ 0 0 240DEG)
6 7 1.5MH
R 4 6 2.5
VX 7 5 DC 10V ; Voltage source to measure the output current
vy 8 1 DC 0V ; Voltage source to measure the input current
D1 1 4 DMOD ; Diode model
D3 2 4 DMOD
D5 3 4 DMOD
D2 5 3 DMOD
D4 5 1 DMOD
D6 5 2 DMOD
.MODEL DMOD D (IS=2.22E-15 BV=1800V) ; Diode model parameters
. TRAN 10US 25MS 16.667MS 10US ; Transient analysis
. PROBE ; Graphics postprocessor
.options ITL5=0 abstol = 1.000n reltol = .01 vntol = 1.000m
.END

The PSpice plot of instantaneous output current i is shown in Figure 3.15, which
gives [y = 104.89 A, compared with the expected value of 105.77 A. A Dbreak diode
was used in PSpice simulation to include the specified diode parameters.

Key Points of Section 3.8

¢ An inductive load can make the load current continuous. The critical value of the
load electromotive force (emf) constant x (=E/V,,) for a given load impedance
angle 0 is higher than that of a single-phase rectifier; that is, x = 86.68% at 6 = 0.

e With a highly inductive load, the input current of a rectifier becomes a discon-
tinuous ac square wave.

¢ The three-phase rectifier is commonly used in high industrial applications rang-
ing from 50 kW to megawatts. The comparisons of single-phase and three-phase
rectifiers are shown in Table 3.3.
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FIGURE 3.15

PSpice plot for Example 3.8.

21 ms 22 ms 23 ms 24 ms 25 ms

C1 18.062 m, 104.885
C2 19.892 m, 110911
dif = —1.8300 m, —6.0260

TABLE 3.3 Advantages and Disadvantages of Single Phase and Three-Phase Bridge Rectifiers

Advantages Disadvantages
Three-phase Produces more output voltage and The load cannot be grounded without an
bridge rectifier higher power output ranging up to input-side transformer

megawatts More expensive; it should be used in

Ripple frequency is six times the
supply frequency and the output
contains less ripple content

Higher input power factor
Single-phase Suitable for industrial applications
bridge rectifier up to 100 kW

Ripple frequency is twice the supply
frequency

Simple to use in commercially
available units

applications where needed

The load cannot be grounded without an
input-side transformer

Although an input-side transformer is not
needed for the operation of the rectifier, one
is normally connected to isolate the load elec-
trically from the supply

3.9 THREE-PHASE RECTIFIER WITH A HIGHLY INDUCTIVE LOAD

For a highly inductive load, the load current of a three-phase rectifier in Figure 3.11
will be continuous, with negligible ripple content.
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The waveform of the line current is shown in Figure 3.12. The line current is sym-
metric at the angle (¢ = p/6) when the phase voltage becomes zero, not when the line—
line voltage v,;, becomes zero. Thus, for satisfying the condition of f(x + 2mw) = f(x),
the input current can be described by

5
ii(try = 1, for % =t = %T
T 11w
ii(t) , for 5 ) G

which can be expressed in a Fourier series as

i(t) = Iy + >, (a, cos(nwt) + b, sin(nwt)) = > ¢, sin(not + d,)
n=1 n=1

where the coefficients are

2 2m
i /0 i(t) d(ot) = i /0 I, d(wt) =0
2m %ﬂ nTn
a, = 1 / is(t) cos(not) d(ot) = 1{ / 1, cos(not) d(wt) — / I, cos(not) d(o)t)} =0
™ 0 ™ g %‘

e ﬂlf/o%’;(t) oo o) = | /1 sinron) (o) = | HJ

|z I
6 6

Idc

' I, sin(nwt) d(u)t)}

which, after integration and simplification, gives b,, as

—41, . (nw\ . (nm B
b, e cos(m-r)sm< > >sm< 3 ) for =1,57,11,13, ...
b,=0 for n=2,3,46,8,9, ...

Cn

¢$,, = arctan (Z") =0

n

Thus, the Fourier series of the input current is given by

. 4V3l, (sin(wt) _ sin(Swr)  sin(7wr)

5T om 1 5 7
sin(llwf)  sin(13wf)  sin(17wt) >
+ + - - .- 343
11 13 17 (343)
The rms value of the nth harmonic input current is given by
1 2N2I, . nw
ln="7 (ay + by)'? = = —Fsin== (3.44)
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The rms value of the fundamental current is

6
I, = %Ia = 0.77971,

The rms input current

) S5/6 12 7
I = { / P d(wt)} = Ia\[ = 0.81651,
2’1T /6 3

L\2 12 7 \2 172
HF = [(;) — 1} = {(3) — 1} = 0.3108 or 31.08%
sl

DF = cos ¢; = cos(0) = 1

07797
~0.8165

Isl
PF = TCOS(O)

= 0.9549

Note: If we compare the PF with that of Example 3.7, where the load is purely
resistive, we can notice that the input PF depends on the load angle. For a purely resis-
tive load, PF = 0.956.

Key Points of Section 3.9

¢ With a highly inductive load, the input current of a rectifier becomes an ac square
wave. The input power factor of a three-phase rectifier is 0.955, which is higher
than 0.9 for a single-phase rectifier.

3.10 COMPARISONS OF DIODE RECTIFIERS

The goal of arectifier is to yield a dc output voltage at a given dc output power. Therefore,
it is more convenient to express the performance parameters in terms of V. and P,.. For
example, the rating and turns ratio of the transformer in a rectifier circuit can easily be
determined if the rms input voltage to the rectifier is in terms of the required output volt-
age Vy.. The important parameters are summarized in Table 3.4 [3]. Due to their relative
merits, the single-phase and three-phase bridge rectifiers are commonly used.

Key Points of Section 3.10

¢ The single-phase and three-phase bridge rectifiers, which have relative merits,
are commonly used for ac-dc conversion.

3.11  RECTIFIER CIRCUIT DESIGN

The design of a rectifier involves determining the ratings of semiconductor diodes. The
ratings of diodes are normally specified in terms of average current, rms current, peak
current, and peak inverse voltage. There are no standard procedures for the design,
but it is required to determine the shapes of the diode currents and voltages.
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TABLE 3.4 Performance Parameters of Diode Rectifiers with a Resistive Load

Single-Phase

Rectifier with Center- Single-Phase Six-Phase Three-Phase

Performance Parameters Tapped Transformer Bridge Rectifier Star Rectifier Bridge Rectifier
Peak repetitive reverse

Voltage, VRRM 314Vdc 157Vdc 209Vdc 105Vdc
Rms input voltage per

transformer leg, V; 1.11Vy, 1.11Vy, 0.74Vy, 0.428Vy,
Diode average current,

Ip(av) 0.5014, 0.5014, 0.16714, 0.3331;
Peak repetitive forward

current, IFRM 157Idc 157Idc 6281dc 314Idc
Diode rms current,

Ip(rms) 0.78514, 0.78514, 0.40914, 0.57914,
Form factor of diode

current, Ip(msy/Ip(av) 1.57 1.57 2.45 1.74
Rectification ratio, n 0.81 0.81 0.998 0.998
Form factor, FF 1.11 1.11 1.0009 1.0009
Ripple factor, RF 0.482 0.482 0.042 0.042
Transformer rating

primary, VA 1.23P, 1.23P, 1.28P 1.05P,
Transformer rating

secondary, VA 1.75Py. 1.23Py. 1.81Py, 1.05Py,
Output ripple frequency, f, 2f; 2f; 6f; 6f;

We have noticed in Eqs. (3.12) and (3.37) that the output of the rectifiers con-
tain harmonics. Filters can be used to smooth out the dc output voltage of the rectifier
and these are known as dc filters. The dc filters are usually of L, C, and LC type, as
shown in Figure 3.16. Due to rectification action, the input current of the rectifier also
contains harmonics and an ac filter is used to filter out some of the harmonics from
the supply system. The ac filter is normally of LC type, as shown in Figure 3.17.

Normally, the filter design requires determining the magnitudes and frequencies
of the harmonics. The steps involved in designing rectifiers and filters are explained
by examples.

e e
o YY) o Py o
+ + + l + + +
Vo R § R Yo Ce T ng R Yo Ce T Ur § R
o — o o — o o

(a) (b) (©)
FIGURE 3.16

Dc filters.
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FIGURE 3.17
Ac filters.

Example 3.9 Finding the Diode Ratings from the Diode Currents

A three-phase bridge rectifier supplies a highly inductive load such that the average load current
is Iy = 60 A and the ripple content is negligible. Determine the ratings of the diodes if the line-
to-neutral voltage of the Y-connected supply is 120 V at 60 Hz.

Solution

The currents through the diodes are shown in Figure 3.18. The average current of a diode
1, = 60/3 = 20 A.The rms current is

1—[1/ﬂ12d t}1/2—1d0—3464A
r 2 ﬂ/3dc (('0) _\/g_ .
The PIV = V3V,, = V3 X V2 X 120 = 294 V.

a1
Ia ______ Ia - Idc
0 T 21 41 51 1 wf
. jus ™ ™ am oy 2
a2 3 3 I 3 3 N
ILF----- T-———- ;
! |
0 L wt
. | ! ! l
a3 | ! ! |
A B R ;
| | |
0 ! 1 + wt
T | | !
Ly | ! ! |
|
—————— [ -
| | |
0 ! T i ©
igs | : I
1, |
|
0 : wt
16 |
IH
0 wt
FIGURE 3.18
Current through diodes.

Note: The factor of V2 is used to convert rms to peak value.
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Example 3.10 Finding the Diode Average and rms Currents from the Waveforms

The current through a diode is shown in Figure 3.19. Determine (a) the rms current and (b)
the average diode current if # = 100 ws, , = 350 s, t3 = 500 ps, f = 250 Hz, f; = 5 kHz,
I, =450 A,and I, = 150 A.

Solution

a. The rms value is defined as
1 41 ) 1 I3 12
ID(rms) = |:?/ (Im sin mst) dt + ?/ I% dl‘:| (345)
0 6
= (I3 + Ip)'"?

where o, = 27f, = 31,415.93 rad/s, t; = mw, = 100 ws, and 7' = 1/f.

1 4 5 12 T
Ipime = {; / (I, sin w,1) dr} =2 (3.46)
0

= 5031 A
and
1 13 2
Ipo(ims) = (?/ I, df) = LVfits - 1) (3.47)
153
=29.05A

Substituting Egs. (3.46) and (3.47) in Eq. (3.45), the rms value is

B 1”2
Ipams) = { 5 T LAty — fz)} (3.48)

= (50312 + 29.05%)!"2 = 58.09 A

b. The average current is found from

1" 1 ("
Ipay = [?/0 (1, sin yt) dt + ?/t 1, dz}
2

= ]Dl(av) + ID2(aV)

i iy = I, sin ot

4 153 I3

FIGURE 3.19

Current waveform.
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where
| O Lt
Iy = ?/0 (Im sin (J.)St) dt = ?ﬁ (349)
1["
IdZ = ?/ Itl dl = Iaf(l3 - [2) (350)
15}
Therefore, the average current becomes
_ I _ _
Iy = r + Lf(tz — ;) = 7.16 + 5.63 = 12.79 A
. )

Example 3.11 Finding the Load Inductance to Limit the Amount of Ripple Current

The single-phase bridge rectifier is supplied from a 120-V, 60-Hz source. The load resistance is
R = 500 Q. Calculate the value of a series inductor L that limits the rms ripple current 7, to less
than 5% of 1.

Solution
The load impedance

Z =R + j(noL) = VR + (noL)? /8x (3.51)
and
L
6, = tan! n; (3.52)

and the instantaneous current is

4v,, 1 1
io(t) = Ijy — ——F———=1| 7 cosRut — 0,) + ——-cos(4nt — 8,) ... (3.53)
7VR? + (nwL)? L3 15
where
_ Vae _ 2V
“7 R mR

Equation (3.53) gives the rms value of the ripple current as

, @ 1y @) (1Y
fae = 2mR? + (20L)*] \3) " 2m2[R? + (4wL)2]\15) i

Considering only the lowest order harmonic (n = 2), we have

L av,, n )
T VIn VR + QoL)\3

Using the value of I;. and after simplification, the ripple factor is

Rp ke _ 04714

=X=———"""" =005
lie V1 + QwL/R)?
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For R =500 Q and f= 60Hz, the inductance value is obtained as 0.4714%> = 0.052[1 +
(4 X 60 X 7L/500)?] and this gives L = 6.22 H.

We can notice from Eq. (3.53) that an inductance in the load offers a high impedance for
the harmonic currents and acts like a filter in reducing the harmonics. However, this inductance
introduces a time delay of the load current with respect to the input voltage; and in the case of
the single-phase half-wave rectifier, a freewheeling diode is required to provide a path for this
inductive current.

Example 3.12 Finding the Filter Capacitance to Limit the Amount of Output Ripple

Voltage

A single-phase bridge-rectifier is supplied from a 120-V, 60-Hz source. The load resistance is
R = 500 Q. (a) Design a C filter so that the ripple factor of the output voltage is less than 5%.
(b) With the value of capacitor C in part (a), calculate the average load voltage V..

Solution

a.

When the instantaneous voltage v, in Figure 3.20a is higher than the instantaneous
capacitor voltage v, the diodes (D; and D, or D3 and D,) conduct; the capacitor is
then charged from the supply. If the instantaneous supply voltage v, falls below the
instantaneous capacitor voltage v, the diodes (D, and D, or D; and D,) are reverse
biased and the capacitor C, discharges through the load resistance R;. The capaci-
tor voltage v, varies between a minimum V, ;) and maximum value V). This is
shown in Figure 3.20b.

The output ripple voltage, which is the difference between maximum voltage
Viy(max) and the minimum voltage V/,min), can be specified in different ways as shown
in Table 3.5.

Let us assume that ¢, is the charging time and that ¢, is the discharging time of
capacitor C,. The equivalent circuit during charging is shown in Figure 3.20c. During
the charging interval, the capacitor charges from V(yin) to V,,.. Let us assume that at
an angle o (rad/s), the positive-going input voltage is equal to the minimum capacitor
voltage V,,min) at the end of the capacitor discharge. As the input voltage rises sinusoi-
dally from 0 to V,,,, the angle « can be determined from

Vo(min) )

m

Vominy = Vipsin (@) or o = sin’l( (3.54)
By redefining the time origin (ot = 0) at 7/2 as the beginning of interval 1, we can
deduce the discharging current from the capacitor discharges exponentially through R.

1 .
7/lodl‘_vc([:0) +RLio =0
Ce

which, with an initial condition of vc(wt = 0) = V,,, gives

Vin
i, = e~ tIR; C,

R

The instantaneous output (or capacitor) voltage v, during the discharging period can
be found from

for 0=t=1,

v,(t) = Ryi, = Ve ReCe (3.55)
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FIGURE 3.20

Single-phase bridge rectifier with C filter.

TABLE 3.5 Terms for Measuring Output Ripple Voltage

Definition of Terms Relationship
The peak value of output voltage Vomax) = Vi
The peak—peak output ripple voltage, V() Viep) = Votmax) = Vomin) = Vin = Vo(min)
The ripple factor of output voltage Vieo  Vin = Vo(min Vo(min)
RE, = = =1-
vV, Vin Vin

The minimum value of output voltage Vominy = V(1 — RF,)
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Figure 3.20d shows the equivalent circuit during discharging. We can find the discharg-
ing time ¢, or the discharging angle B (rad/s) as

oty =B=m2+a (3.56)
Att = t4,v,(t) in Eq. (3.55) becomes equal to V,,min), and we can relate £ t0 V,(min) by
Vot = 14) = Vominy = Vi e 0F1C (3.57)

which gives the discharging time ¢, as

Vin
Zd = RL Ce 11’1( ) (358)
Vo(min)

Equating ¢, in Eq. (3.58) to 7, in Eq. (3.56), we get

v, Vo(mi
o R, C, ln(v m ) =2+ o=+ sin_](g) (3.59)

o(min) m
Therefore, the filter capacitor C, can be found from

1
Lo J o(min)
w2 + Ll (R —
s ( )

m

ol
o n
t Vo(min)

Redefining the time origin (wf = 0) at w/2 when the discharging interval begins, we
can find the average output voltage V() from

C, =

(3.60)

Vm B N w
Vo) = v / e rC d(ot) + / cos(ot) d(mt)
! b (3.61)

Vv,
=" [wR,C(1 - e"ame) + sinB]

The above equations [Egs. (3.60) and (3.61)] for C and V) (3.61) are nonlinear. We
can derive simple explicit expressions for the ripple voltage in terms of the capacitor
value if we make the following assumptions:

e ¢.is the charging time of the capacitor C,

e ¢, the discharging time of the capacitor C,
If we assume that the charging time ¢, is small compared to the discharging time ¢4, that
is,t; >> t. which is generally the case, we can relate ¢. and ¢, to the period T of the input
supply as

ty=T72 —t. = T2 =1/2f (3.62)

Using Taylor series expansion of e = 1 — x for a small value of x << 1, Eq. (3.57)
can be simplified to

ld
— ~1/R.C, — _
Votminy = Vipe Rl = Vm(l RLCe) (3.63)
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which gives the peak-to-peak ripple voltage V) as

Vv =V la _ Vm
o(min) — Vm RLCe - szLCe

‘/r(pp) = Vm - (364)
Equation (3.64) can be used to find the value of capacitor C, with a reasonable ac-
curacy for most practical purposes as long as the ripple factor is within 10%. We can
observe from Eq. (3.64) that the ripple voltage depends inversely on the supply fre-
quency f, the filter capacitance C,, and the load resistance R; .

If we assume that the output voltage decreases linearly from V. (=V},) to
Vo(miny during the discharging interval, the average output voltage can be found ap-
proximately from

Vm + Vo(min) . l

Ly
== — + — .
Voav) > > {Vm Vm(l RLCe) } (3.65)

which, after substituting for ¢,;, becomes

B Y R S A P T
olav) o | T T T R2fC,)] 2 R, 2fC, '

The ripple factor RF can be found from

Viepy/2 1
F = (pp)'~

Vo) 4R.fC, — 1 (3.67)

The peak input voltage V,, is generally fixed by the supply, where the minimum volt-
age V,(min) can be varied from almost 0 to V,, by varying the values of C,, f, and R;.
Therefore, it is possible to design for an average output voltage V, ) in the range
from V,,/2 to V,,. We can find the value of capacitor C, to meet either a specific
value of the minimum voltage V,uin) or the average output voltage V) so that

Vominy = 2Vogav) = Vin)-
a. Equation (3.67) can be solved for C,

1 1 1 1
= —{1+=—=)=——(1+——) =175uF
€= ur RF) 4 X 60 X 500( 0.05) #

b. From Eq. (3.66), the average output voltage is

y _ﬁ{z_ 1 }_@{2_ 1 }—15354\/
o) = R.2fC, 2 500 X 2 X 60 X C, '

Example 3.13 Finding the Values of an LC Output Filter to Limit the Amount
of Output Ripple Voltage

An LC filter as shown in Figure 3.16c is used to reduce the ripple content of the output volt-
age for a single-phase full-wave rectifier. The load resistance is R = 40 (), load inductance is
L = 10 mH, and source frequency is 60 Hz (or 377 rad/s). (a) Determine the values of L, and C,
so that the RF of the output voltage is 10%. (b) Use PSpice to calculate Fourier components of
the output voltage v,. Assume diode parameters IS = 2.22E — 15, BV = 1800 V.
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FIGURE 3.21

Equivalent circuit for harmonics.

The equivalent circuit for the harmonics is shown in Figure 3.21. To make it easier for
the nth harmonic ripple current to pass through the filter capacitor, the load imped-
ance must be much greater than that of the capacitor. That is,

1
R+ L) > ——
(noL) noC,

This condition is generally satisfied by the relation

VR + (nwl)* = 19

e (3.68)

and under this condition, the effect of the load is negligible. The rms value of the nth
harmonic component appearing on the output can be found by using the voltage-
divider rule and is expressed as

o —1/(noC,) _ -1 v (3.69)
o (noL,) — U(noC)l ™~ |(nwyL,C, — 1] ™ '
The total amount of ripple voltage due to all harmonics is
% 12
Vie = ( > Vgn) (3.70)
n=245,...

For a specified value of V,. and with the value of C, from Eq. (3.68), the value of L,
can be computed. We can simplify the computation by considering only the dominant
harmonic. From Eq. (3.12), we find that the second harmonic is the dominant one and
its rms value is Vo, = 4V,,/(3V2m) and the dc value, V. = 2V,,/m.

For n = 2, Egs. (3.69) and (3.70) give

1

Voev, = |— 1
e e ‘(Zw)zLeCe— 1

Van

The value of the filter capacitor C, is calculated from

10
VR + (2wL)* =

20C,
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FIGURE 3.22

Diode Rectifiers

Single-phase bridge rectifier for PSpice simulation.

or

7 i
7z R2 400
5
T 3260F 1 J10mH
€ R 6
D D2 Vi =0V
4
10
C.= = 326 uF
4wfV R + (4mfL)?
From Eq. (3.6), the RF is defined as
Voo _ Van 1 V2 1

RF =

Vae

=2= - =01

Ve Vae(4mPPL.C. — 1 3 |[dmfPL.C, — 1]

or (4mf*’L,C, — 1 = 4.714 and L, = 30.83 mH.

The single-phase bridge rectifier for PSpice simulation is shown in Figure 3.22. A small
resistance R, is added to avoid PSpice convergence problem due to a zero resistance
dc path formed by L, and C,. The list of the circuit file is as follows:

Example 3.13 Single-Phase Bridge Rectifier with LC Filter

AYS]
LE
CE
RX
L

R

VX
VY
D1
D2
D3
D4

1

B O NP OV U oW

0

N W o W N Ul v J B+ ©

SIN (0 169.7V 60HZ)

30.83MH

326UF ; Used to converge the solution
80M

10MH

40

DC OV ; Voltage source to measure the output current
DC OV ; Voltage source to measure the input current
DMOD ; Diode models

DMOD

DMOD

DMOD
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.MODEL DMOD D (IS=2.22E-15 BV=1800V) ; Diode model parameters
. TRAN 10US 50MS 33MS 50US ; Transient analysis

.FOUR 120HZ V(6,5) ; Fourier analysis of output voltage
.options ITL5=0 abstol=1.000u reltol=.05 vntol=0.01lm

.END

The results of PSpice simulation for the output voltage V(6,5) are as follows:

FOURIER COMPONENTS OF TRANSIENT RESPONSE V(6,5)
DC COMPONENT = 1.140973E+02

HARMONIC FREQUENCY FOURIER NORMALIZED PHASE NORMALIZED
NO (HZ) COMPONENT  COMPONENT (DEG) PHASE (DEG)
1 1.200E+02 1.304E+01 1.000E+00 1.038E+02 0.000E+00
2 2.400E+02 6.496E-01 4.981E-02 1.236E+02 1.988E+01
3 3.600E+02 2.277E-01 1.746E-02 9.226E+01 -1.150E+01
4 4.800E+02 1.566E-01 1.201E-02 4.875E+01 -5.501E+01
5 6.000E+02 1.274E-01 9.767E-03 2.232E+01 -8.144E+01
6 7.200E+02 1.020E-01 7.822E-03 8.358E+00 -9.540E+01
7 8.400E+02 8.272E-02 6.343E-03 1.997E+00 -1.018E+02
8 9.600E+02 6.982E-02 5.354E-03 -1.061E+00 -1.048E+02
9 1.080E+03 6.015E-02 4.612E-03 -3.436E+00 -1.072E+02

TOTAL HARMONIC DISTORTION = 5.636070E+00 PERCENT

which verifies the design.

Example 3.14 Finding the Values of an LC Input Filter to Limit the Amount of Input
Ripple Current

An LCinput filter as shown in Figure 3.17 is used to reduce the input current harmonics in a single-
phase full-wave rectifier of Figure 3.9a. The load current is ripple free and its average value is
I, If the supply frequency is f = 60 Hz (or 377 rad/s), determine the resonant frequency of the
filter so that the total input harmonic current is reduced to 1% of the fundamental component.

Solution

The equivalent circuit for the nth harmonic component is shown in Figure 3.23. The rms value of
the nth harmonic current appearing in the supply is obtained by using the current-divider rule,

1
(nw)’L;C; — 1

sn Inh Inh (371)

where I, is the rms value of the nth harmonic current. The total amount of harmonic current in
the supply line is

*® 12
I, =( > Ifn)

n=23,...



144 Chapter 3 Diode Rectifiers
L;
Y\ °
X, = nolL; l
_ 1
I, X.= noC; T C,‘ <¢ Inh(n“’)
FIGURE 3.23
Equivalent circuit for harmonic current.
and the harmonic factor of input current (with the filter) is
L2 @)
r=-t= = 3.72
Isl n=2§, .. Isl ( )
From Eq. (3.24), I, = 4I,/N2 @ and I,;, = 4L/(V2 nw) for n = 3,5,7, ... . From Egs. (3.71)
and (3.72), we get
o ]sn 2 o ZLC -1 2
i= 5 (1) 3 lneriast 673
n=357... \Is n=357.... 107 [(nw)"L;C; — 1]
This can be solved for the value of L;C;. To simplify the calculations, we consider only the third
harmonic,3[(3 X 2 X 7w X 60)*>L,C; — 1]/(w’L,C; — 1) = 1/0.01 = 1000r L;C; = 9.349 X 10°°
and the filter frequency is 1/V L;C; = 327.04 rad/s, or 52.05 Hz. Assuming that C; = 1000 wF,
we obtain L; = 9.349 mH.

Note: The ac filter is generally tuned to the harmonic frequency involved, but it
requires a careful design to avoid the possibility of resonance with the power system.
The resonant frequency of the third-harmonic current is 377 X 3 = 1131 rad/s.

Key Points of Section 3.11
e The design of a rectifier requires determining the diode ratings and the ratings of
filter components at the input and output side. Filters are used to smooth out the
output voltage by a dc filter and to reduce the amount of harmonic injection to
the input supply by an ac filter.
3.12 OUTPUT VOLTAGE WITH LC FILTER

The equivalent circuit of a full-wave rectifier with an LC filter is shown in Figure 3.24a.
Assume that the value of C, is very large, so that its voltage is ripple free with an
average value of V). L. is the total inductance, including the source or line induc-
tance, and is generally placed at the input side to act as an ac inductance instead of a
dc choke.
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FIGURE 3.24
Output voltage with LC filter.

If Vg is less than V,,, the current i, begins to flow at «, which is given by
Vie = Vpsina

This in turn gives

Vdc_ - -1
—— = SIn 'x
m

o = sin’!
where x = V,/V,,. The output current i, is given by
dip,

Li
¢ dt

=V, sin ot — Vg

which can be solved for i.

1 [
i() = / (Vm sin wt — vdc) d((x)t)
oL, /,

' |%
——(cosa — cos of) — A(u)t —a) forot=a (3.74)
ol, ol,

The critical value of ot = B = 7 + « at which the current i, falls to zero can be found
from the condition iy(wt = B) = 7 + a = 0.
The average current /. can be found from

1 mTto
%:w/ io(1) d(wi)

which, after integration and simplification, gives

V., 3 2 @
I, = wLe|: 1—x"+ x<ﬂ_ 2>:| (3.75)



146 Chapter 3 Diode Rectifiers

For V4 = 0, the peak current that can flow through the rectifier is I = V,/oL,.
Normalizing . with respect to I, we get

k(x) = f“k =Vi-2+ x(i ~ ;) (3.76)
p

Normalizing the rms value /I, with respect to I, we get

L. Tto
k(x) = ﬁ = \/ % / io(H)? d(w £ (3.77)
P o

Because o depends on the voltage ratio x, Egs. (3.75) and (3.76) are dependent on x.
Table 3.6 shows the values of k(x) and k,(x) against the voltage ratio x.

Because the average voltage of the rectifier is Vg, = 2 V,,/m, the average current
is equal to

7 _ZVm
dec — aR
Thus,
2V, Vi 5 2 ™
TrR:IdC:kak(x):(.oLe|: 1 —x"+x ;—E

which gives the critical value of the inductance L.(= L.) for a continuous current as

TR 2 0w
L,=—|V1-x*+x(=-—= .
2w { * x(’n’ 2)} (378)

Thus, for a continuous current through the inductor, the value of L, must be larger
than the value of L,. That is,

L, > L, = “f[m + x(fr = “)] (3.79)

Discontinuous case. The current is discontinuous if wf = B = (7w + «). The
angle B at which the current is zero can be found by setting in Eq. (3.74) to zero. That is,
cos(a) —cos(B) —x(B—a) =0

which in terms of x becomes

V1 — x> — x(B — arcsin(x)) = 0 (3.80)

Example 3.15 Finding the Critical Value of Inductor for Continuous Load Current

The rms input voltage to the circuit in Figure 3.24a is 220 V, 60 Hz. (a) If the dc output
voltage is Vg, = 100 V at I;. = 10 A, determine the values of critical inductance L,, «, and
Lps. (b) If Iy, = 15 A and L, = 6.5 mH, use Table 3.6 to determine the values of Vg, a, B,
and /[ .
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TABLE 3.6 Normalized Load Current

x % Lyl I % L/ I %0 o Degrees B Degrees

0 100.0 122.47 0 180

5 95.2 115.92 2.87 182.97
10 90.16 109.1 5.74 185.74
15 84.86 102.01 8.63 188.63
20 79.30 94.66 11.54 191.54
25 73.47 87.04 14.48 194.48
30 67.37 79.18 17.46 197.46
35 60.98 71.1 20.49 200.49
40 54.28 62.82 23.58 203.58
45 47.26 54.43 26.74 206.74
50 39.89 46.06 30.00 210.00
55 32.14 38.03 33.37 213.37
60 23.95 31.05 36.87 216.87
65 15.27 26.58 40.54 220.54
70 6.02 26.75 44.27 224.43
72 2.14 28.38 46.05 226.05
72.5 1.15 28.92 46.47 226.47
73 0.15 29.51 46.89 226.89
73.07 0 29.60 46.95 226.95

Solution

o = 2w X 60 = 377rad/s, V, = 120V, V,, = V2 X 120 = 169.7 V.

a. Voltage ratio x = Vy/V,, = 100/169.7 = 0.5893 = 58.93%; o = sin”!(x) = 36.87°.
Equation (3.76) gives the average current ratio k = Iy/I, = 0.2575 = 25.75%. Thus,

Lok = la/k = 10/0.2575 = 38.84 A. The critical value of inductance is

WV, 169.7

L, =" =27  _q159mH
T ol 377 X 38.84 m

Equation (3.76) gives the rms current ratio k, = L/l = 32.4%. Thus,
Lims = ke = 0.324 X 38.84 = 12.58 A.

b. L, =65mH, I, = V,/(wL,) = 169.7/(377 X 6.5 mH) = 69.25 A.

Le 15
k== —2166%

L, 69.25

Using linear interpolation, we get
i (xn+1 - xn)(k - kn)

X =X,
kn+1 - kn

s (65 — 60)(21.66 — 23.95) 13%

B 15.27 — 23.95 e

Vie = xV,, = 0.6132 X 169.7 = 104.06 V

" (anJrl - OLn)(k - kn)
kn+1 - kn

o= oy
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gy s (405436872166 —23.95)
e 1527 — 23.95 T
(Bn+1 - Bn)(k - kn)
=B, +
B Bl’l kn+1 - kn
ey o (2054 21687)2166 —2395)
o 1527 — 23.95 T
Lo kst — ko) (k — ki
o= dms g krn1y — Krm)( )
ka kn+1 - kn
s 4 (2658 ~3105)2166 — 2395)
o 1527 — 23.95 e
Thus, I, = 0.2987 X I = 0.2987 X 69.25 = 20.68 A.
Key Points of Section 3.12
e With a high value of output filter capacitance C,, the output voltage remains al-
most constant. A minimum value of the filter inductance L, is required to main-
tain a continuous current. The inductor L, is generally placed at the input side to
act as an ac inductor instead of a dc choke.
3.13  EFFECTS OF SOURCE AND LOAD INDUCTANCES

In the derivations of the output voltages and the performance criteria of rectifiers, it
was assumed that the source has no inductances and resistances. However, in a practi-
cal transformer and supply, these are always present and the performances of rectifiers
are slightly changed. The effect of the source inductance, which is more significant
than that of resistance, can be explained with reference to Figure 3.25a.

The diode with the most positive voltage conducts. Let us consider the point
ot = 7 where voltages v,. and v, are equal as shown in Figure 3.25b. The current
14 is still flowing through diode D;. Due to the inductance L, the current can-
not fall to zero immediately and the transfer of current cannot be on an instanta-
neous basis. The current iy decreases, resulting in an induced voltage across L of
+vg; and the output voltage becomes vy = v,. + vy;. At the same time the current
through D;, i3 increases from zero, inducing an equal voltage across L, of —vy, and
the output voltage becomes vy, = vy, — V. The result is that the anode voltages
of diodes D; and Dj; are equal; and both diodes conduct for a certain period which
is called commutation (or overlap) angle p. This transfer of current from one diode
to another is called commutation. The reactance corresponding to the inductance is
known as commutating reactance.

The effect of this overlap is to reduce the average output voltage of converters.
The voltage across L, is

di
Vip = Lzz (381)
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FIGURE 3.25

Three-phase bridge rectifier with source inductances.

Assuming a linear rise of current i from 0 to Iy, (or a constant di/dt = Ai/At), we can
write Eq. (3.81) as

Vio At = L2 Ai (382)

and this is repeated six times for a three-phase bridge rectifier. Using Eq. (3.82), the
average voltage reduction due to the commutating inductances is

V.= %Z(UU + vpy + v3) At = 2(L; + Ly, + L3)Ai
= 2f(L; + Ly + L3)Iy (3.83)
If all the inductances are equal and L. = L; = L, = L3, Eq. (3.83) becomes
V, = 6fLlg (3.84)

where fis the supply frequency in hertz.
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Example 3.16 Finding the Effect of Line Inductance on the Output Voltage of a Rectifier

A three-phase bridge rectifier is supplied from a Y-connected 208-V 60-Hz supply. The average
load current is 60 A and has negligible ripple. Calculate the percentage reduction of output volt-
age due to commutation if the line inductance per phase is 0.5 mH.

Solution
L,=05mH, V, = 208/\V/3 =120V, f = 60 Hz, I, = 60 A, and V,, = V2 X 120 = 169.7 V.
From Eq. (3.33), V4. = 1.6554 X 169.7 = 281.14 V. Equation (3.84) gives the output voltage
reduction,

100

V,=6X60x05x%x107x60=108V or 10.8 XW: 3.85%

and the effective output voltage is (281.14 — 10.8) = 270.38 V.

Example 3.17 Finding the Effect of Diode Recovery Time on the Output
Voltage of a Rectifier

The diodes in the single-phase full-wave rectifier in Figure 3.3a have a reverse recovery time
of #,, = 50 ps and the rms input voltage is V;, = 120 V. Determine the effect of the reverse
recovery time on the average output voltage if the supply frequency is (a) f; = 2 kHz and
(b) f; = 60 Hz.

Solution

The reverse recovery time would affect the output voltage of the rectifier. In the full-wave rec-
tifier of Figure 3.3a, the diode D, is not off at wt = m; instead, it continues to conduct until
t = mwlw + t,. As aresult of the reverse recovery time, the average output voltage is reduced and
the output voltage waveform is shown in Figure 3.26.

If the input voltage is v = V,, sin ot = V2 V, sin wt, the average output voltage reduction is

2 by 2Vm L
Vrr = ?/ Vmsinwtdt = T{—%}O
0
Vv,

f (1 — cos wt,,)

Ve = V2V, = V2 X120 = 169.7V (3.85)

FIGURE 3.26

Effect of reverse recovery time on output voltage.
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Without any reverse recovery time, Eq. (3.11) gives the average output voltage V. = 0.6366V,, =
108.03 V.

a. Fort, = 50 ps and f; = 2000 Hz, Eq. (3.84) gives the reduction of the average output
voltage as

Vin
Vrr = 7(1 — COs qufstrr)
= 0061V, = 103V or 9.51% of V.

b. Fort,, = 50 ps and f; = 60 Hz, Eq. (3.84) gives the reduction of the output dc voltage

Vin
V,, = (1 — cos 2mfyt,,) = 5.65 X 107°V,,
™

=9.6x 103V or 888X 1073% of V.

3.14

3.14.1

Note: The effect of ¢, is significant for high-frequency source and for the case of
normal 60-Hz source, its effect can be considered negligible.

Key Points of Section 3.13

e A practical supply has a source reactance. As a result, the transfer of current
from one diode to another one cannot be instantaneous. There is an overlap
known as commutation angle, which lowers the effective output voltage of the
rectifier. The effect of the diode reverse time may be significant for a high-
frequency source.

PRACTICAL CONSIDERATIONS FOR SELECTING INDUCTORS AND CAPACITORS

The inductors on the output side carry a dc current. A dc inductor (or choke) requires
more flux and magnetic materials as compared to an ac inductor. As a result, a dc induc-
tor is more expensive and has more weights.

Capacitors are extensively used in power electronics and applications for ac
filtering, dc filtering, and energy storage. These include high-intensity discharge (HID)
lighting, high-voltage applications, inverters, motor control, photoflash, power supplies,
high-frequency pulse power, RF capacitors, storable flash, and surface mount. There are
two types of capacitors: ac and dc types. Commercially available capacitors are classified
into five categories [5]: (1) ac film capacitors, (2) ceramic capacitors, (3) aluminum elec-
trolytic capacitors, (4) solid tantalum capacitors, and (5) supercapacitors.

AC Film Capacitors

Ac film capacitors use a metallized polypropylene film that provides a self-healing
mechanism, in which a dielectric breakdown “clears” away the metallization and iso-
lates that area of the capacitor within microseconds. Film capacitors offer tight ca-
pacitance tolerances, very low leakage currents, and small capacitance change with
temperature. These capacitors boast low losses where a very low dissipation factor and
an equivalent series resistance (ESR) allow for relatively high current density.
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They are especially suited for ac applications through their combination of high
capacitance and low DF that permits high ac currents. However, they have relatively
large sizes and weights.

Film capacitors are widely used in power electronics applications including, but
not limited to, dc link, dc output filtering, as IGBT snubbers, and in power factor cor-
rection circuits where they supply the leading reactive power (KVAR) to correct the
lagging current caused by inductive loads. Aluminum foil electrodes are used where
very high peak and rms currents are required.

Ceramic Capacitors

Ceramic capacitors have become the preeminent, general-purpose capacitors, espe-
cially in surface-mount-technology (SMT) chip devices where their low cost makes
them attractive. With the emergence of thinner dielectric, multilayer units with rated
voltages of less than 10 V capacitance values in the hundreds of microfarads have
become available. This intrudes on the traditional high capacitance. Ceramic capaci-
tors are not polarized and therefore can be used in ac applications.

Aluminum Electrolytic Capacitors

An aluminum electrolytic capacitor consists of a wound capacitor element impregnated
with liquid electrolyte, connected to terminals and sealed in a can. These capacitors
routinely offer capacitance values from 0.1 pF to 3 F and voltage ratings from 5 V to
750 V. The equivalent circuit as shown in Figure 3.27 models the aluminum electrolytic
capacitor’s normal operation, as well as overvoltage and reverse-voltage behavior.
Capacitance C is the equivalent capacitance and it decreases with increasing fre-
quency. Resistance R is the equivalent series resistance, and it decreases with increas-
ing frequency and temperature. It increases with rated voltage. Typical values range
from 10 mQ to 1 Q, and Rq is inversely proportional to capacitance for a given rated
voltage. Inductance L; is the equivalent series inductance, and it is relatively indepen-
dent of both frequency and temperature. Typical values range from 10 nH to 200 nH.
R, is the equivalent parallel resistance and accounts for leakage current in the
capacitor. It decreases with increasing capacitance, temperature, and voltage, and it
increases while voltage is applied. Typical values are on the order of 100/C MQ with
C in pF, for example, a 100 pF capacitor would have an R, of about 1 MQ. Zener

L

s

o < S
FIGURE 3.27

Equivalent circuit.
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diode D models overvoltage and reverse-voltage behavior. Application of overvolt-
age on the order of 50 V beyond the capacitor’s surge voltage rating causes high
leakage current.

Solid Tantalum Capacitors

Like aluminum electrolytic capacitors, solid tantalum capacitors are polar devices
(1 V maximum reverse voltage) having distinct positive and negative terminals,
and are offered in a variety of styles. Typical capacitance values are from 0.1 pF to
1000 pF and voltage ratings are from 2 V to 50 V. Typical maximum capacitance—
voltage combinations are approximately 22 pF at 50 V for leaded styles and 22 pF at
35 V for surface mount.

Supercapacitors

Supercapacitors offer extremely high capacitance values (farads) in a variety of pack-
aging options that will satisfy low-profile, surface mount through hole and high density
assembly requirements. They have unlimited charging and discharging capabilities, no
recycling necessary, long life of 15 years, low equivalent series resistance, extended
battery life up to 1.6 times, and high performances with economy pricing. The capaci-
tance range is 0.22 Fto 70 F.

Key Points of Section 3.14

¢ A dcinductor is more expensive and has more weights. There are two type of ca-
pacitors; ac and dc types. The commercially available capacitors can be classified
in five (5) categories; (a) ac film capacitors, (b) ceramic capacitors, (¢) aluminum
electrolytic capacitor, (d) solid tantalum capacitors, and (e) super-capacitors.

SUMMARY

There are different types of rectifiers depending on the connections of diodes and input
transformer. The performance parameters of rectifiers are defined and it has been
shown that the performances of rectifiers vary with their types. The rectifiers gener-
ate harmonics into the load and the supply line; these harmonics can be reduced by
filters. The performances of the rectifiers are also influenced by the source and load
inductances.
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What is the turns ratio of a transformer?

What is a rectifier? What is the difference between a rectifier and a converter?
What is the blocking condition of a diode?

What are the performance parameters of a rectifier?

What is the significance of the form factor of a rectifier?

What is the significance of the ripple factor of a rectifier?

What is the efficiency of rectification?

What is the significance of the transformer utilization factor?

What is the displacement factor?

What is the input power factor?

What is the harmonic factor?

What is the dc output voltage of a single-phase full-wave rectifier?

What is the fundamental frequency of the output voltage of a single-phase full-wave rectifier?
What are the advantages of a three-phase rectifier over a single-phase rectifier?
What are the disadvantages of a multiphase half-wave rectifier?

What are the advantages of a three-phase bridge rectifier over a six-phase star rectifier?
What are the purposes of filters in rectifier circuits?

What are the differences between ac and dc filters?

What are the effects of source inductances on the output voltage of a rectifier?
What are the effects of load inductances on the rectifier output?

What is a commutation of diodes?

What is the commutation angle of a rectifier?

A single-phase bridge rectifier has a purely resistive load R = 15 (), the peak supply
voltage V,, = 180 V, and the supply frequency f = 60 Hz. Determine the average output
voltage of the rectifier if the source inductance is negligible.

Repeat Problem 3.1 if the source inductance per phase (including transformer leakage
inductance) is L. = 0.5 mH.

A six-phase star rectifier has a purely resistive load of R = 15 Q, the peak supply voltage
V,, = 180V, and the supply frequency f = 60 Hz. Determine the average output voltage
of the rectifier if the source inductance is negligible.

Repeat Problem 3.3 if the source inductance per phase (including the transformer leakage
inductance) is L. = 0.5 mH.

A three-phase bridge rectifier of Figure 3.11 has a purely resistive load of R = 40 () and is
supplied from a 280-V, 60-Hz source. The primary and secondary of the input transformer
are connected in Y. Determine the average output voltage of the rectifier if the source
inductances are negligible.

Repeat Problem 3.5 if the source inductance per phase (including transformer leakage
inductance) is L. = 0.5 mH.

The single-phase bridge rectifier of Figure 3.3a is required to supply an average voltage of
Vie = 300V to aresistive load of R = 15 (). Determine the voltage and current ratings of
diodes and transformer.

A three-phase bridge rectifier is required to supply an average voltage of V. = 750 V at
a ripple-free current of /;. = 6000 A. The primary and secondary of the transformer are
connected in Y. Determine the voltage and current ratings of diodes and transformer.
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The single-phase rectifier of Figure 3.3a has an RL load. If the peak input voltage is
V., = 170V, the supply frequency f = 60Hz, and the load resistance R = 10 Q,
determine the load inductance L to limit the load current harmonic to 4% of the aver-
age value Ige.

The three-phase star rectifier of Figure 3.10a has an RL load. If the secondary peak volt-
age per phase is V,, = 170 V at 60 Hz, and the load resistance is R = 10 (), determine the
load inductance L to limit the load current harmonics to 2% of the average value I;..

The battery voltage in Figure P3.11 is £ = 10 V and its capacity is 200 Wh. The average
charging current should be Iy. = 10 A. The primary input voltage is V,, = 120V, 60 Hz,
and the transformer has a turns ratio of 4 = 2:1. Calculate (a) the conduction angle & of
the diode, (b) the current-limiting resistance R, (¢) the power rating P of R, (d) the charg-
ing time /,, in hours, (e) the rectifier efficiency m, and (f) the peak inverse voltage (PIV) of
the diode.

e

FIGURE P3.11

The battery voltage in Figure P3.11 is £ = 12 V and its capacity is 100 Wh. The average
charging current should be /3. = 5 A. The primary input voltage is V,, = 120 V, 60 Hz,
and the transformer has a turns ratio of # = 2:1. Calculate (a) the conduction angle
of the diode, (b) the current-limiting resistance R, (c¢) the power rating Py of R, (d) the
charging time 4, in hours, (e) the rectifier efficiency m, and (f) the PIV of the diode.

The single-phase full-wave rectifier of Figure 3.4a has L = 45mH, R =4, and
E = 20 V. The input voltage is V; = 120 V at 60 Hz. (a) Determine (1) the steady-state
load current j at wt = 0, (2) the average diode current Ip(,y), (3) the rms diode current
Ip(ms)> and (4) the rms output current I,y (b) Use PSpice to plot the instantaneous
output current iy. Assume diode parameters IS = 2.22E — 15, BV = 1800 V.

The three-phase full-wave rectifier of Figure 3.11 has a load of L = 2.5mH,R =5 Q,
and E = 20 V. The line-to-line input voltage is V,, = 208 V, 60 Hz. (a) Determine (1) the
steady-state load current [ at ot = 7/3, (2) the average diode current Ip,y), (3) the rms
diode current Ip(;ms), and (4) the rms output current I,mg). (b) Use PSpice to plot the in-
stantaneous output current i. Assume diode parameters IS = 2.22E — 15, BV = 1800 V.
A single-phase bridge rectifier is supplied from a 220-V, 60-Hz source. The load resis-
tance is R;, = 300 Q. (a) Design a C-filter so that the ripple factor of the output voltage
is less than 3%. (b) With the value of capacitor C, in part (a), calculate the average load
voltage Vje.
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Repeat Problem 3.15 for the single-phase half-wave rectifier in Figure P3.16.
‘ + op —‘
i.\' D 1
Dt
+ + +
v, ‘ ‘ v, =V, sinwt R § v,

Circuit diagram

FIGURE P3.16

The single-phase half-wave rectifier in Figure P3.16 has a purely resistive load of R.
Determine (a) the efficiency, (b) the FF, (c) the RF, (d) the TUF, (e) the PIV of the diode
(f) the CF of the input current, and (g) the input PF. Assume V,, = 100 V.

The single-phase half-wave rectifier of Figure P3.16 is connected to a source of 60 Hz.
Express the instantaneous output voltage in Fourier series.

The rms input voltage to the circuit in Figure 3.20a is 120 V, 60 Hz. (a) If the dc output
voltage is Vg, = 48 Vat [j, = 20 A, determine the values of inductance L,, o, and I,
(b)If I, = 15 A and L, = 6.5 mH, use Table 3.6 to calculate the values of V., ., B, and /.
The single-phase rectifier of Figure 3.3a has a resistive load of R, and a capacitor C is con-
nected across the load. The average load current is /.. Assuming that the charging time of
the capacitor is negligible compared with the discharging time, determine the rms output
voltage harmonics, V..

The LC filter shown in Figure 3.16c is used to reduce the ripple content of the output
voltage for a six-phase star rectifier. The load resistance is R = 20 (2, load inductance is
L = 7.5 mH, and source frequency is 60 Hz. Determine the filter parameters L, and C, so
that the ripple factor of the output voltage is 3%.

The three-phase rectifier of Figure 3.13 has an RL load and is supplied from a Y-connected
supply. (a) Use the method of Fourier series to obtain expressions for the output voltage
vo(¢) and load current iy(¢). (b) If peak phase voltage is V,, = 170 V at 60 Hz and the load
resistance is R = 200 (), determine the load inductance L to limit the ripple current to 2%
of the average value Ige.

The single-phase half-wave rectifier of Figure P3.23 has a freewheeling diode and a ripple-
free average load current of /,. (a) Draw the waveforms for the currents in Dy, D,,, and the
transformer primary; (b) express the primary current in Fourier series; and (¢) determine

[+ o0 ]
Dt * -
+ D, t i +
I
| R< wvg
I
. | —
‘ ‘ vy =V, sinwt g, ZFDm -
I
| L v
I
— 1 —
&

Circuit diagram

FIGURE P3.23



3.24

3.25

3.26

3.27

3.28

3.29

3.30

331

3.32

Problems 157

the input PF and HF of the input current at the rectifier input. Assume a transformer turns
ratio of unity.

The single-phase full-wave rectifier of Figure 3.2a has a ripple-free average load current
of I,. (a) Draw the waveforms for currents in Dy, D,, and transformer primary; (b) express
the primary current in Fourier series; and (¢) determine the input PF and HF of the input
current at the rectifier input. Assume a transformer turns ratio of unity.

The multiphase star rectifier of Figure 3.10a has three pulses and supplies a ripple-free
average load current of /,. The primary and secondary of the transformer are connected
in Y. Assume a transformer turns ratio of unity. (a) Draw the waveforms for currents in
Dy, D,, D;, and transformer primary; (b) express the primary current in Fourier series;
and (c) determine the input PF and HF of input current.

Repeat Problem 3.25 if the primary of the transformer is connected in delta and secondary
inY.

The multiphase star rectifier of Figure 3.10a has six pulses and supplies a ripple-free aver-
age load current of /,. The primary of the transformer is connected in delta and secondary
in Y. Assume a transformer turns ratio of unity. (a) Draw the waveforms for currents in
Dy, D,, D;, and transformer primary; (b) express the primary current in Fourier series;
and (c) determine the input PF and HF of the input current.

The three-phase bridge rectifier of Figure 3.11 supplies a ripple-free load current of I,.
The primary and secondary of the transformer are connected in Y. Assume a transformer
turns ratio of unity. (a) Draw the waveforms for currents in Dy, D3, Ds, and the second-
ary phase current of the transformer; (b) express the secondary phase current in Fourier
series; and (c¢) determine the input PF and HF of the input current.

Repeat Problem 3.28 if the primary of the transformer is connected in delta and second-
aryin Y.

Repeat Problem 3.28 if the primary and secondary of the transformer are connected in
delta.

A twelve-phase star rectifier in Figure 3.10a has a purely resistive load with R ohms.
Determine (a) the efficiency, (b) the FF, (¢) the RF, (d) the TUF factor, (e) the PIV of
each diode, and (f) the peak current through a diode if the rectifier delivers /3. = 300 A at
an output voltage of Vg, = 240 V.

A star rectifier in Figure 3.10a has ¢ = 12, V,,, = 170 V, and the supply frequency is
f = 60 Hz. Determine the rms value of the dominant harmonic and its frequency.



PART 1l Power Transistors
and DC-DC Converters

CHAPTER 4

Power Transistors

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

e List the characteristics of an ideal transistor switch.

Describe the switching characteristics of different power transistors such as MOSFETs,

COOLMOS, BJTs, IGBTs, and SITs.

Describe the limitations of transistors as switches.

Describe the gate control requirements and models of power transistors.

Design di/dt and dv/dt protection circuits for transistors.

Determine arrangements for operating transistors in series and parallel.

Describe the SPICE models of MOSFETSs, BJTs, and IGBTs.

Determine the gate-drive characteristics and requirements of BJTs, MOSFETs, JFETs,

and IGBTs.

¢ Describe the isolation techniques between the high-level power circuit and the low-level
gate-drive circuit.

Symbols and Their Meanings

Symbols Meaning

v Instantaneous variable current and voltage, respectively

LV Fixed dc current and voltage, respectively

I Ip; I Ipg Gate, drain, source, and saturated drain currents of MOSFETs,
respectively

Ig; I Ip; Icg Base, collector, emitter, and saturated collector currents of BJTs,
respectively

Ves: Vs Gate-source and drain—source voltages of MOSFETS, respectively

Ve Vee Base—emitter and collector—emitter voltages of BJTs, respectively

Ie;VessVee Collector current, gate—source, and collector—emitter voltages of
IGBTs, respectively

Ta;Te, Ty, Ty Ambient, case, junction, and sink temperatures, respectively

L5 b by B3 15 £ Delay, rise, on, storage, fall, and off time of a switching transistor,
respectively

158
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Symbols Meaning
Br Ehpp); arp Forward current gain and collector—emitter current ratios of BJTs,
respectively
R, Rp; Rg Collector, drain, and gate resistances, respectively
4.1 INTRODUCTION

Power transistors have controlled turn-on and turn-off characteristics. The transis-
tors, which are used as switching elements, are operated in the saturation region, re-
sulting in a low on-state voltage drop. The switching speed of modern transistors is
much higher than that of thyristors and they are extensively employed in dc—dc and
dc—ac converters, with inverse parallel-connected diodes to provide bidirectional
current flow. However, their voltage and current ratings are lower than those of
thyristors and transistors are normally used in low- to medium-power applications.
With the development of power semiconductor technology, the ratings of power
transistors are continuously being improved. IGBTs are being increasingly used in
high-power applications.The power transistors can be classified broadly into five
categories:

1. Metal oxide semiconductor field-effect transistors (MOSFETS)
2. COOLMOS

3. Bipolar junction transistors (BJTs)

4. Insulated-gate bipolar transistors (IGBTs)

5. Static induction transistors (SITs)

MOSFETs, COOLMOS, BJTs, IGBTs, or SITs can be assumed as ideal switches
to explain the power conversion techniques. A transistor can be operated as a switch.
However, the choice between a BJT and an MOSFET in the converter circuits is not
obvious, but each of them can replace a switch, provided that its voltage and current
ratings meet the output requirements of the converter. Practical transistors differ from
ideal devices. The transistors have certain limitations and are restricted to some appli-
cations. The characteristics and ratings of each type should be examined to determine
its suitability to a particular application.

The gating circuit is an integral part of a power converter that consists of power
semiconductor devices. The output of a converter that depends on how the gating cir-
cuit drives the switching devices is a direct function of the switching. Therefore, the
characteristics of the gating circuit are key elements in achieving the desired output
and the control requirements of any power converter. The design of a gating circuit
requires knowledge of gate characteristics and needs of such devices as thyristors,
gate-turn-off thyristors (GTOs), bipolar junction transistors, metal oxide semiconduc-
tor field-effect transistors, and insulated-gate bipolar transistors.

Because power electronics is increasingly used in applications that require gate-
drive circuits with advance control, high speed, high efficiency, and compactness, gate-
drive integrated circuits (ICs) are becoming commercially available.
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TABLE 4.1 Material Properties of Silicon and WBG Semiconductor Materials

Parameter Si GaAs 4H-SiC 6H-SiC 3C-SiC 2H-GaN Diamond

Energy bandgap, E, (eV) 1.1 1.42 33 3.0 23 34 5.5

Critical electric field, E, 0.25 0.6 2.2 3 1.8 3 10
(MV/cm)

Electron drift velocity, 1x107  12x107 2x107 2x10" 25x10"7 22x107 27 x107
vsat (cm/s)

Thermal conductivity, 1.5 0.5 49 49 49 1.3 22
\ (W/em-K)

4.2 SILICON CARBIDE TRANSISTORS

Power semiconductor devices are the key elements for determining the types of con-
version topology and the conversion performances. Power devices have been evolving
over the years from silicon-based diodes, to bipolar transistors, thyristors, MOSFETs,
COOLMOs, and IGBTs. IGBTs have been the most desirable devices for their supe-
rior switching characteristics. Silicon-based IGBTs are used in power electronics ap-
plications with device voltage ratings between 1.2 kV and 6.5 kV. The silicon-based
devices have almost reached their limits. A quantum leap in device performances re-
quires either a better material or a better device structure.

Wide-bandgap (WBG) semiconductor materials, such as silicon carbide (SiC),
gallium nitride (GaN), and diamond, have intrinsic material properties, and WBG semi-
conductor devices have super performances as compared to equivalent silicon devices.
Table 4.1 shows the key material properties of silicon and the WBG semiconductor
materials [30]. 4H refers to the SiC crystalline structure used in power semiconductors.
The semiconductor materials are characterized by the following desirable features
[30, 31, 32, 34, 38, 45]:

e Wider energy bandgap results in much lower leakage currents and significantly
higher operating temperatures of WBG devices. Also, the radiation hardness is
improved.

¢ Higher critical electric field means that the blocking layers of WBG devices can be
thinner and with higher doping concentrations, resulting in orders-of-magnitude
low on-resistance values compared to equivalent silicon devices.

¢ Higher electron saturation velocity leads to higher operating frequencies.

e Higher thermal conductivity (e.g., SiC and diamond) improves heat spreading
and allows operation at higher power densities.

One of the biggest advantages this wide bandgap confers is in averting electrical
breakdown. Silicon devices, for example, can’t withstand electric fields in excess of about
300 KV per centimeter. Anything stronger will tug on flowing electrons with enough force
to knock other electrons out of the valence band. These liberated electrons will in turn
accelerate and collide with other electrons, creating an avalanche that can cause the cur-
rent to swell and eventually destroy the material. Because electrons in SiC require more
energy to be pushed into the conduction band, the material can withstand much stronger
electric fields, up to about 10 times the maximum for silicon. As a result, an SiC-based
device can have the same dimensions as a silicon device but can withstand 10 times the
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voltage. An SiC device can be less than a tenth the thickness of a silicon device but carries
the same voltage rating, because the voltage difference does not have to be spread across
as much material. These thinner devices are faster and boast less resistance, which means
less energy is lost to heat when an SiC power device is conducting electricity [33].

The launching of the silicon carbide Schottky diode by Infineon [30] was the begin-
ning of a new era in power semiconductor devices. Silicon carbide 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 [29]. The SiC power electronics has many advantages such as higher voltage
ratings, lower voltage drops, higher maximum temperatures, and higher thermal con-
ductivities. The SiC transistors are unipolar devices and there are practically no dynamic
effects associated with buildup or removal of excess charges. As the SiC technology
develops, the production costs of SiC power devices are expected to be comparable to
Si-based devices. Beginning in the 1990s, continued improvements in SiC single-crystal
wafers have resulted in significant progress toward the development of low-defect, thick-
epitaxial SiC materials and high-voltage SiC devices [41, 53], including the development
of a 7-kV GTO thyristor [66], 10-kV SiC MOSFETs [51], and 13-kV IGBT [64]. The fol-
lowing types of SiC devices are currently available or under development.

Junction field-effect transistors (JFETSs)

Metal oxide silicon field-effect transistors (MOSFETSs)
Bipolar junction transistors (BJTs)

Insulated-gate bipolar transistors (IJBTs)

POWER MOSFETS

A power MOSFET is a voltage-controlled device and requires only a small input cur-
rent. The switching speed is very high and the switching times are of the order of nano-
seconds. Power MOSFETs find increasing applications in low-power high-frequency
converters. MOSFETs do not have the problems of second breakdown phenomena
as do BJTs. However, MOSFETs have the problems of electrostatic discharge and
require special care in handling. In addition, it is relatively difficult to protect them
under short-circuited fault conditions.

The two types of MOSFETs are (1) depletion MOSFETS and (2) enhancement
MOSFETs [6-8]. An n-channel depletion-type MOSFET is formed on a p-type silicon
substrate as shown in Figure 4.1a, with two heavily doped n" silicon sections for low-
resistance connections. The gate is isolated from the channel by a thin oxide layer. The
three terminals are called gate, drain, and source. The substrate is normally connected
to the source. The gate-to-source voltage Vg could be either positive or negative. If
Vs 1s negative, some of the electrons in the n-channel area are repelled and a depletion
region is created below the oxide layer, resulting in a narrower effective channel and a
high resistance from the drain to source Rpg. If V¢ is made negative enough, the chan-
nel becomes completely depleted, offering a high value of Rpg, and no current flows
from the drain to source, Ipg = 0. The value of Vg when this happens is called pinch-
off voltage Vp. On the other hand, if Vi;4 is made positive, the channel becomes wider,
and I increases due to reduction in Rpg. With a p-channel depletion-type MOSFET,
the polarities of Vg, Ips, and Vg are reversed, as shown in Figure 4.1b.
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FIGURE 4.1
Depletion-type MOSFETs.

An n-channel enhancement-type MOSFET has no physical channel, as shown
in Figure 4.2a. If Vg is positive, an induced voltage attracts the electrons from the
p-substrate and accumulates them at the surface beneath the oxide layer. If Vg is
greater than or equal to a value known as threshold voltage Vr, a sufficient number
of electrons are accumulated to form a virtual n-channel, as shown by shaded lines in
Figure 4.2a, and the current flows from the drain to source. The polarities of Vg, Ipg,
and Vg are reversed for a p-channel enhancement-type MOSFET, as shown in
Figure 4.2b. Power MOSFETs of various sizes are shown in Figure 4.3.

Because a depletion MOSFET remains on at zero gate voltage, whereas an
enhancement-type MOSFET remains off at zero gate voltage, the enhancement-type
MOSFETS are generally used as switching devices in power electronics. In order to
reduce the on-state resistance by having a larger current conducting area, the V-type
structure is commonly used for power MOSFETs. The cross section of a power
MOSFET known as a vertical (V) MOSFET is shown in Figure 4.4a.

When the gate has a sufficiently positive voltage with respect to the source, the
effect of its electric field pulls electrons from the n+ layer into the p layer. This opens
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Enhancement-type MOSFETs.

FIGURE 4.3

Power MOSFETs. (Reproduced
with permission from International
Rectifier.)
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FIGURE 4.4
Cross sections of MOSFETs. [Ref. 10, G. Deboy]

a channel closest to the gate, which in turn allows the current to flow from the drain to
the source. There is a silicon oxide (SiO;) dielectric layer between the gate metal and
the n+ and p junction. MOSFET is heavily doped on the drain side to create an n+
buffer below the n-drift layer. This buffer prevents the depletion layer from reaching
the metal, evens out the voltage stress across the n layer, and also reduces the forward
voltage drop during conduction. The buffer layer also makes it an asymmetric device
with rather low reverse voltage capability.

MOSFETs require low gate energy, and have a very fast switching speed and
low switching losses. The input resistance is very high, 10° to 10'! Q. MOSFETs,
however, suffer from the disadvantage of high forward on-state resistance as shown
in Figure 4.4b, and hence high on-state losses, which makes them less attractive as
power devices, but they are excellent as gate amplifying devices for thyristors (see
Chapter 9).

Steady-State Characteristics

The MOSFETsS are voltage-controlled devices and have a very high input impedance.
The gate draws a very small leakage current, on the order of nanoamperes. The cur-
rent gain, which is the ratio of drain current I, to input gate current I, is typically on
the order of 10°. However, the current gain is not an important parameter. The trans-
conductance, which is the ratio of drain current to gate voltage, defines the transfer
characteristics and is a very important parameter.

The transfer characteristics of n-channel and p-channel MOSFETs are shown
in Figure 4.5. The transfer characteristics in Figure 4.5b for n-channel enhancement
MOSFETSs can be used to determine the on-state drain current ip from [29]
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Transfer characteristics of MOSFETs.
iD = Kn ( Vs — VT)Z for VGs > VT and Ups = (’UGS - VT) (41)

where K, is the MOS constant, A/V?

vgs 1s the gate-to-source voltage, V
Vris the threshold voltage, V

Figure 4.6 shows the output characteristics of an n-channel enhancement
MOSFET. There are three regions of operation: (1) cutoff region, where Vg = Vp;
(2) pinch-off or saturation region, where Vpg = Vg — V5 and (3) linear region,
where Vpg =< Vg — Vp. The pinch-off occurs at Vg = Vg — Vi In the linear region,

. Pinch-off region or saturation region
Linear

region

Vesa > Vess > Va2 > Vas1 > Vr

Vsa

Viss

Vies2

Vasi FIGURE 4.6

Y Vps Output characteristics of
Vbp enhancement-type MOSFET.
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the drain current I varies in proportion to the drain—source voltage Vp¢. Due to high
drain current and low drain voltage, the power MOSFETSs are operated in the linear
region for switching actions. In the saturation region, the drain current remains almost
constant for any increase in the value of Vg and the transistors are used in this region
for voltage amplification. It should be noted that saturation has the opposite mean-
ing to that for bipolar transistors. In the linear or ohmic region, the drain—source vpg
is low and the ip—vpg characteristic in Figure 4.6 can be described by the following
relationship:

ip = K,[2(vgs — Vi) vps — vhs] forvgs > Vp and 0 < vpg < (vgs — Vr) (4.2)

which, for a small value of vpg (<<V7), can be approximated to
ip = K, 2(vgs — Vr)vps (4.3)

The load line of a MOSFET with a load resistance Rp as shown in Figure 4.7a can be
described by

. Vbp — Ups
lp = T (44)

where ip = Vpp/Rp atvpg = 0and vpg = Vppatip =0

In order to keep the value of Vg low, the gate—source voltage Vg must be
higher so that the transistor operates in the linear region.

The steady-state switching model, which is the same for both depletion-type
and enhancement-type MOSFETs, is shown in Figure 4.7. Rp is the load resistance. A
large resistance R in the order of megohms is connected between the gate and source
to establish the gate voltage to a defined level. Rg (<<R;) limits the charging currents
through the internal capacitances of the MOSFET. The transconductance g,,, is defined as

Alp

A VGS Vps= constant

gm = 4.5)

(a) Circuit diagram (b) Equivalent circuit

FIGURE 4.7
Steady-state switching model of MOSFETs.
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The transconductance gain g,,, can be determined from Eqgs. (4.1) and (4.2) at the operating
point at vgs = Vgsandip = Ip as

dip . .
8m = d = 2'I<n‘/DS|V,)S:constant (hnear reglon)
VGs
= 2K, (Vs = Vr)|v,s=constant (saturation region ) (4.6)

Thus, g,, depends on Vg in the saturation region while it remains almost constant in
the linear region. A MOSFET can amplify a voltage signal in the saturation region.
The output resistance, r, = Rpg, which is defined as

o AVDS

Rps = — 4.7
05 =51 (47)

is normally very high in the pinch-off region, typically on the order of megohms and is
very small in the linear region, typically on the order of milliohms. For a small value of
vps (<< V) in the linear or ohmic region, Eq. (4.3) gives the drain—source resistance
Rpg as

VUps 1

R = v =
b3 Ip K,2 (vgs — Vr)

for wvgg > V7 (4.8)

Therefore, the on-state resistance Rpg of the MOSFET switch can be decreased by
increasing the gate—source drive voltage, vgs.

For the depletion-type MOSFETS, the gate (or input) voltage could be either posi-
tive or negative. However, the enhancement-type MOSFETsS respond to a positive gate
voltage only. The power MOSFETs are generally of the enhancement type. However,
depletion-type MOSFETs would be advantageous and simplify the logic design in some
applications that require some form of logic-compatible dc or ac switch that would
remain on when the logic supply falls and Vg becomes zero. The characteristics of
depletion-type MOSFETs are not discussed further.

Switching Characteristics

Without any gate signal, the enhancement-type MOSFET may be considered as two
diodes connected back to back (np and pn diodes as shown in Figure 4.2a) or as an
NPN-transistor. The gate structure has parasitic capacitances to the source, Cy, and
to the drain, Cyy. The NPN-transistor has a reverse-bias junction from the drain to
the source and offers a capacitance, C,. Figure 4.8a shows the equivalent circuit of
a parasitic bipolar transistor in parallel with a MOSFET. The base-to-emitter region
of an NPN-transistor is shorted at the chip by metalizing the source terminal and the
resistance from the base to emitter due to bulk resistance of n- and p-regions, Ry,
is small. Hence, a MOSFET may be considered as having an internal diode and the
equivalent circuit is shown in Figure 4.8b. The parasitic capacitances are dependent on
their respective voltages.

The internal built-in diode is often called the body diode. The switching speed of
the body diode is much slower than that of the MOSFET. Thus, an NMOS (n-channel
metal oxide semiconductor) will behave as an uncontrolled device. As a result, a current



168

’ D
" — X
= C AD
G G — ds K D, 1
C Rbe C G i

Chapter 4 Power Transistors

S oS o
(a) Parasitic biploar (b) Internal diode (c) MOSFET with external diodes

FIGURE 4.8
Parasitic model of enhancement of MOSFETsS.

can flow from the source to the drain if the circuit conditions prevail for a negative cur-
rent. This is true if the NMOS is switching power to an inductive load and the NMOS
will act as a freewheeling diode and provide a path for current flow from the source to
the drain. The NMOS will behave as an uncontrolled device in the reverse direction.
The NMOS data sheet would normally specify the current rating of the parasitic diode.

If body diode Dy, is allowed to conduct, then a high peak current can occur during
the diode turn-off transition. Most MOSFETSs are not rated to handle these currents,
and device failure can occur. To avoid this situation, external series D, and antiparallel
diodes D can be added as in Figure 4.8c. Power MOSFETs can be designed to have
a built-in fast-recovery body diode and to operate reliably when the body diode is al-
lowed to conduct at the rated MOSFET current. However, the switching speed of such
body diodes is still somewhat slow, and significant switching loss due to diode stored
charge can occur. The designer should check the ratings and the speed of the body
diode to handle the operating requirements.

The switching model of MOSFETSs with parasitic capacitances is shown in Figure 4.9.
The typical switching waveforms and times are shown in Figure 4.10. The turn-on delay
La(on) 1s the time that is required to charge the input capacitance to threshold voltage level.
The rise time t, is the gate-charging time from the threshold level to the full-gate voltage
Vsp, Which is required to drive the transistor into the linear region. The turn-off delay
time (o) 1s the time required for the input capacitance to discharge from the overdrive
gate voltage V] to the pinch-off region. V¢ must decrease significantly before V¢ begins
to rise. The fall time t; is the time that is required for the input capacitance to discharge
from the pinch-off region to threshold voltage. If V55 = V7, the transistor turns off.

FIGURE 4.9
N Switching model of MOSFETs.
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Switching waveforms and times.

Silicon Carbide MOSFETSs

The gate—source of a JFET behaves as a reverse biased pn-junction. A JFET requires
a finite amount of gate-drive current. The gate—source of an MOSFET is insulated
and it ideally requires zero gate-drive current. The normally-off behavior of the SiC
MOSFET makes it attractive to the designers of power electronic converters. The high-
voltage MOSFETs suffer from two major limitations: (1) the low channel mobilities
causing additional on-state resistance of the device and thus increased on-state power
losses, and (2) the unreliability and the instability of the gate oxide layer, especially
over long time periods and at elevated temperatures. Fabrication issues also contrib-
ute to the deceleration of SiC MOSFET development.

The SiC technology has undergone significant improvements that now allow fab-
rication of MOSFETsS capable of outperforming their Si IGBT cousins, particularly at
high power and high temperatures [37]. The new generation of SiC MOSFET: cuts the
drift-layer thickness by nearly a factor of 10 while simultaneously enabling the doping
factor to increase by the same order of magnitude. The overall effect results in a reduc-
tion of the drift resistance to 1/100th of its Si MOSFET equivalent. The SiC MOSFETs
provide significant advantages over silicon devices, enabling unprecedented system ef-
ficiency and/or reduced system size, weight, and cost through their higher frequency
operation. The typical on-state resistances of 1.2-kV SiC MOSFETs with current rat-
ings of 10-20 A are in the range of 80 to 160 m( [35, 36, 67].

The cross section of a typical SiC MOSFET structure [43] is shown in Figure 4.11a.
The device should normally be off due to the reversed pn-junction between the n-drift
and p-wall. A threshold positive gate—source voltage should enable the device to break
the pn-junction and the device should conduct. The cross section of a single cell of a 10 A,
10-kV, 4H-SiC DMOSFET, which is similar to Figure 4.11a, is shown in Figure 4.11b [48].
The general structures of the MOSFETS in Figures 4.11a and b are the same. However,
the dimensions and the concentrations of the n* and p* layers will determine the
MOSFET characteristics such as the voltage and current ratings. Figure 4.12 shows the
parasitic NPN-transistor, diodes, drift resistances, and JFET within the MOSFETs [42].

SiC MOSFET chips rated at 10 A and 10 kV have also been fabricated by Cree
as a part of a 120-A half-bridge module [48]. When compared with the state-of-the-art
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FIGURE 4.11

Cross section of a single cell of a 10 A, 10-kV 4H-SiCD MOSFET.

FIGURE 4.12

Parasitic devices of n-channel
MOSFET [42].
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6.5-kV Si IGBT, the 10-kV SiC MOSFETs have a better performance. Silicon carbide
MOSFETs may challenge IGBTs and may be the device of choice in high voltage
power electronics. The cross section of V-gate DMOSFET is shown in Figure 4.13 [39].

FIGURE 4.13

Cross section of an SiC power
6H-MOSFET [39].
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The device is normally off. The application of positive gate—source voltage depletes
the p-type layer and enhances the n-channel. The removal of the gate—source voltage
turns off the devices. The V-shape gate structure causes on and off faster.

COOLMOS

COOLMOS [9-11], which is a new technology for high voltage power MOSFETs,
implements a compensation structure in the vertical drift region of a MOSFET to
improve the on-state resistance. It has a lower on-state resistance for the same package
compared with that of other MOSFETs. The conduction losses are at least five times
less as compared with those of the conventional MOSFET technology. It is capable of
handling two to three times more output power as compared with that of the conven-
tional MOSFET in the same package. The active chip area of COOLMOS is approxi-
mately five times smaller than that of a standard MOSFET.

Figure 4.14 shows the cross section of a COOLMOS. The device enhances the
doping of the current conducting n-doped layer by roughly one order of magnitude
without altering the blocking capability of the device. A high-blocking voltage Vzz
of the transistor requires a relative thick and low-doped epitaxial layer leading to the
well-known law [12] that relates the drain-to-source resistance to Vg by

Rp(on) = Ve (4.9)

where k. is a constant between 2.4 and 2.6.

Gate

p* p*
I P
niepi
N / N _
n+sub

l D FIGURE 4.14

Drain Cross section of COOLMOS.
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This limitation is overcome by adding columns of the opposite doping type that
are implemented into the drift region in a way that the doping integral along a line per-
pendicular to the current flow remains smaller than the material specific breakthrough
charge, which for silicon is about 2 X 10'? cm™. This concept requires a compensation
of the additional charge in the n region by adjacently situated p-doped regions. These
charges create a lateral electric field, which does not contribute to the vertical field
profile. In other words, the doping concentration is integrated along a line perpendicu-
lar to the interface created by the p- and n-regions.

Majority carriers provide the electrical conductivity only. Because there is no
bipolar current contribution, the switching losses are equal to that of conventional
MOSFETs. The doping of the voltage sustaining the layer is raised by roughly one
order of magnitude; additional vertical p-stripes, which are inserted into the structure,
compensate for the surplus current conducting n-charge. The electric field inside the
structure is fixed by the net charge of the two opposite doped columns. Thus, a nearly
horizontal field distribution can be achieved if both regions counterbalance each other
perfectly. The fabrication of adjacent pairs of p- and n-doped regions with practically
zero net charge requires a precision manufacturing. Any charge imbalance impacts the
blocking voltage of the device. For higher blocking voltages, only the depth of the col-
umns has to be increased without the necessity to alter the doping. This leads to a linear
relationship [10] between blocking voltage and on-resistance as shown in Figure 4.15.
The on-state resistance of a 600-V, 47-A COOLMOS is 70 m{). The COOLMOS has a
linear v—i characteristic with a low-threshold voltage [10].

20
| Standard MOSFET /
16 Ry X A ~ ‘/(13r<)13552’4'”2‘6
. 12
‘E
X: g i
gl
8
/ COOLMOS
0 —
0 200 400 600 800 1000
Breakdown voltage V (gr)pss [V]
FIGURE 4.15

The linear relationship between blocking voltage and on-resistance. [Ref. 10, G. Deboy]
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The COOLMOS devices can be used in applications up to a power range of 2kVA
such as power supplies for workstations and server, uninterruptible power supplies
(UPS), high-voltage converters for microwave and medical systems, induction ovens,
and welding equipment. These devices can replace conventional power MOSFETs in
all applications in most cases without any circuit adaptation. At switching frequencies
above 100 kHz, COOLMOS devices offer a superior current-handling capability such
as smallest required chip area at a given current. The devices have the advantage of an
intrinsic inverse diode. Any parasitic oscillations, which could cause negative under-
shoots of the drain-source voltage, are clamped by the diode to a defined value.

JUNCTION FIELD-EFFECT TRANSISTORS (JFETS)

The junction field-effect transistors are simple in construction [44]. They are being
replaced by MOSFET: for low-level amplifications. However, due to the advantages
of silicon carbide materials and the simplicity of JFETs, silicon carbide JFETs are be-
coming a promising device for power switching applications. The SiC JFETs feature
a positive temperature coefficient for ease of paralleling and extremely fast switching
with no “tail” current and low on-state resistance Rpgon), typically 50 mQ for a 650-V
device. They also exhibit a low gate charge and low intrinsic capacitance. They also
have a monolithically integrated body diode that has a switching performance compa-
rable to an external SiC Schottky barrier diode.

Operation and Characteristics of JFETs

Unlike MOSFETs, JFETs have a normally conducting channel connecting the source
and drain. The gate is used as the contact to control current flow through the channel.
Similar to MOSFETs, there are two types of junction FETs: n-channel and p-channel.
The schematic of an n-channel JFET appears in Figure 4.16a. An n-type channel is
sandwiched between two p-type gate regions. The channel is formed from lightly doped
(low conductivity) material, usually silicon or silicon carbide, with ohmic metal contacts

Metal ohmic
contacts

o— O
Source Drain Gate

Source

p-type

(a) Schematic (b) Symbol

FIGURE 4.16

Schematic and symbol of an n-channel JFET.



174 Chapter 4 Power Transistors

o
Gate

n-type Drain
Metal ohmic
contacts
O— O
Source Drain Gate
Source
n-type
(a) Schematic (b) Symbol
FIGURE 4.17

Schematic and symbol of a p-channel JFET.

at the ends of the channel. The gate regions are made of heavily doped (high conduc-
tivity) p-type material, and they are usually tied together electrically via ohmic metal
contacts. The symbol for an n-channel JFET is shown in Figure 4.16b where the arrow
points from the p-type region to the n-type region.

In p-channel JFETS, a p-type channel is formed between two n-type gate regions,
as shown in Figure 4.17a. The symbol for a p-channel JFET is shown in Figure 4.17b.
Note that the direction of the arrow in a p-channel JFET is the reverse to that of the
arrow in an n-channel JFET.

For normal operation, the drain of an n-channel JFET is held at a positive po-
tential and the gate at a negative potential with respect to the source, as shown in
Figure 4.18a. The two pn-junctions that are formed between the gate and the chan-
nel are reverse biased. The gate current I is very small (on the order of a few nano

D
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+
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— Vps = Vop
Ie  + _
Vea T Vs ll SR
+
S
(a) n-Channel (b) p-Channel
FIGURE 4.18

Biasing of JFETs.
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amperes). Note that /; is negative for n-channel JFETSs, whereas it is positive for
p-channel JFETs.

For a p-channel JFET, the drain is held at a negative potential and the gate at
a positive potential with respect to the source, as shown in Figure 4.18b. The two pn-
junctions are still reverse biased, and the gate current /; is negligibly small. The drain
current of a p-channel JFET is caused by the majority carrier (holes), and it flows
from the source to the drain. The drain current of an n-channel JFET is caused by the
majority carrier (electrons), and it flows from the drain to the source.

Transfer and output characteristics: Let us assume that the gate-to-source volt-
age of an n-channel JFET is zero: Vg = 0 V. If Vg is increased from zero to some
small value (= 1 V), the drain current follows Ohm’s law (ip = vps/Rpgs) and will be
directly proportional to V. Any increase in the value of Vg beyond |Vp|, the pinch-
down voltage, will cause the JFET to operate in the saturation region and hence will
not increase the drain current significantly. The value of the drain current that occurs
at Vpg = |Vp| (with v = 0) is termed the drain-to-source saturation current /pgg.

When the drain-to-source voltage is near zero, the depletion region formed be-
tween the p-type and n-type regions would have a nearly uniform width along the
length of the channel, as shown in Figure 4.19a. The width of this depletion region is
varied by changing the voltage across it, which is equal to Vg = 0if Vg = 0. JFETs
are usually fabricated with the doping in the gate region much higher than the doping
in the channel region so that the depletion region will extend further into the channel
than it does into the gate. When Vg is positive and is increased, the width of the de-
pletion region is no longer uniform along the length of the channel. It becomes wider
at the drain end because the reverse bias on the gate-channel junction is increased to
(Vps + [Vgsl), as shown in Figure 4.19b. When the depletion region extends all the
way through the height of the channel, the channel is pinched off.

Lo

Ves P’
S Depletionregion | D

n-type
= | L | Vs

(a) Cross section

b6
p+

Depletion region D

(b) Cross section

FIGURE 4.19

Simplified n-channel JFET structure.
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Characteristics of an n-channel JFET.

The ip—vpg characteristics for various values of Vg are shown in Figure 4.20a.
The output characteristics can be divided into three regions: ohmic, saturation, and
cutoff. Increasing vpg beyond the breakdown voltage of the JFET causes an avalanche
breakdown, and the drain current rises rapidly. The breakdown voltage at a gate volt-
age of zero is denoted by Vpp. This mode of operation must be avoided because the
JFET can be destroyed by excessive power dissipation. Since the reverse voltage is
highest at the drain end, the breakdown occurs at this end. The breakdown voltage is
specified by the manufacturer.

Ohmic region: In the ohmic region, the drain—source voltage V pgis low and the
channel is not pinched down. The drain current ip can be expressed as

iD:K

L [2(ves = V) ops — vbs | for 0 < vps = (vgs — V) (4.10)

which, for a small value of Vg (<<|V|), can be reduced to
ip = K)[2(vgs = V) vps] (4.11)
Where Kp = Ipss/vz

Saturation region: In the saturation region, vpg = (vGs — v,). The drain—source
voltage Vg is greater than the pinch-down voltage, and the drain current iy is almost
independent of Vpg. For operation in this region, vpg = (vgs — v,). Substituting the
limiting condition vpg = vgs — V, into Eq. (4.10) gives the drain current as

ip = K,[2(vgs = V,) (vgs = V,) = (vgs = V,)?]
= K,(vgs — V,)?*forvps = (vgs — V,) and V, = vgs = 0 [for n-channel] (4.12)
Equation (4.12) represents the transfer characteristic, which is shown in Figure 4.20b

for both n- and p-channels. For a given value of ip, Eq. (4.12) gives two values of Vg,
and only one value is the acceptable solution so that V,, = vgg = 0. The pinch-down
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locus, which describes the boundary between the ohmic and saturation regions, can be
obtained by substituting vgs = Vpg + V), into Eq. (4.12):

ip = K,(vps +V, = V,)? = K,vps (4.13)
which defines the pinch-down locus and forms a parabola.

Cutoff Region: In the cutoff region, the gate-source voltage is less than the
pinch-down voltage. That is, vgg < V), for n-channel and vgg > V), for p-channel, and
the JFET is off. The drain current is zero: ip = 0.

Silicon Carbide JFET Structures

The power JFETSs are new evolving devices [46, 47, 55, 57]. The types of structures of
the currently available SiC devices include:

Lateral channel JFET (LCJFET)

Vertical JFET (VIFET)

Vertical trench JFET (VTJFET)

Buried grid JFET (BGJFET)

Double-gate vertical channel trench JFET (DGVTIJFET)

Lateral channel JFET (LCJFET): During the last decade, the improvement on
the SiC material and the development of 3- and 4-in wavers have both contributed to
the fabrication of the modern SiC JFETs [68]. The currently available SiC JFETs are
mainly rated at 1,200 V, while 1,700-V devices are also available. The current rating
of normally-on JFETs is up to 48 A, and devices having on-state resistance are in the
range from 45 to 100 mQ. One of the modern designs of the SiC JFET is the so-called
lateral channel JFET, as shown in Figure 4.21 [43].

The load current through the device can flow in both directions depending on the
circuit conditions, and it is controlled by a buried p* gate and an + source pn junction.
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FIGURE 4.21
Cross section of the normally-on SiC LCJFET.
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FIGURE 4.22
A typical structure of a SiC vertical JFET.

This SiC JFET is a normally-on device, and a negative gate-source voltage must be
applied to turn the device off. The typical range of the pinch-off voltages of this device
is between —16 and —-26 V. An important feature of this structure is the antiparallel
body diode, which is formed by the p* source side, the n-drift region, and the n*" drain.
However, the forward voltage drop of the body diode is higher compared with the
on-state voltage of the channel at rated (or lower) current densities [68, 69]. Thus, for
providing the antiparallel diode function, the channel should be used to minimize the
on-state losses. The body diode may be used for safety only for short-time transitions
[49, 50].

Vertical JFET: A typical structure of an n-channel vertical JFET [40] is shown
in Figure 4.22a, illustrating the two depletion regions. There are two parasitic diodes
[62] as shown in Figure 4.22b. The device is normally on (depletion mode) and turned
off by a negative gate—source voltage.

Vertical trench JFET (VIJFET): A cross-section schematic [43] of the vertical
trench by Semisouth Laboratories [49, 50] is shown in Figure 4.23. It can be either a
normally-off (enhancement mode) or a normally-on (depletion mode) device, depend-
ing on the thickness of the vertical channel and the doping levels of the structure. The
devices are currently available at current ratings up to 30 A and on-state resistances of
100 and 63 mQ.

Buried grid JFET (BGJFET): Figure 4.24a shows the cross section of a bur-
ied grid JFET. This makes use of a small cell pitch, which contributes to the low on-
state resistance and high saturation current densities. However, this has no antiparallel
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Gate nt Gate nt Gate
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FIGURE 4.23
Cross section of the SiC VTJFET.

body diode and suffers from difficulties in the fabrication process compared with the
LCJFET [51].

Double-gate vertical channel trench JFET (DGVTJFET): Figure 4.24b shows
the cross section of the double-gate vertical channel trench JFET, which is actually a
combination of the LCJFET and the BGJFET designs [43, 51]. It has been proposed
by DENSO [51]. This design combines fast-switching capability due to the low gate—
drain capacitance with low specific on-state resistance because of the small cell pitch
and double gate control. The structure in Figure 4.24a has multiple p-gates for more
effective gate control. As shown in Figure 4.24b with a T-gate, there is no unique struc-
ture. The structure, dimensions, and the concentrations of the n* and p* layers will
determine the JFET characteristics such as the voltage and current ratings.

Source oSource o T-Gate oSource
EGate n* EGate

M D |:| |:| |:| D |:| M p* Buried p* Buried E
gate gate gate

n~ Drift region

n~ Drift region
n* substrate

n* substrate
I Drain

Drain

(a) SiC BGIFET (b) SiC DGVTIFET

FIGURE 4.24
Cross sections of SiC BGJFET and SiC DGTJFET.
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BIPOLAR JUNCTION TRANSISTORS

A bipolar transistor is formed by adding a second p- or n-region to a pn-junction diode.
With two n-regions and one p-region, two junctions are formed and it is known as an
NPN-transistor, as shown in Figure 4.25a. With two p-regions and one n-region, it is
known as a PNP-transistor, as shown in Figure 4.25b. The three terminals are named
collector, emitter, and base. A bipolar transistor has two junctions, a collector-base
junction (CBJ) and a base—emitter junction (BEJ) [1-5]. NPN-transistors of various
sizes are shown in Figure 4.26.

There are two n'-regions for the emitter of NPN-type transistor shown in
Figure 4.27a and two p*-regions for the emitter of the PNP-type transistor shown in
Figure 4.27b. For an NPN-type, the emitter side n-layer is made wide, the p-base is
narrow, and the collector side n-layer is narrow and heavily doped. For a PNP-type,
the emitter side p-layer is made wide, the n-base is narrow, and the collector side p-
layer is narrow and heavily doped. The base and collector currents flow through two
parallel paths, resulting in a low on-state collector-emitter resistance, Reg(on)-

T Collector T Collector
¢ C
n le p Ic
Base 1 Base 1
o1 P | => ot oI 1 | > o<
B B
n Ip p I
E E
<L Emitter <L Emitter
(a) NPN-transistor (b) PNP-transistor
FIGURE 4.25

Bipolar transistors.

£ go Mll“i,
G $

3

FIGURE 4.26

NPN-transistors. (Courtesy of Powerex, Inc.)
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FIGURE 4.27

Cross sections of BJTs.

Steady-State Characteristics

Although there are three possible configurations—common collector, common
base, and common emitter—the common-emitter configuration, which is shown in
Figure 4.28a for an NPN-transistor, is generally used in switching applications. The typ-
ical input characteristics of base current I against base—emitter voltage Vg are shown
in Figure 4.28b. Figure 4.28c shows the typical output characteristics of collector cur-
rent /¢ against collector—emitter voltage Vg. For a PNP-transistor, the polarities of all

currents and voltages are reversed.

There are three operating regions of a transistor: cutoff, active, and saturation. In
the cutoff region, the transistor is off or the base current is not enough to turn it on and
both junctions are reverse biased. In the active region, the transistor acts as an amplifier,
where the base current is amplified by a gain and the collector—emitter voltage decreases
with the base current. The CBJ is reverse biased, and the BEJ is forward biased. In the
saturation region, the base current is sufficiently high so that the collector-emitter voltage
is low, and the transistor acts as a switch. Both junctions (CBJ and BEJ) are forward bi-
ased. The transfer characteristic, which is a plot of V- against I, is shown in Figure 4.29.

The model of an NPN-transistor is shown in Figure 4.30 under large-signal dc
operation. The equation relating the currents is

IE = IC + IB (414)

The base current is effectively the input current and the collector current is the output
current. The ratio of the collector current /- to base current I is known as the forward
current gain, Bp:

Ie

- (4.15)

Br = hpp =
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Characteristics of NPN-transistors.

The collector current has two components: one due to the base current and the other
is the leakage current of the CBJ.

Ic = Brlp + Icpo (4.16)
Vee
Cutoff :47 Active —>:<— Saturation
VCC |
Em— |
|
|
|
|
|
|
|
|
|
|
Veesay [~~~ T |
0 I
IBS
0 ; 1 Ve
0.5 VBE(sal)
FIGURE 4.29

Transfer characteristics.
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FIGURE 4.30
E Model of NPN-transistors.

where Icro is the collector-to-emitter leakage current with base open circuit and can
be considered negligible compared to By/p.
From Egs. (4.14) and (4.16),

Ip = Ip(1 + BF) + Icro (4.17)
~ I(1 + By) (4.18)
Iy ~ IC(l + 1) =1 Brt 1 (4.19)
Br Br
Because B >=> 1, the collector current can be expressed as
Ic = aplg (4.20)

where the constant oy is related to Bz by

_ Br
o = BF T 1 (421)
or
Br=1—", (4.22)
Qg

Let us consider the circuit of Figure 4.31, where the transistor is operated as a
switch.

Ve — Ve
Ip = —7— 423
f: Ry (4.23)
BrRc
Ve = Vee = Vee — IcRe = Ve — Ry (Ve — Vie)
VCE = VCB + VBE (424)

or

Ves = Vee — Ve (4.25)
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FIGURE 4.31

Transistor switch.

Equation (4.25) indicates that as long as Vg = Vg, the CBJ is reverse biased and the
transistor is in the active region. The maximum collector current in the active region,
which can be obtained by setting Vg = 0 and Vg = Vg, is

Vee = Vee _ Vee = Ve

Iey = 4.2
on = R (4:26)
and the corresponding value of base current
I
Br

If the base current is increased above Ig),, Vg increases, the collector current increases,
and the Vf falls below V. This continues until the CBJ is forward biased with Vpc
of about 0.4 to 0.5 V. The transistor then goes into saturation. The transistor satura-
tion may be defined as the point above which any increase in the base current does not
increase the collector current significantly.

In the saturation, the collector current remains almost constant. If the collector—
emitter saturation voltage is Vg sar), the collector current is

VCC - VCE(sat)

les = ———— 4.28
cs o (428)
and the corresponding value of base current is
I
Ipg = 2 (4.29)
Br

Normally, the circuit is designed so that Iy is higher than Izg. The ratio of I to Igg is
called the overdrive factor (ODF):
Iy

ODF = -2 (4.30)
Ips

and the ratio of I¢ to Iy is called as forced B, Brorced Where

1
Bforced = % (431)
B
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The total power loss in the two junctions is
PT - VBEIB + VCEIC (432)

A high value of ODF cannot reduce the collector—emitter voltage significantly.
However, Vgp increases due to increased base current, resulting in increased power
loss in the BEJ.

Example 4.1 Finding the Saturation Parameters of a BJT

The bipolar transistor in Figure 4.31 is specified to have B in the range of 8 to 40. The load re-
sistance is Rc = 11 Q. The dc supply voltage is Vo = 200 V and the input voltage to the base
circuitis Vz = 10 V. If Veg(gay) = 1.0 V and Vpg(ea) = 1.5V, find (a) the value of Ry that results
in saturation with an ODF of 5, (b) the Bgyrced, and (c) the power loss Pr in the transistor.

Solution

VCC =200V, Bmin =8, Bmax = 40, RC =11 Q, ODF =5, VB =10V, VCE(sal) =1.0V, and
VeE@say = 1.5 V. From Eq. (4.28), I = (200 — 1.0)/11 = 18.1 A. From Eq. (4.29), Izs =
18.1/Bmin = 18.1/8 = 2.2625 A. Equation (4.30) gives the base current for an overdrive factor
of 5,

Iy = 5 X 22625 = 11.3125 A
a. Equation (4.23) gives the required value of R,

Ve = VBe(sa) 10 — 1.5
Ry = W = i3 = 075140
b. From Eq. (4.31), Broreea = 18.1/11.3125 = 1.6.

Equation (4.32) yields the total power loss as
Pr=15 X 113125 + 1.0 X 181 = 16.97 + 18.1 = 35.07 W

4.6.2

Note: For an ODF of 10, Iz = 22.265 A and the power loss is Pp = 1.5 X
22.265 + 18.1 = 51.5W. Once the transistor is saturated, the collector—-emitter
voltage is not reduced in relation to the increase in base current. However, the power
loss is increased. At a high value of ODF, the transistor may be damaged due to
thermal runaway. On the other hand, if the transistor is underdriven (/Iz < I¢p), it
may operate in the active region and V- increases, resulting in increased power loss.

Switching Characteristics

A forward-biased pn-junction exhibits two parallel capacitances: a depletion-layer ca-
pacitance and a diffusion capacitance. On the other hand, a reverse-biased pn-junction
has only depletion capacitance. Under steady-state conditions, these capacitances do
not play any role. However, under transient conditions, they influence the turn-on and
turn-off behavior of the transistor.

The model of a transistor under transient conditions is shown in Figure 4.32, where
C,, and C,, are the effective capacitances of the CBJ and BEJ, respectively. The trans-
conductance, g,,, of a BJT is defined as the ratio of Al to AV These capacitances
are dependent on junction voltages and the physical construction of the transistor.
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OF
(a) Model with current gain (b) Model with transconductance

FIGURE 4.32
Transient model of BJT.

C,, affects the input capacitance significantly due to the Miller multiplication effect [6].
The resistances of collector to emitter and base to emitter are r,, and ry,, respectively.
Due to internal capacitances, the transistor does not turn on instantly. Figure 4.33
illustrates the waveforms and switching times. As the input voltage vy rises from
zero to V] and the base current rises to I, the collector current does not respond

kT (1-KT

_IBZ

I
09158

0.1 Icg

FIGURE 4.33

Switching times of bipolar transistors.



4.6 Bipolar Junction Transistors 187

immediately. There is a delay, known as delay time t;, before any collector current
flows. This delay is required to charge up the capacitance of the BEJ to the forward-
bias voltage Vzr (approximately 0.7 V). After this delay, the collector current rises to
the steady-state value of Icg. The rise time ¢, depends on the time constant determined
by BEJ capacitance.

The base current is normally more than that required to saturate the transis-
tor. As a result, the excess minority carrier charge is stored in the base region. The
higher the ODF, the greater is the amount of extra charge stored in the base. This
extra charge, which is called the saturating charge, is proportional to the excess base
drive and the corresponding current /,:

I
I =1y — % = ODF - lpg — Iys = Iys(ODF — 1) (4.33)
and the saturating charge is given by
Q, = 7, = 7lzs(ODF — 1) (4.34)

where T, is known as the storage time constant of the transistor.

When the input voltage is reversed from V; to —V, and the base current is also
changed to —Ij,, the collector current does not change for a time ¢, called the storage
time. The t; is required to remove the saturating charge from the base. The higher the
collector current, the higher is the base current and it will take a longer time to recover
the stored charges causing a higher storage time. Because vy is still positive with ap-
proximately 0.7 V only, the base current reverses its direction due to the change in the
polarity of vy from V; to —V,. The reverse current, —Ig,, helps to discharge the base
and remove the extra charge from the base. Without —Ij,, the saturating charge has to
be removed entirely by recombination and the storage time would be longer.

Once the extra charge is removed, the BEJ capacitance charges to the input
voltage —V,, and the base current falls to zero. The fall time ¢; depends on the time
constant, which is determined by the capacitance of the reverse-biased BEJ.

Figure 4.34a shows the extra storage charge in the base of a saturated transistor.
During turn-off, this extra charge is removed first in time ¢, and the charge profile
is changed from a to ¢ as shown in Figure 4.34b. During fall time, the charge profile
decreases from profile ¢ until all charges are removed.

Emitter Base Collector
a
b
Storage
charge
K TV
(a) Charge storage in base (b) Charge profile during
turn-off
FIGURE 4.34

Charge storage in saturated bipolar transistors.
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The turn-on time ¢, is the sum of delay time ¢, and rise time ¢,
t, =t; +1t,
and the turn-off time 7, is the sum of storage time 7, and fall time #;:

o =1, + 1

Example 4.2 Finding the Switching Loss of a Transistor

The waveforms of the transistor switch in Figure 4.31 are shown in Figure 4.35. The parameters
are VCC = 250 V, VBE(sat) =3 V, IB =38 A, VCS(Sat) =2 V, ICS = 100 A, ty = 0.5 Wus, t, = 1 WS,
ty = 5ps, ty = 3 ps, and f; = 10kHz. The duty cycle is k = 50%. The collector-to-emitter
leakage current is Icgp = 3 mA. Determine the power loss due to collector current (a) during
turn-on t,, = t4 + t,, (b) during conduction period ¢,, (c) during turn-off ¢, = t, + ¢4 (d) dur-
ing off-time f,, and (e) total average power losses Pr. (f) Plot the instantaneous power due to
collector current P, (t).

Solution
T=1f=100ps, k=05kT =ty+t +1t,=50ps, t, =50 — 05— 1=485ps, (1 —
K)T =t,+t;+t,=50ps,andt, = 50 — 5 — 3 = 42 us.

Vee

VCE(sal)

Icko
0

| T=1J,

VBE

VBE(sat)

0 t

FIGURE 4.35

Waveforms of transistor switch.
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During delay time, 0 = ¢ < ¢
i(t) = Icpo
vep(t) = Vee
The instantaneous power due to the collector current is

P.(t) = iwveg = IepoVee

3X 1073 % 250 = 0.75 W

The average power loss during the delay time is

1 tq
Py = ?/ P.(t)dt = IcgoVectafs
0

3% 1073 X 250 X 0.5 X 107 X 10 X 10°> = 3.75 mW

During rise time,0 < ¢ < ¢,
i.(t) =—t

t
vee(t) = Vee + (Vegay — Veeo) .
i

[~

. t
P.(t) = ivcg = Icst* Vee + (Ve ¢say — Vee)

r

~

r
The power P,(t) is maximum when ¢ = ¢,,, where

- tVee

" 2[Vee = Vek (san)

250
— 1 X = = 0504
2(250 — 2) ws

and Eq. (4.36) yields the peak power

P = Vecles
P dVee = Veggsan]
100
=250> X —————— = 6300 W
4(250 - 2)
1 [ Vee  Veray — Vee
P = ?/0 P.(t)dt = f;ICSZr|:T M —

2 2 -2
10x103x100x1><10—6{%+ 350

} = 4233 W

The total power loss during the turn-on is

P,=P;+ P,
= 0.00375 + 4233 = 4233 W

189

(4.35)

(4.36)

(4.37)

(4.38)

(4.39)

(4.40)
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b. The conduction period, 0 = ¢ = ¢,;
io(t) = Ics
vee(t) = Versay
P.(t) = icvce = Vegsayles
2 X 100 = 200 W

1 [
}/ P.(t)dt = Vegsaolestafs
0

=2X100 X 485 X 109X 10 X 10> = 97 W

P,

c¢. The storage period, 0 = ¢ = ¢t
i(t) = Ics
vee(t) = Ver(say
P.(t) = ivce = Vegayles
=2 X 100 = 200 W

1

f
P, = ?/ Pe(t)dt = Veg(saylestsfs
0

=2X100X5%X10°%x 10X 10°=10W

The fall time, 0 = ¢ =< 15

t
i(t) = Ics(l - ?), neglecting Icgo
f

Ve
vee(t) = % t, neglecting Icgo

. £\t
P.(t) = ivcg = Vcclcs|:<1 - t>}
1/

(4.41)

(4.42)

(4.43)

This power loss during fall time is maximum when ¢ = #;/2 = 1.5 us and Eq. (4.43) gives

the peak power,

_ Veeles
m 4
1
=250 X % = 6250 W
1 [ Veclestyfs
Pr=— [ P(t)dt = ——1—
f T 0 L( ) 6
X X 3 X107 x 10 x 10°
_ 250 X 100 X 3 X 10 10 X 10 — 125W
6
The power loss during turn-off is
VCth
Poit = Py + Pr = Icsfi| t:Vegay + 6

=10+ 125 =135W

(4.44)

(4.45)

(4.46)



4.6 Bipolar Junction Transistors 191

6300
P 6250
6300 - 70
|
|
|
|
|
L |
[ /
|
200 22 |
075 T S S
0 —+—— 2 : : ‘
les] | |
‘td‘ Iy ! In ! I tf !
2
fy
FIGURE 4.36

Plot of instantaneous power for Example 4.2.

d. Off-period,0 =<t = ¢,
io(t) = Icro
vee(t) = Vee
Pe(1) = icvcg = IceoVee

(4.47)
3 X107 x 250 = 0.75 W

L[
P = ?/ P.(t)dt = IcgoVectofs
0
=3 X103 x 250 X 42 X 10°° x 10 X 10° = 0315 W

e. The total power loss in the transistor due to collector current is
PT:P0n+Pn+Poff+PO (448)
= 4233 + 97 + 135 + 0.315 = 274.65 W

f. The plot of the instantaneous power is shown in Figure 4.36.

Note: The switching losses during the transition from on to off and vice versa are
much more than the on-state losses. The transistor must be protected from breakdown
due to a high junction temperature.

Example 4.3 Finding the Base Drive Loss of a Transistor

For the parameters in Example 4.2, calculate the average power loss due to the base current.

Solution

Veg@ay =3V, I =8A, T=1/f;=100ps, k=05, kT =50ps, t; =05ps, t, = 1ps,
ty =50 — 1.5 =485ps, t,=5us, t;=3ps, tog =13+ 1, =15ps, and toq =&, + 4=
5+ 3=8ps.
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During the period,0 <t = (t,, + ¢,):
ip(1) = Ips
vpe(t) = VBE(san)
The instantaneous power due to the base current is
Py(t) = iyvpr = IpsVps(sa)

8§ X3=24W

During the period,0 = t = t, = (T — ton — t, — t; — t): P, (t) = 0. The average power loss is

Pp = IBSVBE(sat)(ton 1, T+ tf)fv (449)
=8X3xX (1.5+485+5+3) x10°x 10 X 10° = 13.92W

4.6.3

Note: Since the gate current of a MOSFET is negligible, the gate-drive loss of a
power MOSFET is negligibly small.

Switching Limits

Second breakdown (SB). The SB, which is a destructive phenomenon, results
from the current flow to a small portion of the base, producing localized hot spots. If
the energy in these hot spots is sufficient, the excessive localized heating may damage
the transistor. Thus, secondary breakdown is caused by a localized thermal runaway,
resulting from high current concentrations. The current concentration may be caused
by defects in the transistor structure. The SB occurs at certain combinations of voltage,
current, and time. Because the time is involved, the secondary breakdown is basically
an energy-dependent phenomenon.

Forward-biased safe operating area (FBSOA). During turn-on and on-state
conditions, the average junction temperature and second breakdown limit the power-
handling capability of a transistor. The manufacturers usually provide the FBSOA
curves under specified test conditions. FBSOA indicates the i.—vc limits of the tran-
sistor; for reliable operation the transistor must not be subjected to greater power dis-
sipation than that shown by the FBSOA curve.

Reverse-biased safe operating area (RBSOA). During turn-off, a high current
and high voltage must be sustained by the transistor, in most cases with the base-to-
emitter junction reverse biased. The collector—emitter voltage must be held to a safe
level at, or below, a specified value of collector current. The manufacturers provide the
I~V limits during reverse-biased turn-off as RBSOA.

Breakdown voltages. A breakdown voltage is defined as the absolute maximum
voltage between two terminals with the third terminal open, shorted, or biased in either for-
ward or reverse direction. At breakdown the voltage remains relatively constant, where the
current rises rapidly. The following breakdown voltages are quoted by the manufacturers:

Vego: the maximum voltage between the emitter terminal and base terminal with
collector terminal open circuited.
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FIGURE 4.37

Turn-on and turn-off load lines.

Veey or Vepy: the maximum voltage between the collector terminal and emitter
terminal at a specified negative voltage applied between base and emitter.
Veeo(sus): the maximum sustaining voltage between the collector terminal and
emitter terminal with the base open circuited. This rating is specified as the maxi-
mum collector current and voltage, appearing simultaneously across the device
with a specified value of load inductance.

Let us consider the circuit in Figure 4.37a. When the switch SW is closed, the
collector current increases, and after a transient, the steady-state collector current is
Ics = (Vee = Veg(sar) ) /Re- For an inductive load, the load line would be the path
ABC shown in Figure 4.37b. If the switch is opened to remove the base current, the
collector current begins to fall and a voltage of L(di/dt) is induced across the inductor
to oppose the current reduction. The transistor is subjected to a transient voltage. If
this voltage reaches the sustaining voltage level, the collector voltage remains approxi-
mately constant and the collector current falls. After a short time, the transistor is in
the off-state and the turn-off load line is shown in Figure 4.37b by the path CDA.

Silicon Carbide BJTs

Like the Si BJTs, the SiC BJT is a bipolar normally-off device, which combines both
a low on-state voltage drop (0.32 V at 100 A/cm?) [58] and a quite fast-switching
performance. The low on-state voltage drop is obtained because of the cancellation
of the base—emitter and base—collector junctions. However, the SiC BJT is a current-
driven device, which means that a substantial continuous base current is required as
long as it conducts a collector current. The SiC BJTs are very attractive for power
switching applications due to their potential for very low specific on-resistances and
high-temperature operation with high power densities [56, 57, 58]. For SiC BJTs, the
common-emitter current gain (B), the specific on-resistance (R,,), and the break-
down voltage are important to optimize for competition with silicon-based power
devices. Considerable work has been devoted to improve the device performance of
SiC BJTs.
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Cross-sectional view of the 4H-SiC BJT device.

4.7

The available SiC BJTs have a voltage rating of 1.2 kV and current ratings in
the range of 6 to 40 A, with current gains of more than 70 at room temperature for a
6-A device [59]. However, the current gain is strongly temperature-dependent, and, in
particular, it drops by more than 50% at 25°C compared with room temperature. The
development of SiC BJTs has been successful, and in spite of the need for the base
current, SiC BJTs have competitive performance in the kilovolt range. A cross section
of a SiC NPN-BJT is shown in Figure 4.38a [60]. The junction-termination extension
(JTE) exhibits higher breakdown voltage compared with Si BJTs. The equivalent cir-
cuit for the on-state resistance [56] is shown in Figure 4.38b. The structure, dimensions,
and the concentrations of the n* and p™ layers will determine the BJT characteristics
such as the voltage and current ratings.

IGBTS

An IGBT combines the advantages of BJTs and MOSFETs. An IGBT has high input
impedance, like MOSFETSs, and low on-state conduction losses, like BJTs. However,
there is no second breakdown problem, as with BJTs. By chip design and structure,
the equivalent drain-to-source resistance Rpg is controlled to behave like that of a
BJT [13-14].

The silicon cross section of an IGBT is shown in Figure 4.39a, which is identical
to that of an MOSFET except for the p* substrate. However, the performance of an
IGBT is closer to that of a BJT than an MOSFET. This is due to the p* substrate, which
is responsible for the minority carrier injection into the n-region. The equivalent circuit
is shown in Figure 4.39b, which can be simplified to Figure 4.39c. An IGBT is made of
four alternate PNPN layers, and could latch like a thyristor given the necessary condi-
tion: (o, + a,,) > 1. The n"-buffer layer and the wide epi base reduce the gain
of the NPN-terminal by internal design, thereby avoiding latching. IGBTs have two
structures: punch-through (PT) and nonpunch-through (NPT). In the PT IGBT struc-
ture, the switching time is reduced by use of a heavily doped n-buffer layer in the drift
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region near the collector. In the NPT structure, carrier lifetime is kept more than that
of a PT structure, which causes conductivity modulation of the drift region and reduces
the on-state voltage drop. An IGBT is a voltage-controlled device similar to a power
MOSFET. Like a MOSFET, when the gate is made positive with respect to the emitter
for turn-on, n carriers are drawn into the p-channel near the gate region; this results
in a forward bias of the base of the NPN-transistor, which thereby turns on. An IGBT
is turned on by just applying a positive gate voltage to open the channel for n carriers
and is turned off by removing the gate voltage to close the channel. It requires a very
simple driver circuit. It has lower switching and conducting losses while sharing many
of the appealing features of power MOSFETs, such as ease of gate drive, peak current,
capability, and ruggedness. An IGBT is inherently faster than a BJT. However, the
switching speed of IGBTs is inferior to that of MOSFETs.

The symbol and circuit of an IGBT switch are shown in Figure 4.40. The three
terminals are gate, collector, and emitter instead of gate, drain, and source for an
MOSFET. The typical output characteristics of i versus vcg are shown in Figure 4.41a
for various gate—emitter voltage vgg. The typical transfer characteristic of i versus
vgE 1s shown in Figure 4.41b. The parameters and their symbols are similar to that of
MOSFETs, except that the subscripts for source and drain are changed to emitter and
collector, respectively. The current rating of a single IGBT can be up to 6500 V, 2400 A
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i i
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|
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Typical output and transfer characteristics of IGBTs.
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and the switching frequency can be up to 20 kHz. IGBTs are finding increasing appli-
cations in medium-power applications such as dc and ac motor drives, power supplies,
solid-state relays, and contractors.

As the upper limits of commercially available IGBT ratings are increasing (e.g., as
high as 6500 V and 2400 A), IGBTs are finding and replacing applications where BJTs
and conventional MOSFETs were predominantly used as switches.

Silicon Carbide IGBTs

The Si-based IGBT has shown an excellent performance for a wide range of voltage
and current ratings during the last two decades [63, 65, 66]. For high-voltage applica-
tions, an IGBT is desirable due to its simple gate-drive requirements and its great suc-
cess in the Si world [36]. SiC MOS structures have been demonstrated in recent years
with high breakdown strength and low interface charge density, paving the way for
possible demonstration of IGBTs. Extensive research has been conducted on 4H-SiC
power MOSFET:s for blocking voltages of up to 10 kV [62, 63].

For applications over 10 kV, bipolar devices are considered favorable due to
their conductivity modulation. SiC insulated-gate bipolar transistors are more attrac-
tive than thyristors due to the MOS gate feature and superior switching performance.
Both n-channel IGBTs (n-IGBTs) and p-channel IGBTs (p-IGBTs) have been
demonstrated on 4HSiC with high blocking voltages. These IGBTs exhibit strong
conductivity modulation in the drift layer and significant improvement in the on-state
resistance compared to 10-kV MOSFET. The advantages of SiC p-IGBTs, such as
the potential of very low on-state resistance, slightly positive temperature coefficient,
high switching speed, small switching losses, and large safe operating area, make them
suitable and attractive for high-power/high-frequency applications. The cross section
of a SiC IGBT [63] is shown in Figure 4.42a and the equivalent circuit [61] is shown in

Emitter

(Anode) Gate SiOZEmitter (EAmnlgéeer) o Gate Emitter
2499°0.990.99.0.9.9.9.90,
o e e R ERIIEIZKN
- Sem L FTTCEN)
> = dy Y| MOSFET
P: 8x10%cm=,1 um Channel
<~+MOSFET
14.5 um Drain
g 14 opy-3 . e
P drift: 2 x 10" cm™, 100 um P-layer NPN
Base

P:1x10"7em™, 1 um
n* substrate

nt substrate *
Collector

I Collector

(a) Cross section (b) IGBT equivalent circuit

FIGURE 4.42
Simplified structure of a 4H-SiC p-channel IGBT.
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Figure 4.42b. The structure, dimension, and the concentrations of the n* and p* layers
will determine the IGBT characteristics such as the voltage and current.

SITS

An SIT is a high-power, high-frequency device. Since the invention of the static
induction devices in Japan by J. Nishizawa [17], the number of devices in this family
is growing [19]. It is essentially the solid-state version of the triode vacuum tube. The
silicon cross section of an SIT [15] and its symbol are shown in Figure 4.43. It is a verti-
cal structure device with short multichannels. Thus, it is not subject to area limitation
and is suitable for high-speed, high-power operation. The gate electrodes are buried
within the drain and source n-epi layers. An SIT is identical to a JFET except for
vertical and buried gate construction, which gives a lower channel resistance, causing
a lower drop. An SIT has a short channel length, low gate series resistance, low gate—
source capacitance, and small thermal resistance. It has a low noise, low distortion, and
high audiofrequency power capability. The turn-on and turn-off times are very small,
typically 0.25 ps.

The on-state drop is high, typically 90 V for a 180-A device and 18 V for an 18-A
device. An SIT normally is an on device, and a negative gate voltage holds it off. The
normally on-characteristic and the high on-state drop limit its applications for general
power conversions. The typical characteristics of SITs are shown in Figure 4.44 [18].
An electrostatically induced potential barrier controls the current in static induction
devices. The SITs can operate with the power of 100 KVA at 100 kHz or 10 VA at
10 GHz. The current rating of SITs can be up to 1200 V, 300 A, and the switching
speed can be as high as 100 kHz. It is most suitable for high-power, high-frequency ap-
plications (e.g., audio, VHF/UHF, and microwave amplifiers).

Source

S
Passivation

D
"
G
N\ S
l (b) Symbol
D

Drain
(a) Cross section

FIGURE 4.43

Cross section and symbol for SITs.
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FIGURE 4.44

Typical characteristics of SITs. [Ref. 18, 19]

COMPARISONS OF TRANSISTORS

Table 4.2 shows the comparisons of BJTs, MOSFETs, and IGBTs. A diode is one-
quadrant uncontrolled device, whereas a BJT or an IGBT is one-quadrant controlled
device. A transistor with an antiparallel diode allows withstanding bidirectional
current flows. A transistor in series with a diode allows withstanding bidirectional
voltages.

Due to the internal diode, a MOSFET is a two-quadrant device that allows current
flow in bidirections. Any transistor (MOSFETs, BJTs, or IGBTs) in combination with
diodes can be operated in four quadrants where both bidirectional voltages and bidirec-
tional currents are possible, as shown in Table 4.3.

POWER DERATING OF POWER TRANSISTORS

The thermal equivalent circuit is shown in Figure 4.45. If the total average power loss
is Py, the case temperature is

Ic =15 — PrRyc
The sink temperature is

Ts = Te — PrRcs
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TABLE 4.3 Operating Quadrants of Transistors with Diodes

Positive Negative
Voltage Voltage Positive Negative
Devices Withstanding ~ Withstanding ~ Current Flow  Current Flow Symbol
Diode X X
+ i
v
MOSFET X X X
+
v
MOSFET with X X X
two external
diodes v
A
o—~| A
BIT/IGBT X X .
i
+
v
BIT/IGBT with X X
an antiparallel
diode
BIT/IGBT with X X X

a series diode

X i
+
v
i +
v

(continued)
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TABLE 4.3 (Continued)

Positive Negative
Voltage Voltage Positive Negative
Devices Withstanding ~ Withstanding ~ Current Flow  Current Flow Symbol
Two BJTs/ X X X X i
IGBTs with two +
series diodes
v
Two BITs/ X X X X
IGBTs with +
two antiparal-
lel diodes
14
BJT/IGBT with X X X X i
four bridge- i
connected
diodes
v
The ambient temperature is
Ty = Ts — PrRsy
and
Ty — Ty = Pr(Rjc + Res + Rsa) (4.50)

FIGURE 4.45

Thermal equivalent circuit of a transistor.
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where R;- = thermal resistance from junction to case, °C/W;
Rcs = thermal resistance from case to sink, °C/W;
Rg, = thermal resistance from sink to ambient, °C/W.

The maximum power dissipation Pr is normally specified at T = 25°C. If the
ambient temperature is increased to Ty = Tymax) = 150°C, the transistor can dissi-
pate zero power. On the other hand, if the junction temperature is T = 0°C, the de-
vice can dissipate maximum power and this is not practical. Therefore, the ambient
temperature and thermal resistances must be considered when interpreting the ratings
of devices. Manufacturers show the derating curves for the thermal derating and sec-
ond breakdown derating.

Example 4.4 Finding the Case Temperature of a Transistor

The maximum junction temperature of a transistor is 7; = 150°C and the ambient tempera-
ture is T4, = 25°C. If the thermal impedances are R;c = 0.4°C/W, Rcs = 0.1°C/W, and Rgy =
0.5°C/W, calculate (a) the maximum power dissipation and (b) the case temperature.

Solution
a. T, — T4 = Pr(Rjc+ Rcs + Rgy) = PrRyy, Rjy = 04 + 0.1 + 0.5 = 1.0, and 150 —
25 = 1.0P7, which gives the maximum power dissipation as Py = 125 W.
b. Tc = T; — PrR;c = 150 — 125 X 0.4 = 100°C.

4.11

di/dt AND dv/dt LIMITATIONS

Transistors require certain turn-on and turn-off times. Neglecting the delay time ¢, and
the storage time ¢, the typical voltage and current waveforms of a transistor switch are
shown in Figure 4.46. During turn-on, the collector current rises and the di/dt is

ﬂ = Ii = & (4 51)
da t ’

VCC = VS | f

I I

I I

I I

I I

I I

I I

I I

0 1 i : : i t
I I

20 I ! :

| ! ! |

I ! ! I

I ! ! I

I | | I

. . ¢
t, tr

FIGURE 4.46

Voltage and current waveforms.
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During turn-off, the collector-emitter voltage must rise in relation to the fall of the
collector current, and dv/dt is
dv _ Y = Yes (4.52)
dt Iy ty
The conditions di/dt and dv/dt in Egs. (4.51) and (4.52) are set by the transistor switch-
ing characteristics and must be satisfied during turn-on and turn-off. Protection cir-
cuits are normally required to keep the operating di/dt and dv/dt within the allowable
limits of the transistor. A typical transistor switch with di/dt and dv/dt protection is
shown in Figure 4.47a, with the operating waveforms in Figure 4.47b. The RC network
across the transistor is known as the snubber circuit, or snubber, and limits the dv/dt
The inductor L, which limits the di/dt, is sometimes called a series snubber.

Let us assume that under steady-state conditions the load current /; is free-
wheeling through diode D,,,, which has negligible reverse recovery time. When transistor
0, is turned on, the collector current rises and current of diode D,, falls, because D,,
behaves as short-circuited. The equivalent circuit during turn-on is shown in Figure
4.48a and turn-on di/dt is

di 'V

— = 4.53
dt L (4.53)
Equating Eq. (4.51) to Eq. (4.53) gives the value of L,
Vst
L, =— (4.54)
I

During turn-off, the capacitor C, charges by the load current and the equivalent circuit is
shown in Figure 4.48b. The capacitor voltage appears across the transistor and the dv/dt is

dv IL
— =1L (4.55)
dt C,
V 7
v, B2
0 —4 t
I
S
i
Itl==2 ]
I I
I I
I I
0 t t t
l e
o I
I I
IL [P |
XY 1/
D: | |
I I
0 t
(a) Protection circuits (b) Waveforms

FIGURE 4.47

Transistor switch with di/dt and dv/dt protection.
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0ol

FIGURE 4.48

Equivalent circuits.

Equating Eq. (4.52) to Eq. (4.55) gives the required value of capacitance,

)

=Y (4.56)

Once the capacitor is charged to V;, the freewheeling diode turns on. Due to the energy
stored in L, there is a damped resonant circuit as shown in Figure 4.48c. The transient
analysis of RLC circuit is discussed in Section 17.4. The RLC circuit is normally made
critically damped to avoid oscillations. For unity critical damping, 8 = 1, and Eq. (18.15)

yields
R 2\[ : I 5‘)
iy Cs ( ’

The capacitor C, has to discharge through the transistor and this increases the peak
current rating of the transistor. The discharge through the transistor can be avoided by
placing resistor R across C; instead of placing R, across Di;.

The discharge current is shown in Figure 4.49. When choosing the value of R, the
discharge time, R;C; = 7, should also be considered. A discharge time of one-third the
switching period T; is usually adequate.

1
3R,Cy I, =
ks
or
R=-1 (4.58)
' 3fC ’

Lcs

I\ {  FIGURE 4.49

Y S—

|74

Discharge current of snubber capacitor.
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Example 4.5 Finding the Snubber Values for Limiting dv/dt and di/dt Values
of a BJT Switch

A transistor is operated as a chopper switch as shown in Figure 4.47 at a frequency of f; = 10 kHz.
The circuit arrangement is shown in Figure 4.47a. The dc voltage of the chopper is V; = 220 V
and the load current is I; = 100 A. Vgisary = 0 V. The switching times are 7, = 0,1, = 3 ps,
and t; = 1.2 ps. Determine the values of (a) Ly; (b) Cy; (c) R, for critically damped condition;
(d) R, if the discharge time is limited to one-third of switching period; (e) R, if the peak dis-
charge current is limited to 10% of load current; and (f) power loss due to RC snubber P,,
neglecting the effect of inductor L, on the voltage of the snubber capacitor Cj.

Solution

I =100A,V, =220V, f, = 10kHz, ¢, = 3 us,and t; = 1.2 ps.

From Eq. (4.54), L, = Vit,/I; = 220 X 3/100 = 6.6 pH.

From Eq. (4.56), C; = I, t;/V, = 100 X 1.2/220 = 0.55 wF.

From Eq. (4.57), R, = 2V LJ/C, = 2V/6.6/0.55 = 6.93 Q.

From Eq. (4.58), R, = 1/(3£,C;) = 10%(3 X 10 X 0.55) = 60.6 Q.
VJR, = 0.1 X I; or 220/R;, = 0.1 X 100 or R, = 22 Q.

The snubber loss, neglecting the loss in diode D, is

e e TR

I

P, = 0.5C,Vf, (4.59)
= 0.5 X 0.55 X 107 x 220> X 10 X 10> = 133.1 W

4.12

SERIES AND PARALLEL OPERATION

Transistors may be operated in series to increase their voltage-handling capability. It
is very important that the series-connected transistors are turned on and off simulta-
neously. Otherwise, the slowest device at turn-on and the fastest device at turn-off
may be subjected to the full voltage of the collector-emitter (or drain—source) circuit
and that particular device may be destroyed due to a high voltage. The devices should
be matched for gain, transconductance, threshold voltage, on-state voltage, turn-on
time, and turn-off time. Even the gate or base drive characteristics should be identical.
Voltage-sharing networks similar to diodes could be used.

Transistors are connected in parallel if one device cannot handle the load cur-
rent demand. For equal current sharings, the transistors should be matched for gain,
transconductance, saturation voltage, and turn-on time and turn-off time. In practice,
it is not always possible to meet these requirements. A reasonable amount of current
sharing (45% to 55% with two transistors) can be obtained by connecting resistors in
series with the emitter (or source) terminals, as shown in Figure 4.50.

The resistors in Figure 4.50 help current sharing under steady-state conditions.
Current sharing under dynamic conditions can be accomplished by connecting coupled
inductors as shown in Figure 4.51. If the current through Q; rises, the L(di/dt) across L
increases, and a corresponding voltage of opposite polarity is induced across inductor L,.
The result is a low-impedance path, and the current is shifted to Q,. The inductors would
generate voltage spikes and they may be expensive and bulky, especially at high currents.

BJTs have a negative temperature coefficient. During current sharing, if one BJT
carries more current, its on-state resistance decreases and its current increases further,
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Iy
Rc
o) 5
Iy Ip +
Vee =
Ra Ra T FIGURE 4.50
® Parallel connection of transistors.

Iy Ig
+
Re2 Rel VCC ___:
[ ]
L, Ly
FIGURE 4.51
[ )

Dynamic current sharing.

whereas MOSFETs have a positive temperature coefficient and parallel operation
is relatively easy. The MOSFET that initially draws higher current heats up faster
and its on-state resistance increases, resulting in current shifting to the other devices.
IGBTs require special care to match the characteristics due to the variations of the
temperature coefficients with the collector current.

Example 4.6 Finding the Current Sharing by Two Parallel MOSFETs

Two MOSFETs that are connected in parallel similar to Figure 4.50 carry a total current of
Ir = 20 A. The drain-to-source voltage of MOSFET M, is Vg = 2.5V and that of MOSFET
M, is Vps, = 3 V. Determine the drain current of each transistor and difference in current
sharing if the current sharing series resistances are (a) Ry = 0.3 Q and R, = 0.2 Q) and (b)
le = Rsz = 0.5 Q

Solution
a. Ip + Ip, = Iyand Vg + Ip1Rgy = Vpsy + IpaRsy = Vpsy = Ry (I — Ipy).

Vpss = Vps1 + IrRy

Rq + Ro (4.60)
325420 %02
— — o
03 + 02 OA or 45%
Ip=20-9=11A or 55%

AI =55 —45=10%

Ip, =
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3-25+20X%05 .
b. Ip = 05 ¥ 05 =105A or 525%
I, =20 —105=95A or 47.5%
Al =525 —475=5%
4.13  SPICE MODELS
Due to the nonlinear behavior of power electronics circuits, the computer-aided sim-
ulation plays an important role in the design and analysis of power electronics cir-
cuits and systems [20]. Device manufacturers often provide SPICE models for power
devices.
4.13.1 BJT SPICE Model

The PSpice model, which is based on the integral charge-control model of Gummel and
Poon [16], is shown in Figure 4.52a. The static (dc) model that is generated by PSpice
is shown in Figure 4.52b. If certain parameters are not specified, PSpice assumes the
simple model of Ebers—Moll as shown in Figure 4.52c.

The model statement for NPN-transistors has the general form

.MODEL QNAME NPN (P1=V1 P2=V2 P3=V3 ... PN=VN)
and the general form for PN P-transistors is
.MODEL QNAME PNP (P1=V1 P2=V2 P3=V3 ... PN=VN)

where QNAME is the name of the BJT model. NPN and PNP are the type symbols for
NPN- and PNP-transistors, respectively. P1, P2,... and V1, V2, ... are the param-
eters and their values, respectively. The parameters that affect the switching behavior
of a BJT in power electronics are IS, BF, CJE, CJC, TR, TF. The symbol for a BJT is
Q, and its name must start with Q. The general form is

Q <name> NC NB NE NS QNAME [ (area) value]

where NC, NB, NE, and NS are the collector, base, emitter, and substrate nodes,
respectively. The substrate node is optional: If not specified, it defaults to ground.
Positive current is the current that flows into a terminal. That is, the current
flows from the collector node, through the device, to the emitter node for an
NPN-BIJT.

The parameters that significantly influence the switching behavior of a BJT are:

IS pn-saturation current

BF  Ideal maximum forward beta

CJE Base-emitter zero-bias pn capacitance
CJC Base—collector zero-bias pn capacitance
TR  Ideal reverse transit time

TF  Ideal forward transit time
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PSpice BJT model.
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4.13.2 MOSFET SPICE Model

The PSpice model [16] of an n-channel MOSFET is shown in Figure 4.53a. The static
(dc) model that is generated by PSpice is shown in Figure 4.53b. The model statement
of n-channel MOSFETsS has the general form

.MODEL MNAME NMOS (P1=V1 P2=V2 P3=V3 ... PN=VN)
and the statement for p-channel MOSFETs has the form
.MODEL MNAME PMOS (P1=V1 P2=V2 P3=V3 ... PN=VN)

where MNAME is the model name. NMOS and PMOS are the type symbols of
n-channel and p-channel MOSFETs, respectively. The parameters that affect the
switching behavior of a MOSFET in power electronics are L, W, VTO, KP, IS, CGSO,
and CGDO.

The symbol for a MOSFET is M. The name of MOSFETSs must start with M and
it takes the general form

D o Drain
Rp
D
Coa Cha
/H/ /H/
Rp
Il It
™ ™~
- Vyg + = Vg +
G 1* B
o—e §RDS <¢> I; Vg ——oO Go—e §RDS <¢> I +——oOR
Gate |7 Bulk
Vips T - Vi +
It It
™N ™
+ Vg —
gs
| |x | Lx Rs
gl A
C,, Cy
gs s S
| lx (b) Dc model
gl
Cgb
Ry
S o Source

(a) SPICE model

FIGURE 4.53
PSpice n-channel MOSFET model.
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M<name> ND NG NS NB MNAME
+ [L=<value] [W=<value>]

+ [AD=<value>] [AS=<value>]

+ [PD=<value>] [PS=<value>]

+ [NRD=<value>] [NRS=<value>]
+ [NRG=<value>] [NRB=<value>]

where ND, NG, NS, and NB are the drain, gate, source, and bulk (or substrate) nodes,
respectively.

The parameters that significantly influence the switching behavior of an
MOSFET are:

L Channel length

w Channel width

VTO Zero-bias threshold voltage
IS Bulk pn-saturation current

CGSO  Gate-source overlap capacitance and channel width
CGDO  Gate—drain overlap capacitance and channel width

For COOLMOS, SPICE does not support any models. However, the manufacturers
provide models for COOLMOS [11].

IGBT SPICE Model

The n-channel IGBT consists of a PNP-bipolar transistor that is driven by an n-channel
MOSFET. Therefore, the IGBT behavior is determined by physics of the bipolar and
MOSFET devices. Several effects dominate the static and dynamic device character-
istics. The internal circuit of an IGBT is shown in Figure 4.54a.

An IGBT circuit model [16], which relates the currents between terminal nodes as a
nonlinear function of component variables and their rate of change, is shown in Figure 4.54b.
The capacitance of the emitter—base junction C,,, is implicitly defined by the emitter—base
voltage as a function of base charge. I, is the emitter—base capacitor current that defines
the rate of change of the base charge. The current through the collector—emitter redistribu-
tion capacitance .., is part of the collector current, which in contrast to ., depends on the
rate of change of the base—emitter voltage. I, is part of the base current that does not flow
through C,;, and does not depend on rate of change of base—collector voltage.

There are two main ways to model IGBT in SPICE: (1) composite model and
(2) equation model. The composite model connects the existing SPICE PNP-BJT and
n-channel MOSFET models. The equivalent circuit of the composite model is shown
in Figure 4.55a. It connects the existing BJT and MOSFET models of PSpice in a
Darlington configuration and uses the built-in equations of the two. The model com-
putes quickly and reliably, but it does not model the behavior of the IGBT accurately.

The equation model [22, 23] implements the physics-based equations and mod-
els the internal carrier and charge to simulate the circuit behavior of the IGBT accu-
rately. This model is complicated, often unreliable, and computationally slow because
the equations are derived from the complex semiconductor physics theory. Simulation
times can be over 10 times longer than those for the composite model.
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IGBT model. [Ref. 16, K. Shenai]

There are numerous papers of SPICE modeling of IGBTs, and Sheng [24] com-
pares the merits and limitations of various models. Figure 4.55b shows the equivalent
circuit of Sheng’s model [21] that adds a current source from the drain to the gate. It
has been found that the major inaccuracy in dynamic electrical properties is associated
with the modeling of the drain-to-gate capacitance of the n-channel MOSFET. During
high-voltage switching, the drain-to-gate capacitance C,, changes by two orders of
magnitude due to any changes in drain-to-gate voltage V. This is, Cy,, is expressed by

€si Coxd

Zesing
\/ qNB Coxd + Adgesi

Co = (4.61)
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FIGURE 4.55
Equivalent circuits of IGBT SPICE models. [Ref. 21, K. Sheng]

where Ay, is the area of the gate over the base;
€; 1s the dielectric constant of silicon;
C,xq 1s the gate—drain overlap oxide capacitance;
q is the electron charge;
Np is the base doping density.

PSpice does not incorporate a capacitance model involving the square root, which
models the space charge layer variation for a step junction. PSpice model can imple-
ment the equations describing the highly nonlinear gate—drain capacitance into the
composite model by using the analog behavioral modeling function of PSpice.

MOSFET GATE DRIVE

MOSFETs are voltage-controlled devices and have very high input impedance. The
gate draws a very small leakage current, on the order of nanoamperes.

The turn-on time of an MOSFET depends on the charging time of the input or
gate capacitance. The turn-on time can be reduced by connecting an RC circuit, as
shown in Figure 4.56, to charge the gate capacitance faster. When the gate voltage is
turned on, the initial charging current of the capacitance is

I = 28 162)
=% @
and the steady-state value of gate voltage is
RGV,
Ak (4.63)

Vos = 20—
G5 Ry + R, + Rg

where R is the internal resistance of gate-drive source.
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To achieve switching speeds on the order of 100 ns or less, the gate-drive circuit
should have a low-output impedance and the ability to sink and source relatively large
currents. A totem pole arrangement that is capable of sourcing and sinking a large
current is shown in Figure 4.57. The PNP- and NPN-transistors act as emitter follow-
ers and offer a low-output impedance. These transistors operate in the linear region
instead of the saturation mode, thereby minimizing the delay time. The gate signal
for the power MOSFET may be generated by an op-amp. Feedback via the capacitor
C regulates the rate of rise and fall of the gate voltage, thereby controlling the rate of
rise and fall of the MOSFET drain current. A diode across the capacitor C allows the
gate voltage to change rapidly in one direction only. There are a number of integrated
drive circuits on the market that are designed to drive transistors and are capable of
sourcing and sinking large currents for most converters. The totem pole arrangement
in gate-drive ICs is normally made of two MOSFET devices.

Key Points of Section 4.14

e An MOSFET is a voltage-controlled device.
¢ Applying a gate voltage turns it on and it draws negligible gate current.
e The gate-drive circuit should have low impedance for fast turn-on.

+Vee
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™ AKNPN
M,

FIGURE 4.57
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JFET GATE DRIVES

The SiC JFET is a voltage-controlled device and is normally on. A negative gate—
source voltage, which should be lower than the pinch-off voltage, is required to keep
this device in the off-state [61, 62].

Normally-on SiC JFET gate driver: A gate driver for the SiC JFET [43] is
shown in Figure 4.58. The gate drive [52] is a parallel-connected network consisting
of a diode D, a capacitor C, and a high-value resistor R, while a gate resistor R, is
connected in series with the gate. During the on-state of the SiC JFET, the output of
the buffer, V,, equals 0 V, and the device is conducting the maximum current, Ipgs.
When the JFET is turned off, the buffer voltage V, is switched from 0 V to the nega-
tive buffer voltage V. The peak gate current flows through the gate resistor R, and the
capacitor C. The parasitic capacitance of the gate-source junction Cg, is charged, and
the voltage drop across the capacitor C equals the voltage difference between —V and
the breakdown voltage of the gate.

During the steady-state operation in the off-state, a low current is only required
to keep the JFET off and this current is supplied through the resistor R,,. The value
of R, should be chosen carefully to avoid breakdown of the gate-source junction. A
resistance Ry in the order of megohms is normally connected between the gate and
the source in order to provide a fixed impedance so that Cg can discharge its voltage.
The gate drive should be protected from the possibly destructive shoot-through in case
the power supply for the gate driver is lost.

Normally-off SiC JFET gate driver: The normally-off SiC JFET is a voltage-
controlled device, but a substantial gate current is required during the conduction state
to obtain a reasonable on-state resistance. It also requires a high-peak current to the
gate so that the recharge of the gate—source capacitance of the device is faster. A two-
stage gate driver with resistors is shown in Figure 4.59 [43].

This driver consists of two stages [53]: the dynamic one with a standard driver
and a resistor Rp,, which provides high voltage, and thus high-current peaks, during
a short time period to turn the JFET on and off rapidly. The second stage is the static
one with a de—dc step-down converter, a BJT, and a resistor Rg;. The auxiliary BJT
is turned on when the dynamic stage is completed. The static stage is able to supply a

oVpp
1L
= R, Ca
—VMWW\— p
ot K 2
—M m; %W—‘%\—D Noronrllally
Input AN
signal [ G [SICJFET
o-V, C T
FIGURE 4.58

Gate driver of the normally-on SiC JFET [43].
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Two-stage gate drive for normally-off SiC JFETs [54].

4.16

gate current during the on-state of the JFET. This circuit does not require the speed-
up capacitor, which might limit the range of duty cycle due to the associated charging
and discharging times.

The gate-drive circuit [54] as shown in Figure 4.60 can provide fast-switching per-
formance. During the on-state of the JFET, a dc current flows through Rpc and Dp¢
causing very low losses in these devices due to the low voltage drop. During turn-off
and the off-state, the zener voltage of diode D3 (V D)) is applied to the gate for a high
noise immunity making this gate driver. The diodes D and D, minimize the Miller ef-
fect. During turn-on, the sum of V¢ and voltage across C4¢c (Vac) is applied to the
gate for fast turn-on. This gate driver does not have any duty cycle or frequency limita-
tions of significant self-heating.

BJT BASE DRIVE

The switching speed can be increased by reducing turn-on time ¢,,, and turn-off time ;.
The ¢, can be reduced by allowing base current peaking during turn-on, resulting in low
forced B (Br) at the beginning. After turn-on, 7 can be increased to a sufficiently high
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value to maintain the transistor in the quasi-saturation region. The #.¢ can be reduced
by reversing base current and allowing base current peaking during turn-off. Increasing
the value of reverse base current I, decreases the storage time. A typical waveform for
base current is shown in Figure 4.61.

Apart from a fixed shape of base current, as in Figure 4.61, the forced 8 may be
controlled continuously to match the collector current variations. The commonly used
techniques for optimizing the base drive of a transistor are:

Turn-on control

Proportional base control

1.
2. Turn-off control
3.
4. Antisaturation control
Turn-on control. The base current peaking can be provided by the circuit of
Figure 4.62. When the input voltage is turned on, the base current is limited by resistor
R; and the initial value of base current is

Vi -V,
Iy =——7"% z, B (4.64)

and the final value of the base current is

(4.65)

VB
vV, _

t L
0 1 2 ‘

7‘/2777777

FIGURE 4.62

Base current peaking during turn-on.
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The capacitor C; charges up to a final value of

R,
= V———— 4.66
V= Vig T w (4.66)
The charging time constant of the capacitor is approximately
R R,Cy
= — 4.67
TR +R (4.67)

Once the input voltage vz becomes zero, the base—emitter junction is reverse biased
and C; discharges through R,. The discharging time constant is T, = R,C;. To allow
sufficient charging and discharging times, the width of the base pulse must be #; = 51y
and the off-period of the pulse must be ¢, = 57,. The maximum switching frequency is
f; = 1T = 1/([1 + t2) = 02/(1’1 + T2).

Turn-off control. If the input voltage in Figure 4.62 is changed to —V, during
turn-off, the capacitor voltage V, in Eq. (4.66) is added to V, as a reverse voltage
across the transistor. There will be base current peaking during turn-off. As the ca-
pacitor C; discharges, the reverse voltage can be reduced to a steady-state value V5.
If different turn-on and turn-off characteristics are required, a turn-off circuit (using
C,, R;, and Ry), as shown in Figure 4.63 may be added. The diode D isolates the for-
ward base drive circuit from the reverse base drive circuit during turn-off.

Proportional base control. This type of control has advantages over the constant
drive circuit. If the collector current changes due to change in load demand, the base
drive current is changed in proportion to the collector current. An arrangement is
shown in Figure 4.64. When switch S is turned on, a pulse current of short duration
would flow through the base of transistor Q;; and Q; is turned on into saturation.
Once the collector current starts to flow, a corresponding base current is induced due
to the transformer action. The transistor would latch on itself, and §; can be turned
off. The turns ratio is N,/N; = I-/Iz = B. For proper operation of the circuit, the mag-
netizing current, which must be much smaller than the collector current, should be as
small as possible. Switch S§; can be implemented by a small-signal transistor, and an
additional circuitry is necessary to discharge capacitor C; and to reset the transformer
core during turn-off of the power transistor.

VB Ry
Vi — W
+
0 t Vg
-V,+ g
FIGURE 4.63

Base current peaking during turn-on and turn-off.
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Proportional base drive circuit.

Antisaturation control. If the transistor is driven hard, the storage time, which
is proportional to the base current, increases and the switching speed is reduced. The
storage time can be reduced by operating the transistor in soft saturation instead of
hard saturation. This can be accomplished by clamping the collector—emitter voltage
to a predetermined level and the collector current is given by

Vee = Ve
[ = (4.68)
Re
where V,,, is the clamping voltage and V,,,, > Vcg(sar)- A circuit with clamping action
(also known as Baker’s clamp) is shown in Figure 4.65.

The base current without clamping, which is adequate to drive the transistor

hard, can be found from
Ve — Van — Ve

Iy=1 = X, (4.69)

and the corresponding collector current is

After the collector current rises, the transistor is turned on, and the clamping takes
place (due to the fact that D, gets forward biased and conducts). Then

Vee = Vee + Voo — Van (4.71)
L=1Ic—1, D2
NI
1
+ Vg - I, Iy
R
Ry Iy D, |/ + C%
VW > > The Veg
! + le - —
Vp B |+
Ve Vee™==  FIGURE 4.65
o Collector clamping circuit.
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The load current is

Vee = Vee  Vee = Ve = Va + Va
e o 4.72)

and the collector current with clamping is

Ic = Blg = B(L — Ic + 1) (4.73)
B
“1+p (L + 1)

For clamping, V,;; > V; and this can be accomplished by connecting two or more
diodes in place of D;. The load resistance R should satisfy the condition

Blp > I
From Eq. (4.72),
BlgRc > (Vec = Ve — Vi + Vi) (4.74)

The clamping action results in a reduced collector current and almost elimination of
the storage time. At the same time, a fast turn-on is accomplished. However, due to
increased Vg, the on-state power dissipation in the transistor is increased, whereas the
switching power loss is decreased.

Example 4.7 Finding the Transistor Voltage and Current with Clamping

The base drive circuit in Figure 4.64 has Voc = 100V, Rc =150,V =21V, V,, = 9V,
Ve = 0.7V, Vp =15V, Rg = 2.5Q, and B = 13.6. Calculate (a) the collector current with-
out clamping, (b) the collector—emitter clamping voltage Vg, and (c) the collector current with
clamping.

Solution

a. From Eq. (4.69),; = (15 — 2.1 — 0.7)/2.5 = 4.88 A.Without clamping, I = 13.6 X
4.88 = 66.368 A.

b. From Egq. (4.71), the clamping voltage is
Vep =07 +21—-09=19V

c¢. From Eq. (4.72), I; = (100 — 1.9)/1.5 = 65.4 A. Equation (4.73) gives the collector
current with clamping:
4.88 + 65.4

= OX ———m = K
Ie = 13.6 X =0 =1~ = 63456 A

SiC BJT Base Driver: The SiC BJT is a current-driven device and requires a
substantial base current during the on-state. The gate-drive circuit [43] as shown in
Figure 4.66 consists of a speed-up capacitor, Cp, in parallel to the resistor Rg. Hence,
the switching performance depends on the supply voltage, V¢. The higher is the sup-
ply voltage, the faster will be the switching transients, but at the same time, the power
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consumption is increased. Therefore, there must be a trade-off between the switching
performance and the gate power consumption.

Key Points of Section 4.16

e A BJT is a current-controlled device.

e Base current peaking can reduce the turn-on time and reversing the base current
can reduce the turn-off time.

e The storage time of a BJT increases with the amount of base drive current, and
overdrive should be avoided.

ISOLATION OF GATE AND BASE DRIVES

For operating power transistors as switches, an appropriate gate voltage or base cur-
rent must be applied to drive the transistors into the saturation mode for low on-state
voltage. The control voltage should be applied between the gate and source terminals
or between the base and emitter terminals. The power converters generally require
multiple transistors and each transistor must be gated individually. Figure 4.67a shows
the topology of a single-phase bridge inverter. The main dc voltage is V with ground
terminal G.

The logic circuit in Figure 4.67b generates four pulses. These pulses, as shown
in Figure 4.67c, are shifted in time to perform the required logic sequence for power
conversion from dc to ac. However, all four logic pulses have a common terminal C.
The common terminal of the logic circuit may be connected to the ground terminal G
of the main dc supply, as shown by dashed lines.

The terminal g;, which has a voltage of V,; with respect to terminal C, cannot be
connected directly to gate terminal G;. The signal V,; should be applied between the
gate terminal G and source terminal S; of transistor M;. There is a need for isolation
and interfacing circuits between the logic circuit and power transistors. However, tran-
sistors M, and M, can be gated directly without isolation or interfacing circuits if the
logic signals are compatible with the gate-drive requirements of the transistors.
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Single-phase bridge inverter and gating signals.

The importance of gating a transistor between its gate and source instead of ap-
plying gating voltage between the gate and common ground can be demonstrated with
Figure 4.68, where the load resistance is connected between the source and ground.
The effective gate source voltage is

Vos = Vo — Rilp(Vis) (4.75)

where I, (Vgg) varies with V. The effective value of Vg decreases as the transistor
turns on and Vg reaches a steady-state value, which is required to balance the load or
drain current. The effective value of Vi is unpredictable and such an arrangement is
not suitable. There are basically two ways of floating or isolating the control or gate
signal with respect to ground.

1. Pulse transformers
2. Optocouplers

D Iy
g"_/ -
— Vpp

+ +
v Ves ¢S
¢ Rp =Ry
FIGURE 4.68 —
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Gate voltage between gate and ground. =
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Transformer-isolated gate drive.

Pulse Transformers

Pulse transformers have one primary winding and can have one or more secondary
windings. Multiple secondary windings allow simultaneous gating signals to series- and
parallel-connected transistors. Figure 4.69 shows a transformer-isolated gate-drive
arrangement. The transformer should have a very small leakage inductance and the
rise time of the output pulse should be very small. At a relatively long pulse and low-
switching frequency, the transformer would saturate and its output would be distorted.

Optocouplers

Optocouplers combine an infrared light-emitting diode (ILED) and a silicon photo-
transistor. The input signal is applied to the ILED and the output is taken from the
phototransistor. The rise and fall times of phototransistors are very small, with typi-
cal values of turn-on time 7, = 2 to 5 ws and turn-off time ¢, = 300 ns. These turn-on
and turn-off times limit the high-frequency applications. A gate isolation circuit using
a phototransistor is shown in Figure 4.70. The phototransistor could be a Darlington
pair. The phototransistors require separate power supply and add to the complexity
and cost and weight of the drive circuits.

Key Points of Section 4.17

e The low-level gate circuit must be isolated from the high-level power cir-
cuit through isolation devices or techniques such as optocouplers and pulse
transformers.

.___Optocoupler ___ Ve

FIGURE 4.70

Optocoupler gate isolation.
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4.18 GATE-DRIVE ICs

The gate-drive requirements [25-28] for a MOSFET or an IGBT switch, as shown in
Figure 4.71, are as follows:

e Gate voltage must be 10 to 15 V higher than the source or emitter voltage.
Because the power drive is connected to the main high voltage rail +Vj, the gate
voltage must be higher than the rail voltage.

¢ The gate voltage that is normally referenced to ground must be controllable from
the logic circuit. Thus, the control signals have to be level shifted to the source
terminal of the power device, which in most applications swings between the two
rails V™.

¢ A low-side power device generally drives the high-side power device that is con-
nected to the high voltage. Thus, there is one high-side and one low-side power
device. The power absorbed by the gate-drive circuitry should be low and it
should not significantly affect the overall efficiency of the power converter.

There are several techniques, as shown in Table 4.4, that can be used to meet the
gate-drive requirements. Each basic circuit can be implemented in a wide variety of
configurations. An IC gate-drive integrates most of the functions required to drive one
high-side and one low-side power device in a compact, high-performance package with
low power dissipation. The IC must also have some protection functions to operate
under overload and fault conditions.

Three types of circuits can perform the gate-drive and protection functions.
The first one is the output buffer that is needed to provide sufficient gate voltage or

+Vpe High voltage rail
D
G
Gate o ?
L
Source o S
9
<
Q
—

FIGURE 4.71
Power MOSFET connect to the high voltage rail side.
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TABLE 4.4 Gate-Drive Techniques, Ref. 2. (Courtesy of Siemens Group, Germany)

Key Features

Method Basic Circuit
Floating gate-drive
supply
e
Floating || Gate —
supply drive | >—
I I
Level shifter Lg?d
or .
. low-side
optoisolator device
l

Pulse transformer

Load
or
low-side
device

_ 1
—e

Charge pump

Oscillator Load
or
low-side
device

Bootstrap

J)

£ | Gate
drive

L1
Load

Level or
shifter low-side
device
i

Full gate control for indefinite periods of time;
cost impact of isolated supply is significant (one
required for each high-side MOSFET); level
shifting a ground-referenced signal can be tricky:
level shifter must sustain full voltage, switch fast
with minimal propagation delays and low power
consumption-optoisolators tend to be relatively
expensive, limited in bandwidth and noise
sensitive

Simple and cost-effective but limited in many
respects; operation over wide duty cycles requires
complex techniques; transformer size increases
significantly as frequency decreases; significant
parasitics create less than ideal operation with
fast-switching waveforms

Can be used to generate an “over-rail” voltage
controlled by a level shifter or to “pump” the gate
when MOSFET is turned on; in the first case the
problems of a level shifter have to be tackled, in
the second case turn-on times tend to be too long
for switching applications; in either case, gate can
be kept on for an indefinite period of time, inef-
ficiencies in the voltage multiplication circuit may
require more than two stages of pumping

Simple and inexpensive with some of the limita-
tions of the pulse transformer: duty cycle and on
time are both constrained by the need to refresh
the bootstrap capacitor; if the capacitor is charged
from a high voltage rail, power dissipation can be
significant, requires level shifter, with its associ-
ated difficulties

(continued)
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TABLE 4.4 (Continued)

Method

Basic Circuit Key Features

Carrier drive Gives full gate control for an indefinite period

of time but is somewhat limited in switching
performance; this can be improved with added

k4 complexity
—s
Stop 4 Load
or
owside
evice

charge to the power device. The second is the level shifters that are needed to interface
between the control signals to the high-side and low-side output buffers. The third is
the sensing of overload conditions in the power device and the appropriate counter-
measure taken in the output buffer as well as fault status feedback.

SUMMARY

Power transistors are generally of five types: MOSFETs, COOLMOS, BJTs, IGBTs,
and SITs. MOSFET: are voltage-controlled devices that require very low gating power
and their parameters are less sensitive to junction temperature. There is no second
breakdown problem and no need for negative gate voltage during turn-off. The con-
duction losses of COOLMOS devices are reduced by a factor of five as compared with
those of the conventional technology. It is capable of handling two to three times more
output power as compared with that of a standard MOSFET of the same package.

COOLMOS, which has very low on-state loss, is used in high-efficiency, low-power ap-
plications. BJTs suffer from second breakdown and require reverse base current during turn-
off to reduce the storage time, but they have low on-state or saturation voltage. IGBTs, which
combine the advantages of BJTs and MOSFETs, are voltage-controlled devices and have
low on-state voltage similar to BJTs. IGBTs have no second breakdown phenomena. BJTs
are current-controlled devices and their parameters are sensitive to junction temperature.
SITs are high-power, high-frequency devices. They are most suitable for audio, VHF/UHF,
and microwave amplifiers. They have a normally on-characteristic and a high on-state drop.

Transistors can be connected in series or parallel. Parallel operation usually re-
quires current-sharing elements. Series operation requires matching of parameters,
especially during turn-on and turn-off. To maintain the voltage and current relation-
ship of transistors during turn-on and turn-off, it is generally necessary to use snubber
circuits to limit the di/dt and dv/dt.

The gate signals can be isolated from the power circuit by pulse transformers or
optocouplers. The pulse transformers are simple, but the leakage inductance should
be very small. The transformers may be saturated at a low frequency and a long pulse.
Optocouplers require separate power supply.
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