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Preface

The third 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 elec-
trical and electronic engineering. It can also be used as a textbook for graduate stu-
dents and as a reference book for practicing engineers involved in the design and
applications of power electronics. The prerequisites are courses on basic electronics
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 al-
ready 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 16 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 P2 for one semester course on
“Power Electronics and Motor Drives.”

TABLEP1 Sugeested Topics for One Semester Course on Power Flectronics

Chapter Topics Sections Lectures
1 Introduction Litnl112 2
2 Power semiconductor diodes and circuits 211024,27.210102.13 2
3 Diode rectifiers dlwd9 -]
4 Power transistors 42 4.10,4.11 2
5 DC-DC converters Slwsd 5
f PWM inverters 6.1 to 66,68 to 6.11 1
1 Thyristors L1tw0735,79,710 2
g Resonant pulse inverters Blin#S 3

10 Controlled rectifiers 101t 106 f

1 AC voltage controllers Liwlls 3

12 Static switches 2iwidg 2

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

xix
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TABLE P2 Suggested Topics for One Semester Course on Power Electronies and Motor Drives

Chapter Topics Sections Lectures
1 Introduction Liwe 112 2
2 Power semiconductor diodes and circuits 211024,27.21010 2.13 2
3 Digde rectifiers ilmwiR 4
4 Bower transistors 42,4.10,4.11 1
3 DC-DC converters 51t05.7 4
fi PWM inverters 6.1 to 6.6,6.8 to 6.11 5
7 Thyristors 7.1107.5,7.9,7.10 1

10 Controlled rectifiers 101 10 10.7 5

u AC voltage controllers 1l.1to 115 2

Appendix Magnetic circuits Bl6mil66 1

15 DC drives L51tol57 5

Appendix Three-phase circuits Albto 166 1

14 AC doves 16.1 to 16.6 ]

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

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 ap-
proach, covers device characteristics conversion techniques first and then applications.
[t emphasizes the fundamental principles of power conversions. This third edition of
Power Electronics is a complete revision of the second edition, and (i) features bottom-
up approach rather than top-down approach; (ii) introduces the state-of-the-art ad-
vanced Modulation Techniques; (iii) presents three new chapters on “Multilevel
Inverters” (Chapter 9), “Flexible AC Transmission Systems” (Chapter 13), and “Gate
Drive Circuits” (Chapter 17) and covers state-of-the-art techniques; (iv) integrates the
industry standard software, SPICE, and design examples that are verified by SPICE
simulation; (v) examines converters with RL-loads under both continuous and discon-
tinuous current conduction; and (vi) has expanded sections and/or paragraphs to add
explanations. The book is divided into five parts:

L. Introduction—Chapter 1

2. Devices and gate-drive circuits—Chapters 2,4, 7,and 17

3. Power conversion techniques—Chapters 3, 5, 6,8, 9,10, and 11
4. Applications—Chapters 12,13, 14,15, and 16

5. Protection and thermal modeling—Chapter 18

Topics like three-phase circuits, magnetic circuits, switching functions of converters,
DC transient analysis, and Fourier analysis 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 nor-
mally consist of integrated circuits and discrete componends, generate the required
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gating signals for the power devices, Integrated circuits and discrete components are
being replaced by microprocessors and signal processing 1Cs.

An ideal power device should have no switching-on and -off limitations in terms
of turn-on time, turn-off time, current, and voltage handling capabilities. Power semi-
conductor technology is rapidly developing fast switching power devices with increas-
ing 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. 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. Within the next 20 years, power electronics will shape and condition the
electricity somewhere between its generation and all its users. The potential applica-
tions of power electronics are yet to be fully explored but we've made every effort to
cover as many applications as possible in this book.

Any comments and suggestions regarding this book are welcomed and should be
sent to the author.

Dr. Muhammad H. Rashid

Professor and Director

Electrical and Computer Engineering
University of West Florida

11000 University Parkway

Pensacola, FL 32514-5754

E-mail: mrashid@uwf.edu

PSPICE SOFTWARE AND PROGRAM FILES

The student version PSpice schematics and/or Orcad capture software can be obtained
or downloaded from

Cadence Design Systems, Inc.
2655 Seely Avenue
San Jose, CA 95134

Websites: http://www.cadence.com
https/fwww.orcad.com

http://www.pspice.com

The website http://uwf.eduwmrashid contains all PSpice circuits, PSpice schematics, Orcad
capture, and Mathcad files for use with this book.

Important Note: The PSpice circuit files (with an extension .CIR) are self-
contained and each file contains any necessary device or component models. However,
the PSpice schematic files (with an extension .SCH) need the user-defined model Ii-
brary file Rashid PE3_MODEL.LIB, which is included with the schematic files, and
must be included from the Analysis menu of PSpice Schematics. Similarly, the Orcad
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schematic files (with extensions .OFJ and .DSN) need the user-defined model library
file Rashid_PE3_MODEL.LIR, which is included with the Orcad schematic files, must
be included from the PSpice Simulation settings menu of Orcad Capture. Without these
files being included while running the simulation, it will not run and will give errors.
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CHAPTER 1

Introduction

The learning objectives of this chapter are as follows:

* To get an overview of power electronics and its history of development
* To get an overview of different types of power semiconductor devices and their switching

characteristics

* To learn about the types of power converters
* To know about resources for finding manufacturers of power semiconductors
* To know about resources for finding published articles of power electronics and applications

11

APPLICATIONS OF POWER ELECTRONICS

The demand for control of electric power for electric motor drive systems and indus-
trial controls existed for many vears, 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 electronics have revolutionized the concept of power control for power conver-
sion and for control of electrical motor drives.

Power electronics combine 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 distribution
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 applications of solid-state electronics for the control and conversion of electric
power. The interrelationship of power electronics with power, electronics, and control
1s shown in Figure 1.1.

Power electronics are based primarily on the switching of the power semicon-
ductor 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 preat impact on the control and synthesizing the control strategy for the power
semiconductor devices. Modern power electronics equipment uses (1) power semi-
conductors that can be regarded as the muscle, and (2) microelectronics that have the
power and intelligence of a brain.
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1.1.1

Power

Control

=

Electronics Lt :quipm:!:lt
Dievices | Circuits Static | Rotating

Electronics

FIGURE 1.1
Relationship of power electronics Lo power, electronics, and control.

Power electronics have already found an important place in modern technology
and are 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 transmis-
sions (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 [5].

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 Schockley. Most of
today's advanced electronic technologies are traceable to that invention. Modern mi-
croelectronics evolved over the years from silicon semiconductors. The next break-
through, in 1956, was also from Bell Laboratories: the invention of the PNFPN
triggering 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



1.1 Applications of Power Electronics

TABLE 1.1 Somc Applications of Power Electronics

Advertising
Adr-conditioning
Adrcraft power supplies
Alarms

Appliances

Audio amplifiers
Battery charger
Blenders

Blowers

Baoilers

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 de (HVDC)
Induction heating
Laser power supplies
Latching relays

Light dimmers

Light flashers

Linear induction motor controls
Locomaotives

Machine tools
Magnetic recordings

Magnets

Mass transits

Mercury-arc lamp ballasts
Mining

Model trains

Motor controls

Motor drives

Movie projectors

MNuclear reactor control rod
Oil well drilling

Owen controls

Paper mills

Particle accelerators
People movers
Phonographs

Photocopies

Photographic supplies
Power supplies

Printing press

Pumps and compressors
Radar/sonar power supplies
Range surface unit
Refrigerators

Regulators

RF amplifiers

Security systems

Servo systems

Sewing machines

Solar power supplics
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
WVacuum cleaners
Volt-ampere reactive (YAR) compensation
VWending machines

Wery low frequency (VLF) transmitters
Voltage regulators
Washing machines

Welding

Source: Rel 5.
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new era of power electronics. Since then, many different types of power semiconductor
devices and conversion techniques have been introduced. The microelectronics revolu-
tion 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 elec-
tronics, 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.

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, var-
ious types of power semiconductor devices were developed and became commercially
available. Figure 1.3 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 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 (MOSFETSs), and (5) insulated-gate bipolar transistors (IGBTs) and static
induction transistors (SITs).

Power Diodes

A diode has two terminals: a cathode and an anode. Power diodes are of three types:
general purpose, high speed (or fast recovery), and Schottky. General-purpose diodes
are available up to 6000V, 4500 A, and the rating of fast-recovery diodes can go up to
6000V, 1100 A. The reverse recovery time varies between 0.1 and 5 ps. The fast-recovery
diodes are essential for high-frequency swilching of power converters. Schottky diodes
have low on-state voltage and very small recovery time, typically 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 and.1.2 V. If the
cathede voltage is higher than its anode voltage, a diode is said to be in a blocking
mode. Figure 1.4 shows various configurations of general-purpose diodes, which basi-
cally fall into two types. One is called a smud, or stud-mounted type, and 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.



6 Chapter1 Introduction

| Power S-cmn:unduuiml

| l
| Diodes J !_Trlm'mmi

1

Thynstors .
. . | | Bipolar Junction Thyristors for —.Sdu:lllk_ip-[]iodel- MOSFET
Schottky-Diode Phase Contral

— |
| |Epitaxial-Diode]| | | wpn - JTBS-Diode
(PIN) i C pnp Fast Thyristor
Double OSFET 5 . A
~ Diffused Diode f{ M t Al}mmh:::c TSR
(PIN} : Reverse
= NuChannel- Conducting
Enhancement
Conventicnal =S
| S-FET
| Cool-MOS .
|~ P-Channel- i,rm’m“w’“-
Enhancement Reverse
Conducting
- IGBT ]
1GCT
NPT — Conventional )
PT “ Trench-IGBT ﬁ!‘ﬂmﬂ“"‘
VErse
Low Vi Conducting
High Speed i [ Low Importance on Market
H MCT
I
e
| N-Tape
- MTO
FIGURE 1.3

Classification of the power semiconductors. [Ref 2, 5. Bernet]

1.2.2 Thyristors

A thyristor has three terminals: an anode, a cathode, and a gate. When a small current
is passed through the gate terminal to cathode, the thyristor conducts, provided that
the anode terminal is at a higher potential than the cathode. The thyristors can be sub-
divided into eleven types: (a) forced-commutated thyristor, (b) line-commutated
thyristor, (c) gate-turn-off thyristor (GTO), (d) reverse-conducting thyristor (RCT),
(e) static induction thyristor (SITH), (f) gate-assisted turn-off thyristor (GATT),
(g) light-activated silicon-controlled rectifier (LASCR), (h) MOS turn-off (MTO)



1.2 Power Semiconductor Devices 7

e
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FIGURE 1.4

Various general-purpose diode configurations.
{Counesy of Powerex, Inc.)

thyristor, (i) emitter turn-off (ETO) thyristor, (j) integrated gate-commutated thyristor
(IGCT), and (k) MOS-controlled thyristors (MCTs). Once a thyristor is in a conduc-
tion mode, the gate circuit has no control and the thyristor continues to conduct. When
a thyristor is in a conduction mode, the forward voltage drop is very small, typically 0.5
to 2 V. A conducting thyristor can be turned off by making the potential of the anode
equal to or less than the cathode potential. The line-commutated thyristors are turned
off due to the sinusoidal nature of the input voltage, and forced-commutated thyristors
are turned off by an extra circuit called commuration circuitry. Figure 1.5 shows various
configurations of phase control (or line-commutated) thyristors: stud, hockey puck,
flat, and pin types.

Natural or line-commutated thyristors are available with ratings up to 6000 V,
4500 A. 'The turn-off time of high-speed reverse-blocking thyristors has been improved
substantially and it is possible to have 10 to 20 ps in a 3000-V, 3600-A thyristor. The turn-
off time is defined as the time interval between the instant when the principal current
has decreased to zero after external switching of the principal voltage circuit, and the in-
stant when the thyristor is capable of supporting a specified principal voltage without

FIGURE 1.5

Various thyristor configurations. {Courtesy of
Powerex, Inc.)



FIGURE 1.6

Gate-turn-off thyristors. (Courtesy of International
Rectifiers.)
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turning on. RCTs and GATTs are widely used for high-speed switching, especially in
traction applications. An RCT can be considered as a thyristor with an inverse-parallel
diode. RCTs are available up to 4000 V, 2000 A (and 800 A in reverse conduction) with
a switching time of 40 ps. GATTs are available up to 1200 V, 400 A with a switching
speed of 8 ps. LASCRs, which are available up to 6000 V, 1500 A, with a switching
speed of 200 to 400 ps, are suitable for high-voltage power systems, especially in
HVDC. For low-power ac applications, TRIACs are widely used in all types of simple heat
controls, light controls, motor controls, and ac switches. The characteristics of TRIACs are
similar to two thyristors connected in inverse parallel and having only one gate termi-
nal. The current flow through a TRIAC can be controlled in either direction.

GTOs and SITHs are self-turned-off thyristors. GTOs and SITHs are turned on
by applying a short positive pulse to the gates and are turned off by the applications of
short negative pulse to the gates. They do not require any commutation circuit. GTOs
are very attractive for forced commutation of converters and are available up to
6000V, 6000 A. SITHs, whose ratings can go as high as 1200 V, 300 A, are expected to be
applied for medium-power converters with a frequency of several hundred kilohertz
and beyond the frequency range of GTOs. Figure 1.6 shows various configurations of
GTOs. An MTO [3] is a combination of a GTO and a MOSFET, which together over-
come the limitations of the GTO turn-off ability. Its structure is similar to that of a
GTO and retains the GTO advantages of high voltage (up to 10 kV) and high current
{up to 4000 A). MTOs can be used in high power applications ranging from 1 to 20
MVA. An ETO is a MOS-GTO hybrid device that combines the advantages of both
the GTO and MOSFET. ETO has two gates: one normal gate for turn-on and one with
a serics MOSFET for turn-off. ETOs with a current rating of up to 4 kA and a voltage
rating of up to 6 kV have been demonstrated.

An IGCT [4] integrates a gate-commutated thyristor (GCT) with a multilayered
printed circuit board gate drive. The GCT is a hard-switched GTO with a very fast and
large gate current pulse, as large as the full-rated current, that draws out all the current
from the cathode into the gate in about 1 ps to ensure a fast turn-off. Similar to a GTO,
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the IGCT is turned on by applying the turn-on current to its gate. The IGCT is turned
off by a multilayered gate-driver circuit board that can supply a fast-rising turn-off
pulse (i.e., a gate current of 4 kA/ps with gate-cathode voltage of 20V only). An MCT
can be turned “on™ by a small negative voltage pulse on the MOS gate (with respect to
its anode), and turned “off” by a small positive voltage pulse. It is like a GTO, except
that the turn-off gain is very high. MCT's are available up to 4500 V, 250 A.

Power Transistors

Power transistors are of four types: (1) BJTs, (2) power MOSFETSs, (3) IGBTS, and (4)
SITs. A bipolar transistor has three terminals: base, emitter, and collector. It is normal-
ly operated as a switch in the common-emitter configuration. As long as the base of an
NPN-transistor is at a higher potential than the emitter and the base current is suffi-
ciently large to drive the transistor in the saturation region, the transistor remains on,
provided that the collector-to-emitter junction is properly biased. High-power bipolar
transistors are commonly used in power converters at a frequency below 10 kHz and
are effectively applied in the power ratings up to 1200 V, 400 A. The various configurations
of bipolar power transistors are shown in Figure 4.2. The forward drop of a conducting
transistor is in the range 0.5 to 1.5 V. If the base drive voltage is withdrawn, the transis-
tor remains in the nonconduction {or off) mode.

Power MOSFETS are used in high-speed power converters and are available at a
relatively low power rating in the range of 1000 V, 100 A at a frequency range of several
tens of kilohertz. The various power MOSFETs of different sizes are shown in
Figure 4.24. IGBTs are voltage-controlled power transistors. They are inherently faster
than BJTs, but still not quite as fast as MOSFETs. However, they offer far superior
drive and output characteristics to those of BJTs. IGBTs are suitable for high voltage,
high current, and frequencies up to 20 kHz. IGBTs are available up to 1700 V, 2400 A.

COOLMOS [8] is a new technology for high-voltage power MOSFETS, and it im-
plements a compensation structure in the vertical drift region of a MOSFET to im-
prove 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 5 times less
as compared with those of the conventional MOSFET technology. COOLMOS is ca-
pable of handling two to three times more output power as compared to the conven-
tional MOSFET in the same package. The active chip area of COOLMOS is
approximately 5 times smaller than that of a standard MOSFET. The on-state resis-
tance of a 600 V, 47 A COOLMOS is 70 m{1.

A SIT is a high-power, high-frequency device. It is essentially the solid-state ver-
sion of the triode vacuum tube, and is similar to a junction field-effect transistor
(JFET). It has a low-noise, low-distortion, high-audio-frequency power capability. The
turn-on and turn-off times are very short, typically 0.25 ps. The normally on-character-
istic and the high on-state drop limit its applications for general power conversions.
The current rating of SITs can be up to 1200 V, 300 A, and the switching speed can be
as high as 100 kHz. SITs are most suitable for high-power, high-frequency applications
(e.g., audio, VHF/ultrahigh frequency [UHF], and microwave amplifiers).

Figure 1.7 shows the power range of commercially available power semicon-
ductors. The ratings of commercially available power semiconductor devices are
shown in Table 1.2, where the on-voltage is the on-state voltage drop of the device at
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Powey ranges of commercially available power semiconductors. [Ref 2, 5. Bernet]

the specified current. Table 1.3 shows the symbols and the v—i characteristics of com-
monly used power semiconductor devices.

Figure 1.8 shows the applications and frequency range of power devices. A super-
power 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 hav-
ing infinite switching speed.

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 1.9 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 1.9a.
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TABLE 1.2 Ratings of Power Semiconductor Devices
Upper On-State
Device Voltage/Current Frequency Switching Resistance
Type Devices Rating (Hz) Time (ps) (11}
Power Power General 4000 VI4500 A 1k 50-100 032m
Diodes diodes purpose 6000 V3500 A 1k 50-100 0.6 m
600 VSTD A 1k 50-100 0.1m
2800 VAT00 A 20k 5-10 04m
High speed 4500 V1950 A W0k 5-10r 12m
6000 V1100 A 20k 5-10 195 m
600 Vi1T A 30k 02 0.14
Schottky 150 V/B0 A 30k 0.2 863 m
Power Bipolar Single 400VIZ50 A 5k 9 4m
Transistors  transistors 400 V40 A Wk 6 Nm
630 VIS0 A 5k 2 15m
Darlington 1200 V/i400 A Wk 30 10m
MOSFETs Single BOOVITS A 100k 1.6 1
COOLMOS Single B VITEA 125 k 2 12m
600 V40 A 125k 1 0.12m
1000 Vi1 A 125k 1.5 20
IGBTs Single 2500 V2400 A 100 k 5-10 23m
1200Vis2 A 100k 5-10 0.13
1200V25 A 100 k 510 0.14
1200VE0 A 100k 5-10 44m
1800 V2200 A 100k =10 L76m
SITs 1200 V/300 A 100k 0.5 1.2
Thyristors Phase Line- G500 V4200 A 60 LO0=400 055 m
(Silicon- control commutated 2B00VI1500 A 60 100400 0.72m
Controlled  thyristors low speed 5000 WI4600 A 60 100400 D48 m
Rectifiers) 5000 V3800 A &0 100400 050 m
S000 W IS000 A 60 100400 D45 m
Forced- Reverse 2800 VI1B50 A 0k 20-100 08T m
turned-off blocking high 1800 V12100 A W0k 20-100 D78 m
thyristors speed 450073000 A 0k 20-100 D5m
G000 V2300 A 20k 20=100 0.52m
4500 Vi3700 A W0k 20-100 053m
Bidirectional 42001920 A 20k 20-100 077 m
RCT 2500 V000 A 20k 20-100 21m
GATT 1200 V400 A 0k 10-50 22m
Light triggered GO0 VITS00 A A0 2004000 0153 m
Self-turned- GTO 4500 V14000 A 10k J0-110 107 m
off thyristors HD-GTO 45003000 A 10k 50-110 107 m
Pulse GTO 5000 V4600 A 10k 50-110 048 m
SITH 4000 VIZ200 A 0k 5=10 36m
MTO 4500 V500 A 5k B-110 102 m
ETO 4500 V14000 A Sk 80-110 05m
IGCT 4500°V3000 A 5k 80-110 08 m
TRIACs Bidirectional 12060 V300 A 400 200400 36m
MCTs Single 4500 V250 A 5k 50=110 10.4m
1400V/65 A 5k 50-110 22m
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TABLE 1.3 Characteristics and Symbols of Some Power Devices
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Applications of power devices. {Courtesy of Powerex, Inc.)

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 1.9, 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:

et

. Uncontrolled turn on and off (e.g., diode);
. Controlled turn on and uncontrolled turn off (e.g., SCR};

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

Continuous gate signal requirement (BJT, MOSFET, IGBT, 51T);

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

Bipolar voltage-withstanding capability (SCR, GTO);

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

Unidirectional current capability (SCR, GTO, BJT, MOSFET, MCT, IGBT,
SITH, SIT, diode).

w

;o

= m

Table 1.4 shows the switching characteristics in terms of its voltage, current, and
gate signals.
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Control characteristics of power switching devices.
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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 device.”
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:

L

6.

7.

10.

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

In the off-state when the switch is off, it must have (a) the ability to withstand a
high forward or reverse voltage Vg, tending to infinity; (b) a low off-state leak-
age current /o, tending to zero; and (c) a high off-state resistance Ryrr, tending
to infinity. High R g cause low off-state power loss Fgp. These symbols are nor-
mally referred to under dc steady-state conditions.

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 1y, tending to zero; (b) a low rise time ¢,, tending
to zero; (c) a low storage time f,, tending to zero; and (d) a low fall time t;, tend-
ing to zero.

For turn-on and turn-off, it must require (a) a low gate-drive power Fg, tending to
zero; (b) a low gate-drive voltage Vg, tending to zero; and (c) a low gate-drive
~urrent i, tending to zero.

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

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

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

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

It requires very low thermal impedance from the internal junction to the ambient
R4, tending to zero so that it can transmit heat to the ambient easily.

The ability to sustain any fault current for a long time is needed; that is, it must
have a high value of %1, tending to infinity.



1.4 Characteristics and Specifications of Switches 17

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.

1.4.2 Characteristics of Practical Devices

During the turn-on and -off process, a practical switching device, shown in Figure 1.10a,
requires a finite delay time (1), rise time (1), storage time (1,), and fall time (7). As the
device current i,,, rises during turn-on, the voltage across the device v,,, falls. As the de-
vice current falls during turn-off, the voltage across the device rises. The typical wave-
forms of device voltages v,,, and currents i, are shown in Figure 1.10b. The turn-on
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{a) Controlled switch {b) Switch waveforms

FIGURE 1.10

Typical waveforms of device voltages and currents,
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time (#,,) of a device is the sum of the delay time and the rise time, whereas the turn-
off time (t.) 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 con-
ducting and switching. Voltage drop across a conducting power device is at least on the
order of 1V, 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, Foy is given by

fox
Poy = —l'f p dt (1.1)
Ts Jo

where Tg denotes the conduction period and p is the instantaneous power loss (ie.,
product of the voltage drop v,,, across the switch and the conducted current i,,,). 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 signifi-
cant values. The resultant switching power loss Pgy during the turn-on and turn-off pe-

riods, is given by
£, I, iy I
Pgw=f,(fpd:+/pd:+fpdr) (1.2)
0 0 0

fs = UTsis the switching frequency; 1, t;, and f are the rise time, storage time, and fall
time respectively. Therefore, the power dissipation of a switching device is given by:

'P.D‘ = PCIN =+ Psw =+ Pﬂ {.I- .3}

where Fg is the gate driver power.

Switch Specifications

The characteristics of practical semiconductor devices differ from those of an ideal de-
vice. 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 fg are given by

fs === ! (14)

CTs gttt b+ by

where f,4 i5 the off time during which the switch remains off.
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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.
dvldt 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/dr of
the voltage across the device is limited by connecting an RC circuit across the de-
vice, known as a shunit 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 1.10b. Because of their repetitiveness, they rep-
resent a significant part of the losses, and often exceed the on-state conduction
losses.

Gate drive requirements: The gate-drive voltage and current are important pa-
rameters to turn-on and -off a device. The gate-driver power and the energy re-
quirement 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 = »i and equal to the maximum allowable value, the current
must be inverse proportional to the voltage. This yields the SOA limit on the al-
lowable steady-state operating points in the voltage-current coordinates.

1%t for fusing: This parameter is needed for fuse selection. The I 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, Q) case-to-sink ther-
mal resistance, {5 and sink-ambient thermal resistance, Q¢ 4. Power dissipation
must be rapidly removed from the internal wafer through the package and ulti-
mately 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.

1.4.4 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
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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 economical -
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 continuous
advancement in technology, IGBTSs are increasingly employed in high-power applica-
tions and MCTs may find potential applications that require bidirectional blocking
voltages.

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.
The power electronics circuits can be classified into six types:

1. Diode rectifiers

2. Ac—dc converters (controlled rectifiers)
3. Ac-ac converters (ac voltage controllers)
4. Dc—dc converters (dc choppers)

5. Dc-ac converters (inverters)

6. Static switches

The 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 require-
ments of the converter,

Diode Rectifiers. A diode rectifier circuit converts ac voltage into a fixed dc
voltage and is shown in Figure 1.11. The input voltage to the rectifier v; could be either
single phase or three phase.

Ac—dc converters. A single-phase converter with two natural commutated thyris-
tors is shown in Figure 1.12. The average value of the output voltage u, can be controlled
by varying the conduction time of thyristors or firing delay angle, .. The input could be a
single- or three-phase source. These converters are also known as centrolled rectifiers.

Ac-acconverfers. These converters are used (o obtain a variable ac output voltage
vy from a fixed ac source and a single-phase converter with a TRIAC is shown in Figure
1.13.The output voltage is controlled by varying the conduction time of a TRIAC or firing
delay angle, oe. These types of converters are also known as ac voltage controllers.

De—de converters. A de-de converter is also known as a chopper, or switching
regulator, and a transistor chopper is shown in Figure 1.14. The average output voltage
1, is controlled by varying the conduction time t, of transistor Q. If T is the chopping
period, then ; = 8T. & is called as the duty cyele of the chopper.
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FIGURE 1.11
Single-phase diode rectifier circuit,

Dc-ac converters. A dc-ac converter is also known as an inverter. A single-
phase transistor inverter is shown in Figure 1.15. If transistors M, and M, conduct for
one half of a period and M; and M, conduct for the other half, the output voltage is of
the alternating form. The output voltage can be controlled by varying the conduction
time of transistors.
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{a) Circuit diagram {h) Voltage waveforms
FIGURE 1.12

Single-phase ac-dc converter.
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Single-phase ac-ac converter.

Static switches. Because the power devices can be operated as static switches or
contactors, the supply to these switches could be either ac or de and the switches are
called as ac static switches or de switches.

A number of conversion stages are often cascaded to produce the desired output
as shown in Figure 1.16. 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 de-ac
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{a) Circuit diagram (b} Voltage waveforms
FIGURE 1.14

De—de converter.
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FIGURE 1.15
Single-phase de-ac converter.

converter supplies the emergency power to the load through an isolating transformer.
Mains 1 and mains 2 are normally connected to the same ac supply.

1.6 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

Mains 1
_l_.oad
Mains 2 — ™y
Ny — ( Q )
Lsolati ——
Rectifiericharges Inverter lras:sfac:;g'lncr Sla;:i.?éfm
Eaﬁry
FIGURE 1.16

Block diagram of an umnterruptible power supply (LPS).
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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 unless
stated otherwise; and 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.

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 va-
lidity of the design and can 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 problems in determining the rms values. The rms value of a waveform i(f) can be
calculated as

1 T
[ = f£ i dt (1.5)

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 ap-
proximated satisfactorily by combining the rms values of the harmonics. That is, the
rms value of the waveform can be calculated from

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

Figure 1.17 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; and 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 nec-
essary to introduce filters on the input and output of a converter system to reduce the
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Generalized power converter system.

harmonic level to an acceptable magnitude. Figure 1.18 shows the block diagram of a
generalized power converter. The application of power electronics to supply the sensi-
tive electronic loads poses a challenge on the power quality issues and raises problems
and concerns to be resolved by rescarchers. The input and output guantities of con-
verters could be either ac or dec. Factors such as total harmonic distortion (THD), dis-
placement 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 waveforms
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 har-
monic generation and output waveform distortion, and can be aimed to minimize or
reduce these problems. The power converters can cause radio-frequency interference
due to electromagnetic radiation, and the gating circuits may generate erroneous sig-
nals. This interference can be avoided by grounded shielding.

POWER MODULES

Power devices are available as a single unit or in a module. A power converter often re-
quires 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 available
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
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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 intelli-
gent module is also known as smart power. These modules are used increasingly in
power electronics [6]. 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
complementary metal oxide semiconductor (CMOS) logic circuits, its sensing and
protection function with bipolar analog and detection circuits, and its power control
function with power devices and their associated drive circuits. The functional block di-
agram of a smart power system [7] is shown in Figure 1.19.

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 harmlessly
when the system conditions exceed the normal operating conditions. For example, 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

Smart power technology
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Functional block diagram of a smart power. [Ref. 7, 1. Baliga]



28

111

Chapter 1

Introduction

overvoltage and overtemperature protection are commonly included to prevent de-
structive failures. Some manufacturers of devices and modules and their Web sites are

as follows:

Advanced Power Technology, Inc.

ABB Semiconductors

Eupec

Fuiji Electric

Collmer Semiconductor, Inc.

Dynex Semiconductor

Harris Corp.

Hitachi, Ltd. Power Devices

Infineon Technology

International Rectifier

Marconi Electronic Devices, Inc.

Mitsubishi Semiconductors

Mitel Semiconductors

Motorola, Inc.

National Semiconductors, Inc.

Nihon International Electronics
Corp.

On Semiconductor

Philips Semiconductors

Power Integrations, Inc.

Powerex, Inc.

PowerTech, Inc.

RCA Corp.

Rockwell Inc.

Reliance Electric

Siemens

Silicon Power Corp.

Semikron International

Siliconix, Inc.

Tokin, Inc.

Toshiba America Electronic
Components, Inc.

Unitrode Integrated Circuits
Corp.

Westcode Semiconductors Lid.

www.advancedpower.com/
www,abbsem.com/
www.eupec.com/p/index.htm
www.fujielectric.co.jp/eng/denshi/scd/index.htm
www.collmer.com
www.dynexsemi.com
www.harris.com/
www.hitachi.co.jp/pse
www.infineon.com/
www.irf.com
www.marconi.com/
www.mitsubishieleciric.com/
www.mitelsemi.com
www.motorola.com
www.national.com/

www.abbsem.com/english/salesb.htm
WWW.onsemi.com
www.semiconductors.philips.com/catalog/
www, powerint.com/

www.pwrx.com/
www.power-tech.com/

www.rca.com/

www.rockwell.com
www.reliance.com

www.siemens.com
www.siliconpower.com/
www.semikron.com/
www.siliconix.com

www.tokin.com/

www. toshiba.com/taec/

www,unitrode.com/
www.westcode.com/ws-prod.html

POWER ELECTRONICS JOURNALS AND CONFERENCES

There are many professional journals and conferences in which the new develop-
ments are published. The Institute of Electrical and Electronics Engineers (IEEE)
e-library Explore is an excellent tool in finding articles published in the 1EE journals
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and magazines, and in the IEEE journals, magazines, and sponsored conferences.
Some of them are:

IEEE e_Library iceexplore.icee.org/
IEEE Transactions on Aerospace and Systems ~ www.ieee.org/

IEEE Transactions on Industrial Electronics www.ieee.org/

TEEE Transactions on Industry Applications www.icee.org/

IEEE Transactions on Power Delivery www.ieec.org/

IEEE Transactions on Power Electronics www.icee.org/

IEE Proceedings on Electric Power www.ice.org/Publish/

Journal of Electrical Machinery and Power Systems

Applied Power Electronics Conference (APEC)

European Power Electronics Conference (EPEC)

[EEE Industrial Electronics Conference (IECON)

IEEE Industry Applications Society (LAS) Annual Meeting
[nternational Conference on Electrical Machines (1ICEM)
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)

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) de—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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REVIEW QUESTIONS

1.1 What are power electronics?
1.2 What are the various types of thyristors?
1.3 What is a commutation circuit?
1.4 What are the conditions for a thyristor to conduct?
1.5 How can a conducting thyristor be turmed off?
1.6 What is a line commutation?
1.7 What is a forced commutation?
1.8 What is the difference between a thyristor and a TRIAC?
1.9 What is the gating characteristic of a GTO?
L10 What is the gating characteristic of an MTO?
111 What is the gating characteristic of an ETO?
112 What is the gating characteristic of an IGCT?
113 What is turn-off time of a thyristor?
114 What is a converter?
1.15 What is the principle of ac=dc conversion?
1.16 What is the principle of ac-ac conversion?
1.17 What is the principle of de—de conversion?
1.18 What is the principle of de-ac conversion?
1.19 What are the steps involved in designing power electronics equipment?
120 What arc the peripheral effects of power electronics equipment?
1.21 What are the differences in the gating characteristics of GTOs and thyristors?
1.22 What are the differences in the gating characteristics of thyristors and transistors?
1.23 What are the differences in the gating characteristics of BJTs and MOSFETs?
1.24 What is the gating characteristic of an IGBT?
125 What is the gating characteristic of an MCT?
1.26 What is the gating characteristic of an SIT?
1.27 What arc the differences between BJTs and IGBTs?
L.28 What are the differences between MCTs and GTOs?
1.29 What are the differences between SITHs and GTOs?
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Power Semiconductor Diodes
and Circuits

The learning objectives of this chapter are as follows:
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To understand the diode characteristics and its models

To learn the types of diodes

To learn the series and parallel operation of diodes

To learn the SPICE diode model

To study the effects of a unidirectional device like a diode on RLC circuits

To study the applications of diodes in freewheeling and stored-energy recovery

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 conversion
of electric power. Some diode circuits that are commonly encountered in power elec-
tronics for power processing are reviewed in this chapter.

A diode acts as a switch to perform various functions, such as switches in recti-
fiers, 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 practical
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 signal diodes.
The frequency response (or switching speed) is low compared with that of signal diodes.

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

N
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grown in the so-called floar zone furnaces. Each huge crystal is sliced into thin wafers,
which then go through numerous process steps to turn into power devices.

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 semiconducior 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 available for conduction can be changed, shaped in layers, and graded by im-
plantation 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 photolith-
ography, laser cutting, etching, insulation, and packaging, the finished power devices
are produced from various structures of n-type and p-type semiconductor lavers.

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 elec-
trons 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 heav-
ily doped, it is denoted as n+ doping and the material is referred to as n+-type
semiconductor.

p-Type material: 1f pure silicon is doped with a small amount of a Group III ele-
ment, such as boron, gallium, or indium, a vacant location called a hole is intro-
duced into the silicon lattice. Analogous to an electron, a hole can be considered
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 ma-
terial. When the silicon is lightly doped with an impurity such as boron, the dop-
ing 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 ma-
terial 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"¥cm? over a range of about 0 °C to 1000 °C. Thus, an applicd electric
field can cause a current flow in an n-type or p-type material.

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 carri-
ers in the n-type material whereas the holes are the majority carriers in a p-type
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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 pr-junction device [1, 2] and a pn-junction is nor-
mally formed by alloying, diffusion, and epitaxial growth. The modern control tech-
niques in diffusion and epitaxial processes permit the desired device characteristics.
Figure 2.1 shows the sectional view of a pn-junction and diode symbol.

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 rela-
tively small forward voltage drop across it; and the magnitude of this drop depends
on the manufacturing 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 2.2Zb.

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 = L(e""™r — 1) (2.1)

where I = 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 107°
to 10715 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, n 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 n falls in the
range 1.1 to 1.8,

Anode Cathode Anode Cathode
> pln B i
i 1
oy
L ]
v o_ L
+ + Ih

—

Il FIGURE 2.1
{n) po-junction {b) Diode symbol pr-Junction and diode symbol,
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Vi in Eq. (2.1) is a constant called thermal voltage and it is given by
kT

V
=

(22)

where g = electron charge: 1.6022 % 107" coulomb (C);
T = absolute temperature in Kelvin (K = 273 + “C);
k = Boltzmann's constant: 1.3806 x 107 J/K.

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

. kT 13806 x 107 x (273 + 25)
" g 1.6022 x 107"

= 257 mV

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

Forward-biased region, where Vp = 0
Reverse-biased region, where Vj < 0
Breakdown region, where Vp < —Vgg

Forward-biased region. In the forward-biased region, Vp > 0. The diode cur-
rent fp is very small if the diode voltage Vp, is less than a specific value Vip (typically
0.7 V). The diode conducts fully if Vi is higher than this value Vrp, which is referred to

as the threshold voltage, cut-in voltage, or turn-on voltage. Thus, the threshold voltage is
a voltage at which the diode conducts fully.

Let us consider a small diode voltage Vp = 0.1 V,n =1, and V; = 257 mV.
From Eq. (2.1) we can find the corresponding diode current /I, as

ID = IJ(EL’" InVy _ I] — f*[eﬂ.l.l[lxu.m.‘#ﬂ - 1] = -"4{43*96 _ 1} = 47961,

which can be approximated to Ip = Le'?'™" = 48.96 I,, that is, with an error of 2.1%.
As vy increases, the error decreases rapidly.



2.4 Reverse Recovery Characteristics 35

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

Ip = 1L(&"#"Vr = 1) = L,eVomVr (2.3)

Reverse-biased region. In the reverse-biased region, Vp < 0. If Vj is negative
and |Vp| == Vi, which occurs for V < —0.1 V, the exponential term in Eq. (2.1) be-
comes negligibly small compared with unity and the diode current /p becomes

Ip = I,(eVolVr — 1y = =, (2.4)

which indicates that the diode current [ in the reverse direction is constant and
equals /,.

Breakdown region. In the breakdown region, the reverse voltage is high, usually
with a magnitude greater than 1000 V. The magnitude of the reverse voltage may exceed
a specified voltage known as the breakdown voltage Vg, with a small change in reverse
voltage bevond Vgg. The reverse current increases rapidly. The operation in the break-
down repion 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 Vi = 1.2V at fp = 300 A. Assuming that n = 2
and ¥y = 25.7 mV, find the reverse saturation current 1,

Solution
Applying Eq. (2.1}, we can find the leakage {or saturation) current £, from

300 = ‘|'1[£!.I|_2.-l‘.'-'AIU'1:| — I]

which gives I, = 2.17746 = 107" AL

2.4

Key Points of Section 2.3

* A diode exhibits a nonlinear v—i characteristic, consisting of three regions: for-
ward 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 volt-
age, 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 cur-
rent is reduced to zero (due to the natural behavior of the diode circuit or application of
a reverse voltage), the diode continues to conduct due to minornity carriers that remain
stored in the pn-junction and the bulk semiconductor material. The minority carriers re-
quire a certain time 1o recombine with opposite charges and to"be neutralized. This time
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(a) Soft recovery {b) Abrupt recovery

FIGURE 2.3

Reverse recovery characteristics.

is called the reverse recovery time of the diode. Figure 2.3 shows two reverse recovery
characteristics of junction diodes. The soft-recovery type is more common. The reverse
recovery time is denoted as f,, and is measured from the initial zero crossing of the diode
current to 25% of maximum (or peak) reverse current Iz The 1,, consists of two com-
ponents, 1, and t,. Variable 1, is due to charge storage in the depletion region of the junc-
tion and represents the time between the zero crossing and the peak reverse current Igg.
The t, is due to charge storage in the bulk semiconductor maternial. The ratio #/t, is
known as the softness factor (SF). For practical purposes, one needs be concerned with
the total recovery time t,, and the peak value of the reverse current Igg.

by =lg + 1 [25]'
The peak reverse current can be expressed in reverse di/dr as
di
Ipp = t,— 2.6

Reverse recovery time 1,,, may be defined as the time interval between the instant the
current passes through zero during the changeover from forward conduction to re-
verse blocking condition and the moment the reverse current has decayed to 25% of its
peak reverse value Igp. Variable 1,, is dependent on the junction temperature, rate of
fall of forward current, and forward current prior to commutation, /.

Reverse recovery charge Qpgg, 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 path of
the reverse recovery current.

The storage charge, which is the area enclosed by the path of the recovery cur- .
rent, is approximately

Qrr = gty + Lgaty = Hgate (2.7)
or

ZQRR

!f r

Ing = (2.8)
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Equating {zg in Eq. (2.6) to Iz in Eq. (2.8) gives

_ 20gg

trla = "gitde

(2.9)

If 1, is negligible as compared to 1, which is usually the case, r,, = t,, and Eq. (2.9)

becomes
. JEGRR
e =\ ditdr (2.10)
and

Ian = EQ;m% (2.11)

It can be noticed from Eqs. (2.10) and (2.11) that the reverse recovery time {,, and the
peak reverse recovery current I, depend on the storage charge Qgg and the reverse
(or reapplied) di‘dt. The storage charge is dependent on the forward diode current /.
The peak reverse recovery current [y, reverse charge (Jgrg, and the SF are all of inter-
est to the circuit designer, and these parameters are commonly included in the specifi-
cation 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 r,, = 3 ps and the rate of fall of the diode current is
difdr = 30 Alys. Determine {a) the storage charge Qgy, and (b) the peak reverse current Igg.

Solution
t = 3 ps and difdr = 30 Afps.

a. From Eq.(12.10),

Qun =} 5 12 = 05 X 30 Al X (3 X 107 = 135 4C

b. From Eq.{2.11},

Tow = szM%= V2 X 135X 1076 %30 X 10° =90 A
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25

2.5.1

252

Key Points of Section 2.4

* During the reverse recovery time f,,, 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 1., 15 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

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 ps; 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 applications
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 recti-
fiers that are used in welding power supplics are most cost-effective and rugged, and
their ratings can go up to 1500V, 400 A.

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 one 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 5 ys. They are

. used in de-de and de-ac converter circuits, where the speed of recovery is often of

critical importance. These diodes cover current ratings of voltage from 50V 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 dif-
fusion and the recovery time is controlled by platinum or gold diffusion. For voltage
ratings below 400 V, epitaxial diodes provide faster switching speeds than those of dif-
fused 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 2.4.
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FIGURE 2.4

Fast-recovery diodes. {Courtesy of
Powerex, [nc.)

25.3 Schottky Diodes

2.6

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 be-
tween 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 equiva-
lent pn-junction diode. Because it is due only to the junction capacitance, it is largely
independent of the reverse di/dr. A Schottky diode has a relatively low forward volt-
age 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 Schotiky diodes vary from 1
to 400 A. The Schottky diodes are ideal for high-current and low-voltage dec power sup-
plies. However, these diodes are also used in low-current power supplies for increased
efficiency. In Figure 2.5, 20- and 30-A dual Schottky rectifiers are shown.

Key Points of Section 2.5
* Depending on the switching recovery time and the on-state drop, the power
diodes are of three types: general purpose, fast recovery, and Schottky.
SILICON CARBIDE DIODES

Silicon Carbide (SiC) is a new material for power electronics. Its physical properties
outperform 5i and GaAs by far. For example, the Schottky SiC diodes manufactured
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2.7

FIGURE 2.5

Dual Schottky center rectifiers of 20 and 30 A,
(Courtesy of International Rectifier.)

by Infineon Technologies [3] have ultralow power losses and high reliability. They also
have the following features:

* No reverse recovery time;
= Ultrafast switching behavior;
= No temperature influence on the switching behavior.

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

SPICE DIODE MODEL

The SPICE model of a diode [4-6] is shown in Figure 2.6a. The diode current [, that de-
pends on its voltage is represented by a current source. R, is the series resistance, and it
is due to the resistance of the semiconductor. R,, also known as bulk resistance, is de-
pendent on the amount of doping. The small-signal and static models that are generated
by SPICE are shown in Figures 2.6b and 12.6¢, respectively. Cp is a nonlinear function of
the diode voltage vp and is equal to Cp = dq,/duvp, where g, 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 (Pl=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 B. D is the type symbol for diodes. P1,P2, ... andV1,V2, ... are
the model parameters and their values, respectively.

Among many diode parameters, the important parameters [5] for power switch-
ing are:

IS Saturation current

BY Reverse breakdown voltage
IBV Reverse breakdown current
TT Transit time

ClOo Zero-bias pn capacitance
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{e) Small-signal model {d) Static mode]
FIGURE 2.6

SPICE diode model with reverse-biased diode,

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.

Key Points of Section 2.7

¢ The SPICE parameters, which can be derived from the data sheet, may signifi-
cantly affect the transient behavior of a switching circuit.
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2.8

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.

Let us consider two series-connected diodes as shown in Figure 2.7a. Variables
ip and vp are the current and voltage, respectively, in the forward direction; vp, and
Up; are the sharing reverse voltages of diedes D, and D, respectively. In practice, the
v=i characteristics for the same type of diodes differ due to tolerances in their pro-
duction process. Figure 2.7b shows two v—i characteristics for such diodes. In the for-
ward-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 2.8a, 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 2.8b.
Because the total leakage current must be shared by a diode and its resistor,

L=ly+lp=1Is+In (2.12)

However, Ig; = Vp/Ry and [z = Vpa/R; = Vi /R;. Equation (2.12) gives the rela-
tionship between R, and R; for equal voltage sharing as

Ip+ -2 =15+
il RI 52 Rz

(2.13)

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

|+
VS

Yoo

Vs D;
+ 15
(a) Circuit diagram (b) v-i Characteristics
FIGURE 2.7

Two series-connected diodes with reverse bias
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(a) Circuit diagram (b} =i Characteristics
FIGURE 2.8
Series-connected diodes with steadyv-state voltage-sharing charactenstics.
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sharing 7D, (‘\J— sharing  pGURE 2.9
R, . R, Serics diodes with voltage-sharing
| networks under steady-state and

transient conditions.

values of Vi and Vi, can be determined from Eqgs. (2.14) and (2.15):

IIJ‘ﬂl Fﬂ"
Iy + =2 = g, + -2 2.14
vt 2t (2.14)
Vor + Ve =V, (2.15)

The voltage sharings under transient conditions (e.g., due to switching loads, the ini-
tial applications of the input voltage) are accomplished by connecting capacitors

across each diode, which is shown in Figure 2.9. R, limits the rate of rise of the block-
ing voltage.

Example 2.3 Finding the Voltage Sharing Resistors

Two diodes are connected in series, shown in Figure 2.8a 1o share a total de reverse voltage of
Vi = 5kV. The reverse leakage currents of the two diodes are {,, = 30mA and [, = 35 mA.
(a) Find the diode voltages if the voltage-sharing resistances are equal, R, = R, = R = [0 kil
ib) Find the voltage-sharing resistances R, and R: if the diode voliages are equal,
Vir = Ve = V2. () Use PSpice to check vour results of part (a). PSpice model parameters of
the diodes are BV = 3kV and IS = 30 mA for diode 3y, and 1S = 35 mA for diode [,
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Iy = 30 mA, fa= I5mA, and R]_ = R: = R = 100 k1. _VD = _Vﬂi - Vm or
Vﬂ; = Vp - Vﬂl‘ From Eq {214].

¥ Vi
oL _ oy Y2

b+ R

Substituting Vi = Vp — Vpy and solving for the diode voltage Dy, we get
Yo

2
_SkV . 100 ki}

R
Voo =+ + E”‘E = 1)

(35 % 107 — 30 % 107%) = 2750 V (2.16)

and Vs = Vp — Vi = 5kV — 2750 = 2250 V.
I, = 30mA, I, = 35mA, and Vpy, = Vp = Vp/2 = 25kV. From Eq. (2.13),

V, V
4+ fall - ” 4 _E
Ry Ry

which gives the resistance R, for a known value of R, as

Ry = ViR,
T Vo = Byl = g)

(2.17)

Assuming that £, = 100 k{}, we get

SkV
Ry = 25k xmﬂkﬂ - 15k0
25kV - 100kD % (35 x 107 - 30 x 107%)

The diode circuit for PSpice simulation is shown in Figure 2.10. The list of the circuit
file is as follows:

Example 2.3 Diode Voltage-Sharing Circuit

Vs 1 ] oo 5KV

R 1 2 0.01

Rl 2 3 100K

R2 3 0 100K

jui} 3 2 MODL

jar) a 3 MOD2

MODEL MODL D (IS=30MA BV=3KV) ; Diode model parameters
MODEL MOD2 D (IS=35MA BV=3KV) ; Diode model parameters

.op ; Do operating point analysis

.END
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R 2
1 A AA '
001 0
D R
! 100 k)
+
v, SkV i
D, R,
2 okl  FIGURE 2.10
Diode circuit for PSpice simulation
0 * ¢ for Example 2.3.
The resulis of PSpice simulation are
MAME ol oz
o -3,00E-02 I.=-30 ma -3.50E-02 I_=-35 mA
D =2.75E+03 Vy=-2750 V expected -2750 V =2.25E+03 Vp=-2250 V
expected -2250 V
REQ 1.00E+12 Ry=1 GQ 1.00E+12 R,=1 GO

Note: The SPICE gives the same voltages as expected. A small resistance of
R = 10 m{2 is inserted to avoid SPICE error due to a zero-resistance voltage loop.

Key Points of Section 2.8

* 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. Vollage-
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 cur-
rent sharing can be achieved by providing equal inductances (e.g., in the leads) or by
connecting current-sharing resistors (which may not be practical due to power losses);
and this is depicted in Figure 2.11. 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 2.11a help current sharing under steady-state conditions.
Current sharing under dynamic conditions can be accomplished by connecting coupled
inductors as shown in Figure 2.11b. If the current through D, rises, the L di/dr across L,
increases, and a corresponding voltage of opposite polarity is induced across inductor
L. The result is a low-impedance path through diode D; and the current is shifted to
Dy, The inductors may generate voltage spikes and they may be expensive and bulky,
especially at high currents.
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D, D,
D, D
+ +
Ry R,
) Vo U
Ry R, - N
L Ly
FIGURE 2.11 . +
Parallel-connecied diodes. (a) Steady-state (b) Dynamic sharing
Key Points of Section 2.9

* 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.

210 DIODES WITH RC AND RL LOADS

Figure 2.12a shows a diode circuit with an RC load. For the sake of simplicity the
diodes are considered to be ideal. By “ideal” we mean that the reverse recovery time f,,

and the forward voltage drop Vp are negligible. That is, ¢, = 0 and Vp = 0. The source
voltage Vs is a dc constant voltage. When the switch §; is closed at ¢ = U, the charging

current i that flows through the capacitor can be found from

f
Lg=uﬂ+uf=ug+éf£dr+ur(r=u} (2.18)
Iy

vg = Ri (2.19)

(a) Circuit diagram (b) Waveforms

FIGURE 2.12
Diode circuit with an BC load.
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With initial condition v.(t = 0) = 0, the solution of Eq. (2.18) (which is derived in Ap-
pendix D, Eq. D.1) gives the charging current i as

i(r) = %e-”’“—" (2.20)

The capacitor voltage v, is

v (t) = [ idt = V(1 - ") = V(1 - &) (2.21)
i

1
C
where 7 = RC is the time constant of an RC load. The rate of change of the capacitor
voltage is

duﬂ i = RC

— R

dt  RC

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

(2.22)

du| _ V.
dt |,-g RC

A diode circuit with an RL load is shown in Figure 2.13a. When switch §; is closed
att = 0, the current i through the inductor increases and is expressed as

(2.23)

dr
i{,=vL+uR=Ld—:+Ri (2.24)

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

i(r) = %{1 - ey (2.25)

-
O

{a) Cireuit diagram (b) Waveforms

FIGURE 2.13
Diode circuit with an R load.
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The rate of change of this current can be obtained from Eq. (2.25) as

di _ Vi —re

a1 (2.26)
and the initial rate of rise of the current (at t+ = 0) is obtained from Eq. (2.26):
di A
@l = L (2.27)
The voltage v; across the inductor is
uelt) = L% = Ve RL (2.28)

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

The waveforms for voltage v; and current are shown in Figure 2.13b. If
t = LIR, the voltage across the inductor tends to be zero and its current reaches
a steady-state value of I, = VJ/R. If an attempt is then made to open switch §,, 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; and diode D is likely to be damaged in this process. To overcome
such a situation, a diode commonly known as a freewheeling diode is connected
across an inductive load as shown in Figure 2.21a.

Note: Because the current i in Figures 2.12a and 2.13a is unidirectional and does
not tend to change its polarity, the diodes have no effect on circuit operation.

Key Points of Section 2.10

¢ The current of an RC or RL circuit that rises or falls exponentially with a circuit
time constant does not reverse its polarity. The initial dv/dt of a charging capaci-
tor in an RC circuit is V,/RC, and the initial difdt in an RL circuit is V,/L.

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

A diode circuit is shown in Figure 2.14a with ® = 44 {} and C = 0.1 pF. The capacitor has an ini-
tial voltage, Vo = Vi{r = 0) = 220V, If switch §; is closed at 1 = 0, determine (a) the peak
diode current, (b) the encrgy dissipated in the resistor R, and (c) the capacitor voltage at
i =2 ps. .

Solution
The waveforms are shown in Figure 2.14b,

a. Equation (2.20) can be used with V, = V4 and the peak diode current [, is

b. The energy W dissipated is .
W =050V = 0.5 % 0.1 % 107 % 220° = 0.00242] = 242 m]
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{a) Circuit diagram {b) Waveforms

FIGURE 2.14
Diode circuit with an RC load,

¢ ForRC =44 % 0lp=44psandr = ¢; = 2 ps, the capacitor voltage is

v = 2 ps) = Ve 0 = 220 x ¢4 = 13064V

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

211 DIODES WITH LC AND RLC LOADS

A diode circuit with an LC load is shown in Figure 2.15a. The source voltage V, is a de
constant voltage. When switch S, is closed at r = (), the charging current i of the capac-
itor is expressed as

di 1
V.el—+=Jidt+v{t=10 2.29
=15+ g [t uie=0) 229)
i
LiF-—-2 |
51 Dy !
+ v i+ :
t= D g t|alz : l.'l l
L Ty, i, i
+ — WV, == o
V,=— V, S :
- * Ype——— 'y =mvVLC
C=w : !
_ T _ 'Dl I‘ =t
O I L "
(a) Circuit diagrams {b) Waveforms
FIGURE 2.15

Diode circuit with an LC load.
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With initial conditions i(t = 0) = Oand v.(r = 0) = 0, Eq. (2.29) can be solved for the
capacitor current i as (in Appendix D, Eq. D.3)

i(1) = V,E sin gt (2.30)
= [, sin wyt (2.31)
where wy = 1/VLC and the peak current 1, is

I, =V, % (232)

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

di 'V,
E = I €08 wpl (2.33)

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

di|  _V,

@t - (2.34)
The voltage v, across the capacitor can be derived as
1 [
vt) = Ejl dt = Vi(1 = cos wyt) (2.35)
0

Atatimet = f; = wVLC, 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 2.15b.

Note: 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.

Example 2.5 Finding the Voltage and Current in an LC Circuit

A diode circuit with an LC load is shown in Figure 2.16a with the capacitor baving an initial volt-
age; Vi(t = 0) = Vg = ¥y — 220V, capacitance, C = 20 uF; and inductance, L = 80 pH. If
switch 5, isclosed at r = 0, determine (a) the peak current through the diode, (b) the conduction
time of the diode, and (c) the final steady-state capacitor voltage.

Solution

a. Using Kirchhoffs voltage law (KVL), we can write the equation for the current § as

fi d
L;—:+é[“fd.-+q.{;=m=ﬂ
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(a) Circuit diagram () Wavelorms

FIGURE 2.16
Diode circuit with an LC load.

and the current /i with initial conditions of i(r = 0) = 0 and v(r = 0) = =V is
solved as

: C
i) = F‘“\[I Sin wgl
where wy = VVLC = 10%v20 X 80 = 25,000 rad/s. The peak current [, is

e ve € am [0

b. Atr =1 = wVLC, the diode current becomes zero and the conduction time #; of
diode is )
no=aVLC = av20 X 80 = 125.66 ps
¢. 'The capacitor voltage can easily be shown to be

1 i
wlr) = = ﬂ idt = Vg = —Vig cos wt

Fort =1 = 12566 ps, v.(f = ) = =220 cos 7 = 220V,

A diode circuit with an RLC load is shown in Figure 2.17. If switch §, is closed at
r = 0, we can use the KVL to write the equation for the load current / as

di . 1/,
LE+R;+Efu::+uc{r=uj=v; (2.36)

with initial conditions i(r = 0) and v.(t = 0) = V. Differentiating Eq. (2.36) and di-
viding both sides by L gives the characteristic equation

di Rdi i

FTLdI'FLC—ﬂ [2.3?}
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+
oy
- +
c +
FIGURE 2.17 -|-_‘~’m v
Diode circuit with an RLC load. o> —_

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 5 is

R 1
2 == —_—=
5 +LS+LC 0 (2.38)
and the roots of quadratic equation (2.38) are given by
R R 1
2= Top E (E.L) T LC (239)
Let us define two important properties of a second-order circuit: the damping factor,
R
o =5 (2.40)
and the resonant frequency,
1
= — 2.41
wo = re (2.41)
Substituting these into Eq. (2.39) yields
512=—a + /o — (2.42)

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

Case L If a = wy, the roots are equal, s; = 5, and the circuit is called critically
damped. The solution takes the form

i(1) = (A, + Azt)e (2.43)

Case 2. If @ > wy, the roots are real and the circuit is said to be over-damped. The
solution takes the form

i(t) = Aye™ + Ayp™ (2.44)

Case 3. Il o < wg, the roots are complex and the circuit is said to be
underdamped. The roots are

2= ot ju, (2.45)
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where w, is called the ringing frequency (or damped resonant frequency) and

w, = \/ wj = . The solution takes the form

i(1) = e™(A, coswt + A;sinw) (2.46)

which is a damped or decaying sinusoidal.

Note: The constants A; and A, can be determined from the initial conditions of
the circuit. The ratio of a/uy is commonly known as the damping ratio, & = RI2% CI/L.
Power electronic circuits are generally underdamped such that the circuit current be-
comes near sinusoidal, to cause a nearly sinusoidal ac output or to turn off a power
semiconductor device,

Example 2.6 Finding the Current in an RLC Circuit

The second-order RLC circuil of Figure 2.17 has the de source voltage V, = 220 V, inductance
L = 2 mH. capacitance C = 0.05 pF, and resistance R = 160 {1. The initial value of the capaci-
tor voltage is v.(r = 0) = V3 = 0 and conductor current i(r = 0) = 0. If switch §; is closed at
¢ = 0, determine (a) an expression for the current i(r), and (b) the conduction time of diode. (c)
Draw a sketch of i(1). (d) Use PSpice to plot the instantaneous current i for & = 50 {1, 160 (1,
and 320 1.

Solution

a. From Eq.(2.40),a = R2L = 160 % 107(2 % 2) = 40,000 rad/s, and from Eq. (2.41),
wy = 1VLC = 107 rad/s. The ringing frequency becomes

w, = ’yﬁm = 01,652 rad/s
Because o < wy, it is an underdamped circuit and the solution is of the form
i) = e™[ A cosw,t + Aysinw )
Att = 0.i(r = 0) = Dand this gives A; = 0. The solution becomes
1) = e ™ Assin
The derivative of i(f) becomes

i !
— = w, CO% w, [A¢
it

aul

— asinwld.e "

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

which gives the constant as

(- Ve _ 2201000

= =124
2T L T oleszxz 1A
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4 i,amp

0.8 T | 2¢ - 400000
044

=0.4

—0.8 -
FIGURE 2.18
Current waveform for Example 2.6

The final expression for the current i(r) is
i(t) = 1.2 sin(91,652r)e 4000 A
b. The conduction time ¢, of the diode is obtained when § = 0. That is,

wh=% or 1= = 3427 ps

™
91.652
The sketch for the current waveform is shown in Figure 2.18.

The circuit for PSpice simulation [4] is shown in Figure 2.19. The list of the circuit file
is as follows:

B p

Example 2.6 RLC Circuit with Dicde
LPRARRM  VALU = 160 ;Define parameter VALU
.STEP PARAM VALD LIST 50 1le0 320 ; Vary parameter VALU

Vs 1 L] PeL (0 0 INS 220V 1MS 220V) ; Piecewise linear
R 2 3 {VALU} ;i Variable resistance

L 3 4 ZMH

C 4 0 0. 05uF

Dl 1 2 0D ; Diode with model DMOD
JMODEL DMOD  D(IS=2.22E-15 BV=1800V) i Diode model parameters
JTRAM 0,105 6005 ; Transient analysis
.PROBE ; Graphics postprocessor
.END

The PSpice plot of the current J(R) through resistance R is shown in Figure 2.20. 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 (0.05 p/2m) = 1.56 A.
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i D, 2 R 3 L
1 o——D——a——ANA, —t 4
500 2mH
+ 1600
C) v, A C — 0.05pF
0
(a) Circuit
o 4
20V p==== T T
i |
] I
i I
1 i
1 I
1 I
0 s Ims  1,ms FIGURE 2.19
(b) Input voltage RLC cireuit for PSpice simulation.
An RLC Circuit with a Diode Temperature: 27.0
l‘uﬁ L L L L
D8 A 1 i
06 A 1 i
0.4 A - i
02A -
00A ; .
Dus 10 s 20 s s A0 s 50 s 60 a5
o= o IL) Time Cl=14385u, 91352m
C2= 0000, 0.000
dif = 14,385 , 913.522 m
FIGURE 2.20

Plots for Example 2.6,
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Key Points of Section 2.11

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

¢ The current of an RLC depends on the damping ratio & = (R/2) (C/L). Power
electronics circuits are generally underdamped such that the circuit current be-
comes near sinusoidal.

2.12 FREEWHEELING DIODES

If switch §; in Figure 2.21a is closed for time 4, a current is established through the
load; and then if the switch is opened, a path must be provided for the current in the in-
ductive load. Otherwise, the inductive energy induces a very high voltage and this en-
ergy is dissipated as heat across the switch as sparks. This is normally done by
connecting a diode D,, as shown in Figure 2.21a, and this diode is usually called a
freewheeling diode. The circuit operation can be divided into two modes. Mode 1 be-
gins 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 2.21b. Variables i;

+ ||.
L L lll
o+
Ve == ¥, i,
R R
N Mode 1 Mode 2
i{b) Equivalent circuits
I i
1
Zi| : iZ
i
0 4 L
) ! i
L4 ! iy !
-l—l_‘—--—-l- Iz—l-I
0 - |

{c) Wavelorms

FIGURE 2.21
Circuit with a freewheeling diode.
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and /; are defined as the instantaneous currents for mode 1 and mode 2, respectively, f
and t. are the corresponding durations of these modes.

Mode 1. During this mode, the diode current i;, which is similar to Eq. (2.25), is
V.
(1) = 5 (1 - &™) (2.47)

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

L=i(t=1)= % (1 = en®L) (2.48)

If the time 1 is sufficiently long, the current practically reaches a steady-state current
of I, = Vi/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 be-
ginning of this mode, the current through the freewheeling diode is found from

diy
O0=L—+ Ri 249
0 i (2.49)

with initial condition £;(r = 0) = [,. The solution of Eq. (2.49) gives the freewheeling
current iy = iy as

ip(1) = feRL (2.50)

and at r = r, this current decays exponentially to practically zero provided that
t; => LIR. The waveforms for the currents are shown in Figure 2.21e.

Note: Figure 2.21c shows that at t; and 15, the currents have reached the steady-
state conditions. These are the extreme cases. A circuit normally operates under condi-
tions such that the current remains continuous.

Example 2.7 Finding the Stored Energy in an Inductor with a Freewheeling Diode

In Figure 2.21a, the resistance is negligible (R = 0), the source voltage is V, = 220V (constant
time), and the load inductance is L = 220 pH. (a) Draw the waveform for the load current if the
switch is closed for a time 1, = 100 ps and is then opened. (b) Determine the final energy stored
in the load inductor.

Solution

a. The circuit diagram is shown in Figure 2.22a with a zero initial current. When the
switch is closed at r = 0, the load current rises linearly and is expressed as

i(t) =F£'r

and at ¢ = ¢, [y = Vir/l = 220 = 1006220 = 100 A.



Chapter2 = Power Semiconductor Diodes and Circuits
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{a) Circuit diagram (b) Waveforms
FIGURE 2.22
Diode circuit with an L load.

b. When switch 5, is opened at a time t = 1, 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 I = 100 A and the energy stored in the inductor is 0.5LI§ =
1.1 1. The current waveforms are shown in Figure 2.22b,

2.13

Key Points of Section 2.12

* 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.

RECOVERY OF TRAPPED ENERGY WITH A DIODE

In the ideal lossless circuit [7] of Figure 2.22a, 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 D, as shown in Figure 2.23a. 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 to vy, and vice versa. The secondary winding that facilitates re-
turning the stored energy to the source via diede D, is known as a feedback winding.
Assuming a transformer with a magnetizing inductance of L,,, the equivalent circuit is
as shown in Figure 2.23b.

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 2.23c. Parameters
and i» define the primary and secondary currents of the transformer, respectively.
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{c) Equivalent circuit, referred to primary side
FIGURE 2.23
Circuit with an energy recovery diode. [Ref. 7, 5. Dewan]
The turns ratio of an ideal transformer is defined as
N5
a=— 2.51
M ( )

The circuit operation can be divided into two modes. Mode 1 begins when switch §; is
closed at r = 0 and mode 2 begins when the switch is opened. The equivalent circuits
for the modes are shown in Figure 2.24a, with t, and ¢, the durations of mode 1 and
mode 2, respectively.
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FIGURE 2.24

Equivalent circuits and waveforms.
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Mode 1. During this mode switch S, is closed at ¢ = 0. Diode D, is reverse bi-
ased and the current through the diode (secondary current) is ai; = 0O or i; = 0. Using
the KVL in Figure 2.24a for mode 1, V; = (vp — V;}/a, and this gives the reverse diode
voltage as

vp = Vi(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

o di
Ve= L (2.53)
which gives
. : Vi
i(t) = it) = ! for 0=r=p (2.54)

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

V,
I = L—’ ty (2.55)

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 cur-
rent is expressed as

Ly~ + =0 (2.56)
with initial condition i;(f = 0) = Iy, and we can solve the current as

V.
iW(t) = —f: +I for 0=st=1p (2.57)

]

The conduction time of diode D; is found from the condition ij(r = 13) = 0 of
Eq. (2.57) and is

ai (2.58)

Mode 2 is valid for 0 = t = 1,. At the end of this mode at t = t,, 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 2.24b for a = 10/6.



62 Chapter 2 Power Semiconductor Diodes and Circuits

Example 2.8 Finding the Recovery Energy in an Inductor with a Feedback Diode

For the energy recovery circuit of Figure 2.23a, the magnetizing inductance of the transformer is
L, =250pH, N; = 10, and M; = 100. The leakage inductances and resistances of the trans-
former are negligible. The source voltage is ¥, = 220 V and there is no initial current in the cir-
cuit. If switch 5, is closed for a time 1, = 50 ps and is then opened, (a) determine the reverse
voltage of diode [, (b) calculate the peak value of primary current, (c) calculate the peak value
of secondary current, (d) determine the conduction time of diode Dy, and (e) determine the en-
ergy supplied by the source.

Solution
The turns ratio is a = M/N, = 100/10 = 10.

a. From Eq. (2.52) the reverse voltage of the diode,
vp = V(1 +a) = 220 % (1 + 10) = 2420V

b. From Egq.(2.55) the peak value of the primary current,

Vi 50
fu-?mllﬂm}{ﬁ-“&

c. The peak value of the secondary current [y = ffa = 44/10 = 4.4 A
d. From Eq. (2.58) the conduction time of the diode

ﬂLMfu
f; L F
&

10
—-?jﬂxﬂxﬁ=5mm

e. The source energy,

fy iy V ] Vl
W= [ vidt = f V—rdt = =~ —

Using /[, from Eq. (2.55) yields

i

W = 05L,05=05 %250 x 107® x 44> = 0242] = 242 mJ

Key Points of Section 2.13

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

SUMMARY

The characteristics of practical diodes differ from those of ideal diodes. The reverse
recovery 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
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diode, there is no physical junction; and as a result a Schottky diode is a majority car-
rier 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.
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REVIEW QUESTIONS

2.1 Whatare 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 is the cause of reverse recovery time in a pn-junction diode?
What is the effect of reverse recovery time?
2.9 Why is it necessary to use fast-recovery diodes for high-speed switching?
210 What is a forward recovery time?
211 What are the main differences between pr-junction diodes and Schotiky diodes?
212 What are the limitations of Schottky diodes?
213 What is the typical reverse recovery time of general-purpose diodes?
2.14 What is the typical reverse recovery time of fast-recovery diodes?
2.15 Whal are the problems of series-connected diedes, and what are the possible solutions?
2.16 What are the problems of parallel-connected diodes, and what are the possible solutions?
217 If two diodes are connected in series with equal-voltage sharings, why do the diode leak-
ape currents differ?

ELLLEDE
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218
19
2.20
.11

ReE R

PROBLEMS
21

22

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?

The reverse recovery time of a diode is f,, = 5 ps, and the rate of fall of the diode current
is difdt = 80 Afps. If the softness factor is SF = 0.5, detetmine (a) the storage charge
Qgp. and (b) the peak reverse current [gg.

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

Vp=10Vatl, =50A
=15Vatl,=600A

Determine (a) the emission coefficient n, and (b) the leakage current /..

Two diodes are connected in series and the voltage across each diode is maintained the
same by connecting a voltage-sharing resistor, such that Vg = Vpy = 2000V and
Ry = 100 k{). The v—i characteristics of the diodes are shown in Figure P2.3. Determine
the leakage currents of each diode and the resistance R, across diode D..

]
i
1
1

FIGURE F2.3
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2.4 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 P2.3. Determine the forward
currents through each diode.

2.5 Two diodes are connected in parallel as shown in Figure 2.11a, with current-sharing resis-
tances. The v—i characteristics are shown in Figure P2.3. The total current is fr = 200 A.
The voltage across a diode and its resistance is v = 2.5 V., Determine the values of resis-
tances R, and R; if the current is shared equally by the diodes.

2.6 Two diodes are connected in series as shown in Figure 2.8a. The resistance across the
diodes is R; = R; = 10k{). The input dc voltage is 5 kV. The leakage currents are
Iy = 25 mA and /,; = 40 mA. Determine the voltage across the diodes.

2.7 The current waveforms of a capacitor are shown in Figure P2.7. Delermine the average,
root mean square (rms}, and peak current ratings of the capacitor.

i A
0 ==
t)=100ps {=250Hz
L, = JUJ,#S
t; = 500 us
u — 1
4 tz b T= %
_zm _______________
FIGURE P2.7

28 The waveforms of the current flowing through a diode are shown in Figure P2.8. Deter-
mine the average, rms, and peak current ratings of the diode,

i,A
30— 1, = 100 ps t, = 200 us,
ty = 400 pus ty = B0 us, ts = 1 ms
f=1200Hz
150 { .
[0 1] — L i T R——
! [
i [
0 ' 1 t
] Ly Ty by L T=-—
FIGURE P2.8

29 A diode circuit is shown in Figure P29 with R = 22 [} and € = 10 pF. If switch §, is
closed at ¢ = 0, determine the expression for the voltage across the capacitor and the en-
ergy lost in the circuit.

C R
— W
i Ven =220
5 D,

o——D—————  FIGURE P2.9
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2.10 A diode circuit is shown in Figure P2.10 with R = 10}, L = 5mH, and V, = 220V. If a
load current of 10 A is flowing through freewheeling diode D, and switch §, is closed at
t = 0, determine the expression for the current i through the switch.

+ 0
[ ]
=

L 10A
FIGURE P2.10

2.11 If the inductor of the circuit in Figure 2.15 has an initial current of [, determine the ex--
pression for the voltage across the capacitor.

212 If switch 5, of Figure P2.12 is closed at ¢ = 0, delermine the expression for (a) the current
flowing through the switch i(t), and (b) the rate of rise of the current di/dr. (c) Draw

sketches of i(r) and di/de. (d) What is the value of initial di/dr? For Figure P2.12¢, find the
initial di‘dr only.

FIGURE P2.12

2.13 The second-order circuit of Figure 2.17 has the source voltage V, = 220V, inductance
L. = 5mH, capacitance C = 10 pF, and resistance R = 22 {}. The initial voltage of the ca-
pacitor is Vg = 50V, If the switch is closed at 1 = 0, determine {a) an expression for the
current, and (b) the conduction time of the diode. (¢} Draw a sketch of i(r).
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2.14 For the energy recovery circuit of Figure 2.23a, the magnetizing inductance of the trans-

215

former is L,, = 150pH, N; = 10, and N, = 200. The leakage inductances and resis-
tances of the transformer are negligible. The source voltage is V, = 200 V and there is no
initial current in the circuit. If switch 5, is closed for a time ¢ = 100 ps and is then
opened, (a) determine the reverse voltage of diode Dy, (b) calculate the peak primary
current, (c) calculate the peak secondary current, (d) determine the time for which
diode D, conducts, and (e) determine the energy supplied by the source,

A diode circuit is shown in Figure P2.15 where the load current is flowing through diode
D,.. If switch §; is closed at a time ¢ = 0, determine {a) expressions for v.{r}, i.(r), and
ig(t): (b) time t; when the diode [ 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..

. kgl

N . FIGURE P2.15




CHAPTER 3

Diode Rectifiers

The learning objectives of this chapter are as follows:

. ® & & # ®

3.2

To understand the operation and characteristics of diode rectifiers

To learn the types of diode rectifiers

To understand the performance parameters of diode rectifiers

To learn the techniques for analyzing and design of diode rectifier circuits
To learn the techniques for simulating diode rectifiers by using SPICE

To study the effects of load inductance on the load current

INTRODUCTION

Diodes are extensively used in rectifiers. A rectifier is a circuit that converts an ac sig-
nal into a unidirectional signal. A rectifier is a type of dc-ac converter. Depending on
the type of input supply, the rectifiers are classified into two types: (1) single phase and
(2) three phase. For the sake of simplicity the diodes are considered to be ideal. By
“ideal” we mean that the reverse recovery time t,, and the forward voltage drop Vj are
negligible. That is,¢,, = 0 and Vp = 0.

SINGLE-PHASE HALF-WAVE RECTIFIERS

A single-phase half-wave rectifier is the simplest type, but it is not normally used in in-
dustrial applications. However, it is useful in understanding the principle of rectifier
operation. The circuit diagram with a resistive load is shown in Figure 3.1a. During the
positive half-cycle of the input voltage, diode D, conducts and the input voltage ap-
pears across the load. During the negative half-cycle of the input voltage, the diode 15 in
a blocking condition and the output voltage is zero. The waveforms for the input volt-
age and output voltage are shown in Figure 3.1b.

Key Points of Section 3.2

* The half-wave rectifier is the simplest power electronics circuit that is used for
low-cost power supplies for electronics like radios.
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FIGURE 3.1

Single-phase half-wave rectifier.

PERFORMANCE PARAMETERS

Although the output voltage as shown in Figure 3.1b is dc, it is discontinuous and con-
tains harmonics. A rectifier is a power processor that should give a dec 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 Fourier series expansions to find the harmonic contents of
voltages and currents. There are different types of rectifier circuits and the perfor-
mances 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, I,
The output dc power,

Fye = Vaelye (3.1)

The root-mean-square (rms) value of the output voltage, V..

The rms value of the output current, fip,

The output ac power
PJL‘ - l'Irll"llli';ril'l.'i- {3‘2]
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The efficiency (or rectification ratio) of a rectifier, which is a figure of metit and
permits us to compare the effectiveness, is defined as
Py

- (33)

The output voltage can be considered as composed of two components: (1) the de
value, and (2) the ac component or ripple.
The effective (rms) value of the ac component of output voltage is

l"l'la: =N VE“ - Vﬁ: {3:4]

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

Vims
FF = V_d: (3.5)
The ripple factor, which is a measure of the ripple content, is defined as
Vic
RF = V. (3.6)

Substituting Eq. (3.4) in Eqg. (3.6), the ripple factor can be expressed as

RF=,||'(%’) —1=\/FF -1 (3.7)

The transformer utilization factor is defined as

Fyc
TUF = — .
Vl, G5)
where V; and [, are the rms voltage and rms current of the transformer secondary, re-
spectively. Let us consider the waveforms of Figure 3.2, where v, is the sinusoidal input
voltage, i; is the instantaneous input current, and i, is its fundamental component.

vy

1 s Input current

AN L “

Input voltage

Fundamental current

FIGURE 3.2

Waveforms for input voltage and current.
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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 & (3.9)
The harmonic factor (HF) of the input current is defined as
;Jz — ffl)m [( I, )2 ]Irz
HF=|—5—] =||-—] -1 ilo
(“% L (310

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

P;fjl l'.sl

PF = =4 =2 3.11
VI, cos & 1, cos & (3.11)
Crest factor (CF), which is a measure of the peak input current yp.,) as com-

pared with its rms value [, is often of interest to specify the peak current ratings of de-
vices and components. CF of the input current is defined by

;.ﬂ:ptii]

CF = I

(3.12)

Notes

1. HF is a measure of the distortion of a waveform and is also known as rotal 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 0 = tan™'(wL/R) for an RL load.

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

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

Example 3.1 Finding the Performance Parameters of a Half-Wave Rectifier

The rectifier in Figure 3.1a has a purely resistive load of R, Determine (a) the efficiency, (b) the FF,
(c) the RF, (d) the TUF, (¢) the PIV of diode D, ([} the CF of the input current, and (g) input PF.

Solution
The average output vollage Vy, is defined as

1 r
Vﬁ: = ?~/u- D‘i_{l'} dr

We can notice from Figure 3.1b that v, (t) = O0for T/2 = t = T. Hence, we have

P 1 L . _Vm wl -
Vi = Fj: ¥V, sinwr ot = T (mﬁT - 1)
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However, the frequency of the source is f = 1/T and w = 2uf. Thus

Vi
Vi = = 0318V,

_ Ve _ 0318V, 313)

e ="p R

The rms value of a periodic waveform is defined as

e[ 0]

For a sinusoidal voltage of wy(¢) = V), sin wt for 0 = ¢ = T/2, the rms value of the output voltage is

1 T2 ) , 12 Vn
Vims = [F | [V 5in wi) df} =3 = 0.5V,
Vims _ 05V,

T =~ R

(3.14)

From Eq. (3.1), Py = (0.318V,,}*/R, and from Eq. (3.2), P,c = (0.5V,,)%/R.
From Eq. (3.3), the efficiency n = (0.318V,,)%(0.5V,,)} = 40.5%.
From Eg. (3.5), the FF = 0.5V, /0.318V,, = 1.57 or 157%.
From Eq. (3.7),the RF = \/1.57% = 1 = 1.21 or 121%.

The rms voltage of the transformer secondary is

D FE

([ - 2 % Ve
V, = [?,£ (V,, sin wi) dr] = % = 0707, (3.15)

The rms value of the transformer secondary current is the same as that of the load:

05V,
R

I

The volt-ampere rating (VA) of the transformer, VA = VI, = 0.707V,, x 0.5V, /R.
From Eq. (3.8) TUF = PJ(V,1,) = 0.318%(0.707 x 0.5) = 0.286.

e. The peak reverse (or inverse) blocking voltage PIV =V,

g A I,;p;k] = V/R and I, = 0.5V, /R. The CF of the input current is CF = L/l =
1105 =2,

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

P 0.5°

lae 007
i VA 0707 x 05

= 0L.707

Note: 1/TUF = 1/0.286 = 3.496 signifies that the transformer must be 3.496
times larger than that when it is used to deliver power from a pure ac voltage. This rec-
tifier has a high ripple factor, 121%; a low efficiency, 40.5%; and a poor TUF, 0.286. In
addition, the transformer has to carry a dc current, and this results in a dc saturation
problem of the transformer core.
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FIGURE 3.3
Half-wave rectifier with RL load.

(¢) Wavelorms

Let us consider the circuit of Figure 3.1a with an RL load as shown in Figure 3.3a.
Due to inductive load, the conduction period of diode D, will extend beyond 180° until

the current becomes zero at wf = w + . The waveforms [or the current and voltage

are shown in Figure 3.3b. It should be noted that the average v of the inductor is zero.
The average output voltage is

V. = Vm “F'm:d t =V wt]ite
ﬂl:_z'“ﬂ. 510 {m]_zﬂ[m ]U

5;[

The average load current is Iy, = Vi /R.

1 — cos(m + o]

(3.16)
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It can be noted from Eq. (3.16) that the average voltage (and current) can be in-
creased by making o = 0, which is possible by adding a freewheeling diode D, as
shown in Figure 3.3a with dashed lines. The effect of this diode is to prevent a negative
voltage appearing across the load; and as a result, the magnetic stored energy is in-
creased. At t = 1; = 7w, the current from D), is transferred to D,, and this process is
called commutation of diodes and the waveforms are shown in Figure 3.3¢. Depending
on the load time constant, the load current may be discontinuous. Load current iy is dis-
continuous with a resistive load and continuous with a very high inductive load. The
continuity of the load current depends on its time constant 7 = wL/R.

If the output is connected to a battery, the rectifier can be used as a battery charger.
This is shown in Figure 3.4a. For v, > E, diode D, conducts. The angle @ when the
diode starts conducting can be found from the condition

Vpsina = E

n:l R Dy,

———
Yy
K-
it
|
m

{a) Circuil

Uy = iy, Sin el

[ J——
k. b

-

;

B

-
-
-

)

2w wi FIGURE 3.4
(b) Waveforms Battery charger.
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which gives
E
= ein-1
= — 3.17
a = sin v, ( )
Diode D, is turned off when v, < E at
B=7—-ua

The charging current iy, which is shown in Figure 3.4b, can be found from
- E  Vysinwr - E
WETROT R

fora < wr <

Example 3.2 Finding the Performance Parameters of a Battery Charger

The battery voltage in Figure 3.4a is £ = 12 V and its capacity is 100 Wh. The average charg-
ing current should be ;. = 5 A. The primary input voltage is V, = 120V, 60 Hz, and the trans-
former has a turn ratio of n = 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 A, in hours,
(e) the rectifier efficiency m, and (f) the PIV of the diode.
Solution
E= IZV,VF =120V, V, = VJjn = 1202 = 60V, and V,, = '«.fi'p',: V2 % 6 = B4.B5V,

a. FromEq.(3.17),a = sin"'(12/84.85) = 8.13° or 0.1419 rad. B = 180 — 8.13 = 171.87°.

The conduction angleis 5 = p — o = 171.87 — 8.13 = 163.74%,
b. The average charging current [, is

1 AV, sinw — E

e =5 | ()

-t 3Ea - S

= ZHRIEmeu +2Ea —wE), forf=w-n {3.18)
which gives

1
R + -
R 2y, (2V,cosa + 2Ex — wE)

= (2 % 8485 % cos8.13° + 2 12 %X 01419 — w ¥ 12) = 42611
e x5

¢ The rms battery current Jpy, is

X ﬂifﬂ{V_sinw—E}I
lios =52 . d(w)

RZ
vi vi
=3 IHI [(T"' + Ez){'rr - 2a) + Tsinh - 4V Ecosa
1y
=674 (3.19)

OF I = V674 = 8.2 A. The power rating of R is Pr = 8.2% X 4,26 = 2864 W.
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d. The power delivered P, to the battery is

P =Ely=12X5=60W
100 _ 100

ho Py = 100 or hn=?=?u-=l,567h
de

e. The rectifier efficiency 7 is

power delivered to the battery Py 60
total input power Py + P 60 + 2864

n = 17.32%

[. The peak inverse voltage PIV of the diode is

PIV=V,+E
= 8485 + 12 = 9685V

Example 3.3 Finding the Fourier Series of the Output Voltage for a
Half-Wave Rectifier

The single-phase half-wave rectifier of Figure 3.1a is connected to a source of V; = 120V, 60 Hz.
Express the instantaneous output voltage w,(r) in Fourier series,

Solution
The rectifier output vollage vy may be described by a Fourier series as

oa

wlf) = V. + g (&, sin nwt + b, cos nw)

in

v,

1 1 . _ Vi
Vd.c-z“ A "']d{w}_h_L V, sin wt o (wt) = =

Pa
1 . 1 . .
ay = ;£ vy Sin ot d(wf) = ;f"’m sin wi sin Awf d{wt)

= % forn=1
=10 forn=23,43586,...
1w 1 L
b, = — g o8 nul d{wt) = -f V,, sin wi cos mwr d{wr)
™ Ja L]
=————— forn=2460,...
w
=0 forn=1,3,5, ...

Substituting a, and b,, the instantaneous output voltage becomes

‘ur l'm . ZLm sz zlvp:
B + e — mm— = — — mam - .
'l-h{-f} 2 SIM 3 cos 2wl 15 cos duw! 35 cos B {3 ZD]

where V,, = V2 X 120 = 169.7 Vand w = 27 X 60 = 377 rad/s.
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Key Points of Section 3.3

* The performance of a half-wave rectifier that is measured by certain parameters
is poor. The load current can be made continuous by adding an inductor and a
freewheeling diode. The output voltage is discontinuous and contains harmonics
at multiples of the supply frequency.

SINGLE-PHASE FULL-WAVE RECTIFIERS

A full-wave rectifier circuit with a center-tapped transformer is shown in Figure 3.5a.
Each half of the transformer with its associated diode acts as a half-wave rectifier and
the output of a full-wave rectifier is shown in Figure 3.5b. Because there is no dc cur-
rent flowing through the transformer, there is no dc saturation problem of transformer
core. The average output voltage is

2 (T? 2V,
Ve == f V., sin wt dt = —= = 0.6366V,, (3.21)
T Jo o

Instead of using a center-tapped transformer, we could use four diodes, as shown
in Figure 3.6a. During the positive half-cycle of the input voltage, the power is supplied

Vm‘!'_lf!_ -
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(a) Circuit diagram (b) Waveforms

FIGURE 3.5
Full-wave rectifier with center-tapped transformer.
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FIGURE 3.6
Full-wave bridge rectifier.

to the load through diodes D, and I),. During the negative cycle, diodes D, and Dj con-
duct. The waveform for the output voltage is shown in Figure 3.6b and is similar to that

of Figure 3.5b. 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].

Example 3.4 Finding the Performance Parameters of a Full-Wave Rectifier with
Center-Tapped Transformer

If the rectifier in Figure 3.5a has a purely resistive load of R, determine {a) the efficiency, (b) the
FF, (c) the RF, (d) the TUF, (¢) the PIV of diode Dy, and (f) the CF of the input current.

Solution
From Eq. (3.21), the average output voltage is

2V,
Vi = -w—"' = 0.6366V,,

and the average load current is
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The rms value of the output voliage is

[2 TR . . :||.'1 Vm
Vs = T _L. (V,, sin we)® df = 0.707V,,
_ h _ 0707V

frms R R

From Eq. (3.1) Py, = (0.6366V,,)¥R, and from Eq. (3.2) P,. = (0.707V,,)%/R.
2. From Eq. (3.3), the efficiency n = (0.6366V,,)%/(0.707V,,)* = 81%.
b. From Eq.(3.5), the form factor FF = 0.707V,,/0.6366V,, = 1.11.

¢. From Eq. (3.7), the ripple factor RF =/ 1117 = 1 = 0.482 or 48.2%.

d. The rms voltage of the transformer secondary V, = V,,/%/2 = 0.707V,,. The rms value
of transformer secondary current J; = 0.5V, /R. The volt-ampere rating (VA) of the
transformer, VA = 2V,[, = 2 X 0.707V,, ¥ 05V,/R. From Eq. (3.8),

0.6366°

TUF = 30707 x 05

= (.5732 = 57.32%

¢. The peak reverse blocking voltage, PIV = 2V,
L Ljpear) = Vi/R and I, = 0707V /R. The CF of the input current is CF = [, /I, =
1/0.707 = V2.

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

NMNeate: UTUF = 1/0.5732 = 1.75 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%.

Note: The performance of a full-wave rectifier is significantly improved compared
with that of a half-wave rectifier.

Example 3.5 Finding the Fourier Series of the Output Voltage for a Full-Wave Rectifier

The rectifier in Figure 3.5a has an RL load. Use the method of Fourier series to obtain expres-
sions for output voltage wy(r).

Solution

The rectifier output voltage may be described by a Fourier series (which is reviewed in Appen
dix E} as

oo

w(r) = Vg + (a, cos nwt + b, sin nwt)

=4
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where

1 2 [T 2V,
Vg = ﬂ“l-/t: vl t) d{wt) = ?-"ir_é\ Vi sin wt d{wi) = =3
2

=T e
a, = —f U cos Hut d{we) = 1[ Vi sin wi cos nul d{wr)
T Jo .o

N
n “l

T & Genmen  frmm2a6.

=0 forn=1,335,...

b, = lf vy 5in nuwt d{wt) = Ef ¥, sin we sin Aws d{wt) = 0
T Jo who

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

Wo W Wy
o Im - 157 35n

vlt) =

4V,
cos dal — ——— Cos Gl = -+

(3.22)

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 out-
put voltage in Eq. (3.22) can be derived by spectrum multiplication of switching func-

tion. and this 1s explained in Appendix C.

Example 3.6 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 3.7a. The turns ratio of the transformer is unity. The load is such that the motor
draws a ripple-free armature current of 1, as shown in Figure 3.7b. Determine (a) the HF of

input current. and (b) the input PF of the rectifier.

Solution

Normallv. 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 3.7b. The input current can be expressed in a Fourier series as

iy =1Iu+ 3 (a,cosnwt + b,sin not)

where

1 21. l in
lye = zi:,é i(r) d{we) = irj; Ld{wt) =0

In w
a, = i/ i,(1) cos nwt d{w!) = Ef I, cos nuwt d(wt) =0
T o ™ S0

| A 2 [ . 41,
b, = Trj;.— i (1) sin Hwr o (wi) = -ﬂv‘£ [, sin nwt d{wr) = er'r'_
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FIGURE 3.7
Full-wave bridge rectifier with de motor load.
Substituting the values of a, and b, the expression for the input current is
4, (sinwt  sin 3w sin Swr
(1) = — + + + e 3.23
o) = Te(Shet g sader sinSer ) (323

The rms value of the fundamental component of input current is

¥y 41,
‘t_‘n'\-"‘f

The rms value of the input current is

RN RONORNONOR

From Eq. (3.10),

= 0.901,

12
= rﬂ

12

I. F4
HF = THD = [(ﬁ) - l} = (4843 or 4843%

b. The displacement angle ¢ = 0 and DF = cos¢ = 1. From Eqg. (3.11), the PF =
(/1) cos & = 0.90 (lagging).

Key Points of Section 3.4

* There are two types of single-phase rectifiers: center-tapped transformer and
bridge. Their performances are almost identical, except the secondary current of



B2

35

Chapter 3 Diode Rectifiers

the center-tapped transformer carries unidirectional (dc) current and it requires
larger VA rating. The center-tapped type is used in applications less than 100 W
and the bridge rectifier is used in applications ranging from 100W to 100 kW.The
output voltage of the rectifiers contains harmonics whose frequencies are multi-
ples of 2f (2 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 3.8a. A
battery of voltage E is added to develop generalized equations. If v, = V,, sinwt =
V2 V, sin wi is the input voltage, the load current i can be found from

o
L-fvi- Rio + E=V3V.sinwt for ip=0

which has a solution of the form

V. '
io =~ sin(wr — 0) + A (KLY --ﬁ- (324)

where load impedance Z = [R* + (wL)?]'? load impedance angle 8 = tan™(wL/R),
and V, is the rms value of the input voltage.

Case 1: confinuous load current. This is shown in Figure 3.8b. The constant A,
in Eq. (3.24) can be determined from the condition: at wr = w, iy = [y

E V2V, )
- = T E (RIL) ()
Ay (fﬂ R Z sin@ e
Substitution of A, in Eq. (3.24) yields

VIV, | E V2V,
—mn[u:r—li}+(1.,+ﬁ— Z

ip = sin a)efﬂ“{m'” - -i; (3.25)
Under a steady-state condition, fg{wt = 0) = iy(wt = «w). That is, fg{wt = 0) = I, Ap-
plying this condition, we get the value of /; as

Va2V, | + g (RL)ww) g
Iy = —— sin# =

zZ 1 — ¢ WO(=w) R for Iy = 0 (3.26)

which, after substituting [, in Eq. (3.25) and simplification, gives

A
iy =~ sml[w—ﬂ‘}""m

sin 6 e'{"”*"] -

| m

for0 = (wr — 08) s wandip =0 (3.27)
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FIGURE 3.8

Full-bridge rectifier with RL load.
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The rms diode current can be found from Eq. (3.27) as

1 “.'! 112
f,- = [Ej]. i‘u!’i{lﬂfj]

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

= (I7+ 1) =21,

The average diode current can also be found from Eq. (3.27) as

|
fﬂ - EL- tﬂd(ml']

Case 2: discontinuous load current. This is shown in Figure 3.8d. The load cur-
rent flows only during the period @ = wr = 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
wl = o given by

., E -
o = sin t'lf_ = sin”'(x)

nr

Atwt = a.iglwr) = 0and Eq. (3.24) gives
A - [E V2V,

R £

sin(a - H}]E:RIH"M:'

which, after substituting in Eq. (3.24). vields the load current

V2V, E vay, ] £
] == wl = + 4 — ,I:H-'.!.Hu-'u—.r'l — 3.2
i 7 * sin( o) e sinfee = @) |« R (3.28)

At wr = . the current falls to zero, and iy(wr = B) = 0. That is,

s

-—v—g}-’ sin(p — 8) + £

R

V, .
~sin{a - ﬂ]}ﬂ“”“'m-“ - % =0 (329)

Dividing Eq. (3.29) by ¥2V,/Z. and substituting R/Z = cos 8 and wL/R = tan 6, we get

) X -
— sinfa — H})e»-r—-l - cos(8) 0 (3.30)

sin(p — ) + (m:ill]

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 8 = 30°,60°, and
x = 0to 1. The results are shown in Table 3.1. As k increases, B decreases. At k = 1.0,
the diodes do not conduct and no current flows.
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TABLE 3.1 Variations of Angle B with the Voltage Ratio.x

Voltage
Ratio, x o 0l 02 0.3 04 0.5 0.6 0.7 0.8 0. 1.0
B for @ = 30° 210 203 197 190 183 175 167 158 147 132 91

B for 8 = &0F 244 LR 225 215 205 194 183 171 157 138 )

The rms diode current can be found from Eq. (3.28) as

I, = [%ffﬁ rf{m!]]m

The average diode current can also be found from Eq. (3.28) as

1 B
fu’ = E[ i"d{mf]

Boundary conditions: The condition for the discontinuous current can be found by set-
ting [y in Eq. (3.26) to zero.

V32 + ()
Z sin{ﬂ} lf—

=
[

_E
| — 1l K

which can be solved for the voltage ratio x = E/{ VEV,] as

l + E_i' |1.-||.]

1 — gl

x(0) = [ ]siniﬂ}cusfﬂ'] (3.31)

The plot of the voltage ratio x against the load impedance angle 6 is shown in Figure 3.9.
The load angle 8 cannot exceed =/2. The value of x is 63.67% at 8 = 1.5567 rad,
43.65% at B = 0.52308 rad (30°) and 0% at 6 = 0,

Example 3.7 Finding the Performance Parameters of a Full-Wave Rectifier
with an RL Load

The single-phase full-wave rectifier of Figure 38a has L = 65mH. R =250, and E = 10V,
The input voltage is V, = 120V a1 60 Hz. (a) Determine (1) the steady-state load current £, at
wi = 0,(2) the average diode current [, (3) the rms diode current J,. and {4) the rms output cur-
rent fy,- (b)) Use PSpice to plot the instantancous outpul current i Assume diode parameters
Is = 222E - 15.BV = 1300 V.

Solurion

It is not known whether the load currént i1s 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 o the case for a discontinuous current,
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Boundary: Discontinucus /Continuous Region
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Boundary of continuous and discontinuous regions for single-phase rectifier.

a R=250, L=65mH, f=60Hz, w =27 X 60 = 377 radls, V, =120V, Z =
[R? + (wL)?]'? = 350, and # = tan™' (wl/R) = 44.43°.

1
@
(&)}
“@

The steady-state load current at wt = 0, fy = 328 A. Because [ > 0, the load
current is continuous and the assumption is correct.

The numerical integration of iy in Eg. (3.27) yields the average diode current as
Iy = 1961 A

By numerical integration of if between the limits wt = 0 and m, we get the rms
diode current as [, = 28.5 A.

The rms output current [, = V2I, = V2 x 2850 = 403 A.

Notes

L

2.

Ip has a minimum value of 25.2 A at wt = 25.5° and a maximum value of 51.46 A at
wi = 12525° iy becomes 27.41 A at wt = 0 and 48.2 A at wt = @ + . Therefore,
the minimum value of i, occurs approximately at wt = 8,

The switching action of diodes makes the equations for currents nonlinear. A numeri-
cal method of solution for the diode currents is more efficient than the classical tech-
niques A Mathcad program is used to solve for [y, [;, and [, by using numerical
integration. Students are encouraged to verify the results of this example and to ap-
preciate the usefulness of numerical solution, especially in solving nonlinear equa-
tions of diode circuits.
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b
R< 250
* 5
Yo L 4 65mH
B 6
V"le FIGURE 3.10

Single-phase bridge rectifier
for PSpice simulation.

b. The single-phase bridge rectifier for PSpice simulation is shown in Figure 3.10. The list
of the circuit file is as follows:

Example 3.7 Single-Phase Bridge Rectifier with RL load

1

SEBHEg=®Rrg
g O s B M L LR
[ % T S O TR TP W s O =]

1
:

1us
.PROBE
JED

SIN (0 169.7V 60HZ)
&.5MH
2.5
o 10V ; Voltage source to measure the output current
MOoD r Diode model
0D
oMoD
oMoD
2 [)n s
D{IS=2,22E-15 BEV=1800V]) : Dicde model parameters
J2MS 16, 66TMS ; Transient analysis
: Graphics postprocessor

3.6

The PSpice plot of instantaneous output current iy is shown in Figure 3.11, which
gives [y = 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.

Key Points of Section 3.5

* Aninductive load can make the load current continuous. There is a critical value
of the load impedance angle  for a given value of the load emfconstant x to keep
the load current continuous.

MULTIPHASE STAR RECTIFIERS

We have seen in Eq. (3.21) the average output voltage that could be obtained from single-
phase full-wave rectifiers is 0.63661), and these rectifiers are used in applicationsup toa
power level of 15 kW, For larger power output, three-phase and nmulriphase rectifiers are
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dif = 6,0800 m, 18355
FIGURE 3.11
PSpice plot for Example 3.7,

used. The Fourier series of the output voltage given by Eq. (3.22) indicates that the out-
put contains harmonics and the frequency of the fundamenral component is two times
the source frequency (2f). In practice, a filter is normally used to reduce the level of har-
monics in the load; and the size of the filter decreases with the increase in frequency of
the harmonics. In addition to the larger power output of multiphase rectifiers, the fun-
damental frequency of the harmonics is also increased and is g times the source fre-
quency (gf). This rectifier is also known as a star rectifier.

The rectifier circuit of Figure 3.5a can be extended to multiple phases by having
multiphase windings on the transformer secondary as shown in Figure 3.12a. This cir-
cuit may be considered as g single-phase half-wave 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 3.12b. The conduction period of each diode is 2n/g.

It can be noticed from Figure 3.12b that the current flowing through the secondary
winding is unidirectional and contains a dc component. Only one secondary winding
carries current at a particular time, and as a result the primary must be connected in
delta to eliminate the dc component in the input side of the transformer. This minimizes
the harmonic content of the primary line current.

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

2 = q . 7
== [ v = V.~ sin— i
Vie g AL cos wi d(wr) m - Sin 7 (3.32)



3.6  Multiphase Star Rectifiers B89

= gl
= wi
(b) Wavelorms
FIGURE 3.12
Multiphase rectifiers.
2 nig 5 ) 112
s = m./n. Vm COS5™ wl ﬂ{mf}J
qgfm 1. 211.')]”1
=V, |—|— + -sin— A3
”[Zﬂ(q 2% (3.33)

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

2 m’-frz ) 12
I,—-[Efu I% cos r.urd(mr]l]

N 1 . 2w 12 - Vims
= I, [E(E + ES]HT)] =R (3.34)
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Example 3.8 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. = 140V,

Solution

For a three-phase rectifier ¢ = 3 in Eqgs. (3.32) to (3.34)

2

[

L

From Eq. (3.32), V. = 0.827V, and [,. = 0.827V,/R. From Eq. (3.33), V.., = 0.84068V,,
and [, = 0.84068V,/R. From Eg. (3.1), Py = (0.827V,)YR; from Eq. (3.2),
P, = (0.84068V,)*/R; and from Eq. (3.3), the efficiency

(0.827V,.)
- 96TT%
17 (0.84068V,, )

From Eq. (3.5), the FF = 0.84068/0.827 = 1.0165 or 101.65%.

From Eq.(3.7), the RF = \/1.0165° — 1 = 0.1824 = 18.24%.
The rms voltage of the transformer secondary, V, = V,,/%v2 = 0,707V,,. From Eq. (3.34),
the rms current of the transformer secondary,

0.4854V,,
R

I, = 048541, =

The VA rating of the transformer forg = 3 is

0.4854V,,
VA =3V, =3 x 0707V,

From Eq. (3.8),

0.827°
TUF = = (.6643
3 % 0.707 % 0.4854
mmgl
PF o 0.6844

= 3% 0707 x 04854

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 /3 times the phase voltage and thus PIV = V3 V.

The average current through each diode is

T

N 1.
I,,=E[ fmcmwd{m}=f,,;mnq

(3.35)

For ¢ = 3, I; = 0.27571,,. The average current through each diode is {; = 30/3 = 10 A and this
gives the peak current as I, = 10/0.2757 = 36.27 A.
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Example 3.9 Finding the Fourier Series of a g-Phase Rectifier

a. Express the outpit voltage of a g-phase rectifier in Figure 3.12a in Fourier series.

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

Solurion

a. The waveforms for g-pulses are shown in Figure 3.12b and the frequency of the output
is g times the fundamental component (gf). To find the constants of the Fourier series,
we integrate from —w/q to /g and the constants are

b, =0
a, = f V., cos wi cos nwt d{wr)
g Jrig

qV [sin[(n — 1)w/q] . sin[(n + l}w.fq]}

o l n—=1 n+1
_ gV, (n + 1)sin[(n — 1)wg] + (n — 1) sin[(n + 1)wig]
T n -1

After simplification and then using trigonometric relationships, we get

sin(A + B) = sin Acos B + cos Asin B

and
sin(A — B) = sin Acos B — cos Asin 8
we gel
= —0—— 24V (nﬂnﬂmsz—mﬂsm“) (3.36)
w(n® - 1) q 9 q

For a rectifier with g pulses per cycle, the harmonics of the output voltage are: gth,
2gth, 3gth, and 4qth, and Eq. (3.36) is valid for n = 0, 1q, 2g9, 3g. The term
sin{nwlg) = sin w = 0 and Eq. (3.36) becomes

a Ve (Dos n® s'm“)
" A - 1) q
The dc component is found by letting n = 0 and is

B _p 9.7
Vie = 5 = Vi sin (337

which is the same as Eq. (3.32). The Fourier series of the output voltage w, is ex-
pressed as

il

a
wl(t) = = + % d,, COS M
2 n=g.lq....
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Substituting the value of a,, we obtain
q . ™ ( - 2 n )
=V,—sin—|1- ©05 — COS5 nuwl 3.38
" T q .1-;‘:2'.,,.._;:2— 1 ¢ @.38)
b. For g = 6, the output voltage is expressed as
2 2
m{:}—u.wgvm(1+£msw—mm1m+ ) (3.39)
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 Vi, = 0.9549V,, % 2/(35 x V3) = 656 V
and its frequency is fg = 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 p-phase rectifier
contains harmonics whose frequencies are multiples of p (p times the supply
frequency), pf.
3.7 THREE-PHASE BRIDGE RECTIFIERS

A three-phase bridge rectifier is commonly used in high-power applications and it is
shown in Figure 3.13. 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 Dy — Dy, Dy — Dy, Dy — Dy, Ds — Dy, Ds — D, and Dy — D
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 waveforms
and conduction times of diodes are shown in Figure 3.14 [4].

If V,, is the peak value of the phase voltage, then the instantaneous phase volt-
ages can be described by

Uiy = Vi Sin(0t)  Upy = Vigsin(wt — 120°) v, = V,, sin(wt — 240°)

Primary

FIGURE 3.13
Three-phase bridge rectifier.,
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WavEforms and conduction times of diodes.

Because the line-line voltage leads the phase voltage by 30°, the instantaneous
line-line voltages can be described by

U = V3V, sin(wt + 30°) w, = V3V, sin(wt — 90°)
U = V3V, sin(wt = 210°)

The average output voltage is found from
2 =6
Vi =mfﬂI V3V, cos wt d{wt)

= gvm = 1.654V,, (3.40)
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where V,, is the peak phase voltage. The rms output voltage is

2 L] i ) 12
Vims = [ﬁﬁ 3V cos® wt d’{mr)]

3 9v/3)\2
= (5 + ?) V,, = 1.6554V, (3.41)

If the load is purely resistive, the peak current through a diode is I,, = V3 V,/R and
the rms value of the diode current is

4 6 ) i 12
I = ['i;j: 12, cos mtd[w}]

-1 [1(3.,.1 , 2_‘“)]"2
“imia\e T 2%

= 0.55181,, (3.42)

and the rms value of the transformer secondary current,

8 L] 5 ) 172
I, = |:££ Iy, cos md{mt}]

_f [3_(.11.1.1 - %E)]”z
=imlT\e T2
= 0.78041,, (3.43)

where [, is the peak secondary line current.
For a three-phase rectifier g = 6, Eq. (3.38) gives the instantaneous output volt-
age as

w(t) = n,9549v,,,(1 + %ms(ﬁw} - % cos(12wt) + ) (3.44)

Example 3.10 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, (¢) the peak inverse (or reverse) voltage (PTV) of each diode, and
(f) the peak current through a diode. The rectifier delivers I,. = 60 A at an output voltage of
V. = 280.7 V and the source frequency is 60 Hz.
Solution

a. From Eq.(3.40), Vs = 1.654V,, and [, = 1.654V,/R. From Eq. (3.41), Vi = 1.6554V/,,
and I, = 1.6554V,/R. From Eq. (3.1), Py = (1.654V,)%R, from Eq. (3.2), P,.=
(1.6554V,,)*/R, and from Eq. (3.3) the efficiency

(1.654V,,)°

= 2w 99 3%
N7 16554V,
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b. From Eq.(3.5),the FF = 1.6554/1.654 = 1.0008 = 100.08%.

¢ From Eq.(3.6),the RF = 1/ 1.0008" = 1 = 0.04 = 4%.
d. From Eq. (3.15), the rms voltage of the transformer secondary, ¥, = 0.707V,,.
From Eq. (3.43), the rms current of the transformer secondary,

v,
I, = 0.78041,, = 0.7804 x V3 TM
The VA rating of the transformer,
¥,
VA = 3V,1, = 3 X 0.707V,, X 0.7804 X V3 =

From Eq. (3.8),

1.654°

TUF =
3 » w3 x 0.707 x 0.7804

= 0.9542

e. From Eq. (3.40), 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 = v/3V,, = v/3 x 169.7 = 2939V,

f. The average current through each diode is

=i

4 [ cos wt d(wt) = I, % sin ™ = 031831,

la= =Eu o -]

The average current through each diode is [; = 60/3 = 20 A; therefore, the peak current is
I, = 2003183 = 62.83 A,

38

MNote: This rectifier has considerably improved performances compared with
those of the multiphase rectifier in Figure 3.12 with six pulses.

Key Points of Section 3.6

* 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 3.5 can be applied to determine the load current
of a three-phase rectifier with an RL load (similar to Figure 3.15). It can be noted from
Figure 3.14 that the output voltage becomes

Uy = V2V sinwt for %5:.1{52?“

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

L%+Rﬁn+ﬂ'= \-"il-",ﬁsinmr
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1
g
+—ot
&

FIGURE 3.15
Three-phase bridge rectifier for PSpice simulation.

which has a solution of the form

V
VWb o = 8) + Age (L — % (3.45)

Ig = 7
where load impedance Z = [R? + (wL)*]'* and load impedance angle 6 = tan™
(wLl/R). The constant A, in Eq. (3.45) can be determined from the condition: at
wf = ‘l'l'ﬂ, II'Q - ID‘

E VIV, .
Ay = [;u e T‘*ﬂ“(g — Q]gmmtm}

Substitution of A, in Eq. (3.45) yields

VIV, sin(wr — 0) + [fn +E_ f&m(ﬂ - 3)]Etmum-n _E
Z 3 R
(3.46)

Under a steady-state condition, ig(wt = 2m/3) = ig(wt = n/3). That is, ip(er =
2m/3) = I, Applying this condition, we get the value of I, as

V2V, sin(2n/3 — 8) — sin(n/3 — 8)e (RL)(=0s)
- Y2V 5in(2nf3 = 6) = sin(nl3 — 6)e -2 forly=0 (347)

I 7 1 — e~ (RL)(=Ru) R

which, after substitution in Eq. (3.46) and simplification, gives

VIV, sin(2n/3 — 8) — sin(w/3 — 8) e RILY(= 1)

ip= sin(wt — 0) + | = (R a1)

|
it N

form/3 < wt < 2w/ and i, = 0 (3.48)
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The rms diode current can be found from Eq. (3.48) as

2 21."3_! 172
=[5 o]

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

Ims = (IF + 17 + I)'? = V31,
The average diode current can also be found from Eq. (3.47) as

7 2ni3
-fd' = Ej;ﬂ lnd{mf:l

Boundary conditions: The condition for the discontinuous current can be found by set-
ting [y in Eq. (3.47) to zero.

2w T &y pm
H — — 2 - _ —rag)
ﬂVAB . L1114 ( 3 B) sin (3 B')E'

_E_,
Z 1- g'ﬁki} R
which can be solved for the voltage ratio x = E/{ VEVAB] as
sin (2—; - B) — sin (g - H)e"{m’
x(8):= cos(@) (3.49)

1 — ¢ lrmm)

The plot of the voltage ratio x against the load impedance angle 8 is shown in Figure 3.16.
The load angle 6 cannot exceed /2. The value of x is 95.49% at & = 1.5598 rad, 95.03%
at © = 0.52308 (30°), and 86.68% at & = 0. -

Eum;le 3.11 Finding the Performance Parameters of a Three-Phase Bridge
Re with an RL Load

The three-phase full-wave rectifier of Figure 3.15 has a load of L = 1.5mH, R = 2.5 {1, and
E = 10V, The line-to-line input voltage is V,;, = 208 V, 60 Hz. (a) Determine (1) the steady-
state load current [y at wy, = 7/3, (2) the average diode current [y, (3) the rms diode current /,,
and (4) the rms output current [y, (b) Use PSpice to plot the instantaneous output current i,
Assume diode parameters IS = 2.22E - 15, BV = 1800 V.,

Solurion

& R=250, L=15mH, f=60Hz, w=2m x60=377radls, V,, =208V, Z=
[R? + (uL)]"? = 256 (1, and § = tan" {wl/R) = 12.74°.

1. The steady-state load current at wf = w/3, [ = 105.77 A.

2. The numerical integration of i in Eq. (3.48) vields the average diode current as
Iy = 36.09 A. Because [y = 0, the load current is continuous.
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FIGURE 3.16
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e

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

3. By numerical integration of i between the limits wt = 7/3 and 2/3, we get the
rms diode current as [, = 62.733 A.
4. The rms output current J,,, = V37, = V3 X 62.53 = 10831 A.

b. The three-phase bridge rectifier for PSpice simulation is shown in Figure 3.15. The list
of the circuit file is as follows:

Example 3.11

8

RRREESS*C§55

LB TR O - L TS I Y

38888

Three-Phase Bridge Rectifier with RL load

SIN (0 169.7V 60HZ)

S5IN (0 169.7V 60HZ 0 0 120DEG)

SIN (0 169.7V 60OHEZ 0 0 240DEG)

1.5MH

2.5

DC 10V ; Voltage source to measure the output current
DC 0V ; Voltage source to measure the input current
; Diode model
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+MODEL 0D
. TRAN 1005

. FROEE

2
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0D
D (IS=2.22E-15 BV=1B00V] ; Diode model parameters
25MS 16.667HMS 10US ; Transient analysis

; Graphics postprocessor

.options ITLS=0 abstol = 1.000n reltol = .0l vmtol = 1.000m

.END

The PSpice plot of instantaneous output current iy is shown in Figure 3.17, which
gives f = 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.

Example 3.12 Finding the Input Power Factor of a Three-Phase Rectifier with a

Highly Inductive Load

The load current of a three-phase rectifier in Figure 3.13 is continuous, with a negligible ripple
content. Express the input current in Fourier series, and determine the HF of the input current,
the DF, and the input PE.

Solution

The waveform of the line current is shown in Figure 3.14. The line current is symmetric at
the angle (g = p/6) when the phase voltage becomes zero, not when the line-line vollage vy,

L i i i 4+ i L

112A :
108A T

14 A+

TT T Tt T T T T

P ——— = = - T A

fosssmszsmsnas

100 A

B I(VX)
00V '.

WOV +

260V

Tt O

i

240V $
16 ms 17 ms
oV (4,7)

FIGURE 3.17

18ms 19ms 20ms 2lms 22ms 23ms 24ms  25ms
Cl = 18062m, 104885

Time C2= 19892m, 110911
dif = —1.8300 m, —6.0260

PSpice plot for Example 3.11.
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becomes zero. Thus, for satisfying the condition of f(x + 27) = f(x), the input current can

be described by
; Ll S
i(t) =1, for Eﬁm{ﬁ—ﬁ-
; 7 11
(1) = =l for S wrs=F

which can be expressed in a Fourier series as

i) = Iy + i{a,,cus{mu} + b, sin(nwt)) = %c,tin{m + &,

where the coefficients are

1 !'l. 1 27
Iye = Ej; ij(r) dlwt) = E.[}. Lidlwt) =0

ra ’,; y
an=t _ﬁ: i.t:)m{nw}atur;n;‘r[ f I, cos(nuwt) d(wr) — f f.m{mld{wl}-ﬂ

-

b, = %i-*l,{f} cos(nuwt) dwt) = %[/f!,siﬂ{nmi} d{wt) — ‘LIFI. sin(nwt) d{mi‘}]

which, after integration and simplification, gives b, as

=41, AR
b, = Fm{nﬂ}mn (T) sin (T) for n=1,5711,13, ...

b, =10 for n=23,4,689,...
ea = /(@ + (b = 22 cos{rmsin (-"-;i)m(ﬂ)

3
b, = arclan (?) =0
n

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

_ w4.V3l, (sin(wr) sin(Swr)  sin(Twr)
' E 2w ( 1 s 7
, sin(ller)  sin(13w) _sin(17of) )

11 13 17

(3.50)

The rms value of the nth harmonic input current is given by

_ 1 an _ 2VEL nn
Ly = V3 {ﬂi +by) " = nm sin 3 (3.51)

The rms value of the fundamental current is

f,.—vﬁ

L= TL = 0.77974,
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The rms input current

Swih 5
I—-[ f de}} —IJ;—D.EIGSI

[ - ] [G) - ] 0w o

DF = cos ¢y = cos(0) = 1

f:] 0.7797
FF = L casl0) = —r =
I cos(0) = 08165 0.9549

39

3.10

MNote: If we compare the PF with that of Example 3.10, 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 = 0.8166.

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 for a given load impedance angle 8 is
higher than that of a single-phase rectifier; that is, x = 86.68% at 8 = 0.

* 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.

COMPARISONS OF DIODE RECTIFIERS

The goal of a rectifier is to yield a dc output voltage at a given dc output power. There-
fore, it is more convenient to express the performance parameters in terms of V. and Py
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
voltage V.. The important parameters are summarized in Table 3.2 [3]. Due to their rel-
ative merits, the single-phase and three-phase bridge rectifiers are commonly used.

Key Points of Section 3.9

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

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.

We have noticed in Eqs. (3.20), (3.22), and (3.39) that the output of the recti-
fiers contain harmonics. Filters can be used to smooth out the de output voltage of
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TABLE 3.2 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 reverss
Fms input voltage per

transformer leg, V, L1V, 111V, 0,74V, 0428V,
Peak repetitive forward

current, fegu 1.570, 1571, 6281, 3140,
Diode rms current, f;{m;] 0.?351* ﬂ.'?&Sfdc HAIIIIt D.S'."'H,,c
Form factor of diode current,

IF{!"SHI”A"’] 1.57 157 245 1.74
Rectification ratio, 5 0.81 081 0.998 0.998
Form factor, FF 1.11 1.11 1.0009 1.0009
Ripple factor, RF 0.482 0482 0.042 0.042
Transformer rating primary, VA 1.23F,. 1.23P,, 1.28F;, 1.05F
Transformer rating secondary, VA 1.75P,, 1.23F,. 1LELF,, 1.05Fy.
Output ripple frequency, f, 2, 2f; 6f, &f,

the rectifier and these are known as dc filters. The dc filters are usually of L, C,and LC
type, as shown in Figure 3.18. Due to rectification action, the input current of the recti-
fier contains harmonics also 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 3.19.

L,
o P o
+ + +
v, L] §R v, e
o - o
(a)
FIGURE 3.18
De filters.
L;
P A -

+

!

Rectifier

-  FIGURE 3.19
Ac filters.
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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.

Example 3.13 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 120V at 60 Hz.

Solution

The currents through the diodes are shown in Figure 3.20. The average current of a diode
Iy = 60/3 = 20 A. The rms current is '

[ 1 " " 12 ‘I'k
I = —f! dur:] =—=3464 A
2n Jon de d(wt) 3
The PIV = V3V, = V3 x VI x 120 = 294 V.
4ig
Lip-—-- - =1y
0 2: 4: '511r - wt
L xr im A S 2
: a3 3 i 3 3 ”
™Y T====" H
1 ]
0 : ¢ wi
i - | i |
L
LF=---- f==--- S E— '
1 i :
1
0 T : ;, = i
i ' ! ! :
""" Y :
]
1 i I
0 + r - = wl
: 1 I I
1ys 1 i I
I, I
0 ' wl
1. ]
I
1, | |_
] = wl
FIGURE 3.20
Current through diodes.

Note: The factor of V2 is used to convert rms to peak value.
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Example 3.14 Finding the Diode Average and rms Currents from the Waveforms

The current through a diode is shown in Figure 3.21. Determine (a) the rms current, and (b) the
average diode current if 1, = 100 ps, £, = 350 ps, 1, = 500 ps, f = 250Hz, f, = 5kHz,
[ =450 A, and [, = 150 A.

Solution

a. The rms value is defined as
[1 Iy 2d 1 s Zdl]lﬂ
I,=|= I sinwt) de+—= [ i
+ [ Unsinos) Tf : 652
= (Ih + IH)"7 .

where w, = 2nf, = 3141593 radls, t) = wlw, = 100 ps,and T = 1/f.

n 12
I, = {%l {1, sin wt ) df] =1 \/f_l (3.53)

=5031A
and
1 f 2
o= (7 [ hat) = Vi =1 (359
=2005 A

Substituting Eqs. (3.53) and (3.54) in Eq. (3.52), the rms value is

l"lfl 12
rr = |: + IJ“J *2}] [355}

= (50317 + 29.05%)'7 = 5809 A

b. The average current is found from

I = [%L'h(fm sin w, 1) dr + %[r}.ﬂ,dr]

i ip = I, sin wt
Iy b= e = e e e e e e
X /\
8 1y ty ty T T+ t{h—t
- T = 1f !

FIGURE 3.21

Current wavelorm.
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where
R N P _Iuf
ln =% £ (I sin w,t) dt = o, (3.56)
iy
lo=7 [ hdt=1fts-1) @357)
LE

Therefore, the average current becomes

i,
fye = -;’}-{ + Ll =) =716 + 563 = 1279 A
]

Example 3.15 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 {}. Calculate the value of a series inductor L that limits the rms ripple current [, to less

than 5% of Ly
Solution
The load impedance
Z =R+ j(newl) =\/R + (noL)’ /8, (3.58)
and
= tan 2oL 3.59
8, = tan R (3.59)
and the instantaneous current is
iglt) = I -L[lmim—ﬂz}+Lm{4w—] (3.60)
0 de VR + {mL} 3 15 4) .- x
where
Ve
“«" R wR

Equation (3.60) gives the rms value of the ripple current as

: (V) 1y’ (4Von)? ( 1 )
I = SR + (2..;1,}=|(3) T 2R + (L) \15) T

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

A 1
Sy )
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Using the value of [ and after simplification, the ripple factor is

he__ 0am4 o
I \/1+ (20L/R)?

For R = 500 () and f = 60 Hz, the inductance value is obtained as 0.4714% = 0.052[1 +
(4 % 60 X wL/500)°) and this gives L = 6.22 H.

We can notice from Eq. (3.60) 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.

RF =

Example 3.16 Finding the Filter Capacitance to Limit the Amount of Output
Ripple Voltage

A single-phase hridg&rectﬁcr is supplied from a 120-V, 60-Hz source. The load resistance is
R = 500 f}. (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..

Solurion

a, When the instantaneous voltage v, in Figure 3.22a is higher than the instantaneous ca-
pacitor voltage v, the diodes (D) and D» or [); and D) conduct; and the capacitor is
then charged from the supply. If the instantaneous supply voltage v, falls below the in-
stantaneous capacitor voltage v,, the diodes (I, and Dy or Dy and D) are reverse bi-
ased and the capacitor C, discharges through the load resistance R. The capacitor
voltage v, varies between a minimum V(i) and maximum value Vymay). This is shown
in Figure 3.22b.

Let us assume thal r; is the charging time and that r; is the discharging time of ca-
pacitor C,. The equivalent circuit during charging is shown in Figure 3.22¢, The capacitor
charges almost instantaneously to the supply voltage v,. The capacitor C, will be charged
to the peak supply voltage V,,, so that v.(r = ;) = V.. Figure 3.22d shows the equiva-
lent circuit during discharging. The capacitor discharges exponentially through R.

lefudr+vr{f={}}+ﬁm=ﬂ

which, with an initial condition of v.(t = 0} = V,,, gives the discharging current as

R,

Vin
fo"'é'c‘*' .

The output {or capacitor) voltage w, during the discharging period can be found from
w(t) = Rig = Vye "R
The peak-lo-peak ripple voltage V) .., can be ound from

Vf'iF'P‘ =it =) —wir=8)=V, - Ve R = V(1 = g Rt (3.61)
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D
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(b) Waveforms for full-wave rectifier
D, D, iy i
+
+ >
v, Cem=Van 3&

(c) Charging (d) Discharging

FIGURE 3.22

Single-phase bridge rectifier with C filter.
Since,e™" = 1 — x, Eq. (3.61) can be simplified to

Iz | 8 Vi
Viign) = Vi (1 e RC..) RC, " 2fRC,
Therefore, the average load voltage V). is given by (assuming r; = 112 f)
Vr[PI!] _ v,

V=V, ——2 Ly =
dc m 2 4_fRC,

107

(3.62)
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Thus, the rms output ripple voltage V,. can be found approximately from

vl Ve
* 2V2Z 4V2fRC,
The RF can be found from
Vi Vi 4fRC, 1
RF = — = = 3‘63
Vi 4V§fﬂc¢ Vm(4fRC, — 1) vi (4fRC, - 1) ( )
which can be solved for C.:

1 1 _ 1 1
C“Tfﬁ(1+ v“iRF)—HlSDxSM(l * v‘ixu.ﬂﬁ) 1262 pF
b. From Eq. (3.62), the average load voltage V. is

Ve = 169.7 — 1697 = 169.7 — 11.21 = 15849V

4 % 60 % 500 % 1262 % 107°

Example 3.17 Finding the Values of an LC Output Filter to Limit the Amount of Output
Ripple Voltage
An LC filter as shown in Figure 3.18¢ is used to reduce the ripple content of the output voltage
for a single-phase full-wave rectifier. The load resistance is R = 40 {1, 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 1. Assume diode parameters IS = 2-22E — 15, BV = 1800 V,

Solution

8. The equivalent circuit for the harmonics is shown in Figure 3.23. 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
A /2 2
R + (nwl) :f-;-n -

This condition is generally satisfied by the relation

VR + (nwl) = ,,llj: (3.64)

L,

X, = nwl, l RSt
O Vatow %=L V(o)

C'
nwC, -[ . FIGURE 3.23

- Equivalent circuit for
harmonics.
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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

~1/{nwC,)
(nol,) - U(nwC,)

-1

Vi = e
o (nw)’L,C. — 1

Vi (3.65)

mh

The total amount of ripple voltage due to all harmonics is

o0 12
Vi = ( ¥ Vf.q) {3.66)
n=24F6 .
For a specified value of V. and with the value of C, from Eq. (3.64), the value of L, can
be computed. We can simplify the computation by considering only the dominant har-
monic. From Eq. (3.22) we find that the second harmonic is the dominant one and its
rms value is Vs, = 4V,/(3vZ7) and the de value, V. = 2V, /=
For n = 2, Eqs. (3.65) and (3.66) give

Vi = Vg = | —————
wo e |{2m}|“L,C,—l

V: M

The value of the filter capacilor C, is calculated from

VR + QL) = 5.

é

oar
C = ‘m = 326 uF
dnf\/R* + (4ufL)
From Eq. (3.6) the RF is defined as
V, V. W
RF:.EE-_‘.'.:-._*.'E_._._]_._,_..-.E__I_._ =01

Ve  Vie Vac(4mfPL.C. -1 3 |[(4nf)LC - 1]

or (4nfPL.C, — 1 = 4714 and L, = 30.83 mH.
b. The single-phase bridge rectifier for PSpice simulation is shown in Figure 3.24. The list
of the circuit file is as follows:

Single-Fhase Bridge Fectifier with LC Filter
SIN (0 189.7V 60HZ)

30.83MH

326UF

BOM ; Used to converge the solution
10MH

40

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

El
]
Lad
-
~]

PEg""8BRAE&
B 2 o =] U 00 =) L
[P SV RN < S =
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jar 4
o3 0
D4 4

MODEL DMOD D
LTRAN  10Us
JFOUR 120HZ

.options
LEND

Diode Rectifiers
0 240D
3 OH0D
2 oMOD

ITLS=0

50MS 33Ms 5005
V(E,5)
abstol =

1.000u reltol =

({I5=2.22E-15 EV=1800V) ; Diode model parameters
; Transient analysis

; Fourier analysis of cutput voltage

.05 vntel = 0.01m

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

FOURIER COMPONENTS OF TRANSIENT RESPONSE V(6,5)

DC COMPOMENT = 1.140973E+02

HARMONIC FREQUENCY FOURIER  NORMALIZED PHASE NORMALIZED
1 1.200E+02 1.304E+01 1.000E+00 1.038E+02 0.000E+Q0D
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.BO0DE+D2 1.566E-01 1.201E-02 4.875E+01 -5.501E+01
5 6.00DE+02 1.274E-01 9.767E-03 2.232E+01 -B.144E+01
& 7.200E+02 1.020E-01 7.822E-03 B.358E+00 -9.540E+01
7 8.400E+02 _B.272E-02 6.343E-03 1.997E+00 -1.018E+02
8 9. E0DE+02 £.982B-02 5.354E-03  -1,061E+00 —1.048E+02
9 1.0BOE+03 6.015E-02 4.512E-03 -3.436E+00 -1.072E+02

TOTAL HARMONIC DISTORTION = 5.636070E+00 PERCENT

which verifies the design.

3 L. g R 4

FIGURE 3.24
Single-phase bridge rectifier for PSpice simulation.
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Example 3.18 Finding the Values of an LC Input Filter to Limit the Amount of Input
Ripple Current

An LC input filter as shown in Figure 3.19 is used to reduce the input current harmonics in a
single-phase full-wave rectifier of Figure 3.7a. 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 fre-
quency of the filter so that the total input harmonic current is reduced to 1% of the fundamen-
tal component.

Solution

The equivalent circuit for the nth harmonic component is shown in Figure 3.25. The rms value of
the ath harmonic current appearing in the supply is obtained by using the current-divider rule,

L - 1/(nwC,) }l

(nwl, — {nwC,

{m..}li.c - III"" (.67)

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

o= 12
Iy = ( 21 fn)
a=13,..,
and the harmonic factor of input current {with the filter) is
I o Lo 2712
SRR
T P XY )

From Eq. (3.23), I, = 41,/V2 7 and [, = 41)(V2Z nw) for n = 3,5,7, .... From Egs. (3.67)

and (3.68) we get
- 508
n=isd,.. \n n=isd,...

This can be solved for the value of L,C,. To simplify the calculations, if we consider only the third
harmonic, 3[(3 % 2 X w X 60)’L,C; — 1J(w?L,C; — 1) = 1/0.01 = 100 or L,C; = 9.349 x 10°°
and the filter frequency is IFVEE- = 327.04 rad's, or 52.05 Hz. Assuming that C; = 1000 pF,
we obtain L; = 9.349 mH.

(3.69)

— Uz [
n[(nw)’L,C; = 1

L.;
XL = nul,
Lot null n(ne)  GuRe 3.25
Equivalent circuit for
harmonic current.
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an

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 3.10

* 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.

OUTPUT VOLTAGE WITH LC FILTER

The equivalent circuit of a full-wave rectifier with an LC filter is shown in Figure 3.26a.
Assume that the value of C, is very large, so that its voltage is ripple free with an aver-
age value of V4. L, is the total inductance, including the source or line inductance,
and is generally placed at the input side to act as an ac inductance instead of a dc
choke.

If V. is less than V,,,, the current i; begins to flow at e, which is given by

Vie = V,, sin o
This in turn gives
v
= i _1 —lﬁ: = in—1
x sin Vm s5in X

{a) Equivalent circuit {b) Waveforms

FIGURE 3.26
Output voltage with L filter.
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where x = Vy/V,. The output current i, is given by
di;

bear

= V,sin wr = Vg

which can be solved for i,

. 1™ :
iy = l—ﬂ-{: | (Vi sin @t — V) d(wt)
- m ch
= mLE{msu cos wt) mL,{m a) forwt = o (3.70)

The critical value of wt = B = m + a at which the current i, falls to zero can be found
from the condition ij(wt = B) =w + a =0
The average current Iy, can be found from

1 T"ﬂ:-
Iy = ;_L' igl(1) dwt)
which, after integration and simplification gives

I = ;E [m — 2+ xG 2 g)] (3.71)

For V. = 0, the peak current that can flow through the rectifier is [, = V/uL,. Nor-
malizing Iy with respect to I, we get

k[x}=%:=\.fl —x2+x(%—;) (3.72)

Normalizing the rms value /ry,, with respect to [, we get

I TFa
k,(x) = ‘,':: = \/% f io(0F d(w 1) (3.73)

Because o depends on the voltage ratio x, Eqs. (3.71) and (3.72) are dependent on x.
Table 3.3 shows the values of k(x) and k,(x) against the voltage ratio x.

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

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

L, = g [m + x(% = %)] (3.74)

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

2 L—R[\,ﬁ + x(% = %)] (3.75)

Discontinuous case. The current is discontinuous if wt = B = (7 + a). The
angle P at which the current is zero can be found by setting in Eq. (3.70) 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 (3.76)

Example 3.19  Finding the Critical Value of Inductor for Continuous
Load Current

The rms input voltage to the circuit in Figure 3.26a is 220 V, 60 Hz. (a) If the dc output voltage is
Vie = 100V at [, = 10 A, determine the values of critical inductance L,, a, and [, (b) If
Iy = 15 A and L, = 6.5 mH, usc Table 3.3 to determine the values of V., o, B, and [ ;.

TABLE 3.3 Normalized Load Current

x% Tadl % i T %6 a Degrees B Degrees

0 100.0 12247 0 180

5 95.2 115.92 2.87 182.97
10 90.16 109.1 574 185.74
15 84.86 102.01 B.63 188.63
20 79.30 94.66 11.54 191.54
5 1347 B7.04 14.48 " 19448
30 6737 T9.18 17.46 19746
s 60.98 7.1 2049 20049
40 54.28 62.82 2358 203.58
45 47.26 54.43 26.74 206.74
50 39.89 46.06 30.00 210.00
35 3214 38.03 By 21337
&0 2395 31.05 3687 216,87
a5 1527 26.58 40.54 220.54
70 6.02 26,75 427 22443
s 214 28.38 46.05 226.05
T2.5 115 2892 4647 22647
73 0.15 29.51 46.89 226,89

o
g

0 29.60 46.95 226.95
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Solution
w =27 X 60 = 377radls,V, = 120V, V,, = V2 X 120 = 169.7 V.
a. Voltage ratio x = VyJV,, = 100/169.7 = 58.93%; a = sin"'(x) = 36.87%. Equation
(3.72) gives the average current ratio k = g/l = 25.75%. Thus, Iy = Ik =
10/0.2575 = 38.84 A. The critical value of inductance is

Vm _ 1697

Le = ors = 377 % 3884

= 11.59 mH

Equation (3.73) gives the rms current ratio k, = I/l = 32.4%. Thus,
Iims = kol = 0324 X 38.84 = 1258 A.
b. L, = 65mH, I, = Vi/(wl,) = 169.7/(377 X 6.5 mH) = 69.25 A.

I _ 15
k=—=——=]1166
I 6925 i

Using linear interpolation, we get

+ {-Im-l - .Iﬂ][k = k,)
kpey = ky
(65 — 60)(21.66 — 23.95)
O+ sz -mes 613k

Vi = xV, = 06132 x 169.7 = 104.06 V
 (owes = )k = ky)

x=x,

o knrt — ks
o gy 4 (4054~ 3687)(2166 — 2395) _ .,
) 1527 — 2395 )
{Bn+l - Bn}“‘ - IF‘n'r:II
B=p,+ Koot — Ky
- 21687 + (220.54 — 216.87)(21.66 — 23.95) - 217885
1527 — 2395
k= T _ o (Krins1y = Keim)(k = Kn)
I W kner = Ky
26,58 — 31.05)(21.66 — 23.95
= 31.05 + ( 1537 ﬂ 2395 ) = 20.87%

Thus, Fry = 0.2987 x I, = 0.2987 x 69.25 = 20.68 A.

Key Points of Section 3.11

* 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.
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312

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 3.27a.

The diode with the most positive voltage conducts. Let us consider the point
wt = 7 where voltages v, and v, are equal as shown in Figure 3.27b. The current [y is
still flowing through diode Dy. Due to the inductance L, the current cannot fall to zero
immediately and the transfer of current cannot be on an instantaneous basis. The cur-
rent iy decreases, resulting in an induced voltage across L, of +uy, and the output volt-
age becomes 1y = vy + V. At the same time the current through Dy, i increases
from zero, inducing an equal voltage across L of —uy, and the output voltage becomes
Upp = Up — Ygp. The result is that the anode voltages of diodes Dy and D, are equal;

wl

am 5w
— 3 3

(b) Waveforms

FIGURE 3.27

Three-phase bridge rectifier with source inductances,
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and both diodes conduct for a certain period which is called commutation (or overlap)
angle . This transfer of current from one diode to another is called commutation. The
reactance corresponding to the inductance is known as commufating reactance.

The effect of this overlap is 1o reduce the average output voltage of converters.
The voltage across L, is

Vs = ngf (3.77)

Assuming a linear rise of current { from 0 to I, (or a constant dildr = AifAt), we can
write Eq. (3.77) as

vs Af = Ly Af [3?8}

and this is repeated six times for a three-phase bridge rectifier. Using Eq. (3.78), the av-
erage voltage reduction due to the commutating inductances is

VI = %Z{HLJ + Via + t'u] Ar = Zf{f_.l + Lz + LJ]-&I—

If all the inductances are equaland L, = L, = L, = L, Eq.(3.79) becomes
V, = 6fL Iy (3.80)

where fis the supply frequency in hertz.

Example 3.20 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/V3 =120V, f = 60Hz, I, = 60 A, and V,, = VI x 120 = 169.7 V.
From Eq. (3.40), V. = 1.654 x 169.7 = 280.7 V. Equation (3.80) gives the output voltage
reduction,

V,=6>60x05x10" %60 =108V or 10.8><%=135%

and the effective output voltage is (280.7 — 10.8) = 2699 V.,

Example 3.21 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 3.6a have a reverse recovery time of
f,, = 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.
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\ N N

FIGURE 3.28
Effect of reverse recovery time on output voltage.

Solution

‘The reverse recovery time would affect the output voltage of the rectifier. In the full-wave recti-
fier of Figure 3.6a, the diode Dy is not off at wt = w; instead, it continues to conduct until
t = miw + i, As a result of the reverse recovery time, the average output voltage is reduced and
the output voltage waveform is shown in Figure 3.28,

If the input voltage is v = V, sin wt = 2 V,sin wt, the average output voltage reduction is

o 2V, b
v, = ;l V., sin wt dt = ?“[-““"]u

Vi
= ?{1 = cOS wi,, )
V.= V3V, =13 x120 = 1607V (3.81)

Without any reverse recovery time, Eq. (3.21) gives the average output voltage V,. = 0.6366V,, =
108.03 V.,

a. Fort, = 50 ps and f, = 2000 Hz, the reduction of the average output voltage is

v,
Ve = __"ﬂ“ = cos 2mf,t,,)
= 0.061V,, = 103V or 9.51% of V,,
b. Fort, = 50 psand f, = 60 Hz, the reduction of the output dc voltage

Vs
Vi = (1 = cos2mfit,,) = 5.65 X 1074V,

=06 %107V or 888 x 107°% of Vg

Note: The effect of t,, 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 3.12

* 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
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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.

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 generate harmon-
ics into the load and the supply line; and 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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REVIEW QUESTIONS

3.1 What is the turns ratio of a transformer?
3.2 What is a rectifier? What is the difference between a rectifier and a converter?
33 What is the blocking condition of a diode?
3.4 What are the performance parameters of a rectifier?
3.5 What is the significance of the form factor of a rectifier?
3.6 What is the significance of the ripple factor of a rectifier?
3.7 What is the efficiency of rectification?
3.8 What is the significance of the transformer utilization factor?
3.9 What is the displacement factor?
3.10 What is the input power factor?
311 What is the harmonic factor?
3,12 What is the difference between a half-wave and a full-wave rectifier?
3,13 What is the dc output voltage of a single-phase half-wave rectifier?
3.14 What is the dc output voltage of a single-phase full-wave rectifier?
315 What is the fundamental frequency of the output voltage of a single-phase full-wave
rectifier?
3,16 What are the advantages of a three-phase rectifier over a single-phase rectifier?
317 What are the disadvantages of a multi-phase half-wave rectifier?
3.18 What are the advantages of a three-phase bridge rectifier over a six-phase star rectifier?
3.19 What are the purposes of filters in rectifier circuits?
3.20 What are the differences between ac and de filters?
3.21 What are the effects of source inductances on the output voltage of a rectifier?
3.22 What are the effects of load inductances on the rectifier output?
3.23 What is a commutation of diodes?
3.24 What is the commutation angle of a rectifier?
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PROBLEMS
31
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3.6
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a9

310

312
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A single-phase bridge rectifier has a purely resistive load R = 10 {1, the peak supply volt-
age V,, = 170V, 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 in-

ductance) is L. = 0.5 mH.

A six-phase star rectifier has a purely resistive load of R = 10 {1, the peak supply voltage
V. = 170V, and the supply frequency f = 60 Hz. Determine the average output voltage
of the rectifier if the source inductance is neglibile.

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 has a purely resistive load of R = 100 2 and is supplied
from a 280-V, 60-Hz supply. The primary and secondary of the input transformer are con-
nected in Y. Determine the average output voltage of the rectifier if the source induc-
tances are negligible.

Repeat Problem 3.5 if the source inductance per phase (including transformer leakage in-
ductance) is L. = 0.5 mH.

The single-phase bridge rectifier of Figure 3.6a is required to supply an average voltage of
Vi = 400 V 1o a resistive load of R = 10 {}. Determine the voltage and current ratings of
diodes and transformer.

A three-phase bridge rectifier is required to supply an average voltage of V. = 750V at
a ripple-free current of {;. = 9000 A. The primary and secondary of the transformer are
connected in Y. Determine the voltage and current ratings of diodes and transformer.
The single-phase rectifier of Figure 3.5a has an RL load. If the peak input voltage is
V,, = 170V, the supply frequency f = 60 Hz, and the load resistance R = 15 {1, determine
the load inductance L to limit the load current harmonic to 4% of the average value [ .
The three-phase star rectifier of Figure 3.12a has an RL load. If the secondary peak volt-
age per phase is V,, = 170V at 60 Hz, and the load resistance is R = 15 {1, determine the
load inductance L to limit the load current harmonics to 2% of the average value /.

The battery voltage in Figure 3.4ais £ = 20 V and its capacity is 200 Wh. The average charg-
ing current should be [y = 10 A, The primary input voltage is ¥V, = 120V, 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 P of R, (d) the charging time / in
hours, (e} the rectifier efficiency v, and (f) the peak inverse voltage PIV of the diode.

The single-phase full-wave rectifier of Figure 3.8a has L =45mH, R = 51}, and
E = 20V. The input voltage is V, = 120V at 60 Hz. {a) Determine (1) the steady-state
load current Jy at wt = 0, (2) the average diode current I, (3) the rms diode current 1.,
and (4) the rms output current fy,. (b} Use PSpice to plot the instantancous output cur-
rent iy Assume diode parameters [S = 2.22E — 15, BV = 1800 V.

The three-phase full-wave rectifier of Figure 3.13ahas aload of L = 25 mH, R = 51},
and £ = 20 V. The line-to-line input voltage is V;, = 208 V, 60 Hz. (a) Determine (1) the
steady-state load current fy at wi = w/3, (2) the average diode current [y, (3) the rms
diode current 1., and (4) the rms output current f.. (b) Use PSpice to plot the instanta-
neous output current iy Assume diode parameters IS = 2.22E - 15, BV = 1800V,

A single-phase bridge rectifier is supplied from a 120-V, 60-Hz source. The load resis-
tance is B = 200 {}. (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.

Repeat Problem 3.14 for the single-phase half-wave rectifier.
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The rms input voltage to the circuit in Figure 3.22a is 120 V, 60 Hz. (a) If the dc output
voltage is V. = 48 Vat Iy, = 25 A, determine the values of inductance L, «, and [,
(MY If £y, = 15 A and L, = 6.5 mH, use Table 3.3 to calculate the values of V., «, B, and
 —

The single-phase rectifier of Figure 3.15a has a resistive load of R, and a capacitor C is con-
nected across the load. The average load current is [y 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 3.18¢ is used to reduce the ripple content of the output volt-
age for a six-phase star rectifier. The load resistance is R = 20 {1, load inductance is
L. = 5mH, and source frequency is 60 Hz. Determine the filter parameters L, and C, so
that the ripple factor of the output voltage is 5%.

The three-phase bridge rectifier of Figure 3.3a has an RL load and is supplied from a Y
connected supply. (a) Use the method of Fourier series to obtain expressions for the out-
put voltage vg(s} and load current ig(s). (b) If peak phase voltage is V,, = 170V at 60 Hz
and the load resistance is & = 200 {1, determine the load inductance L to limit the ripple
current to 2% of the average value [,..

The single-phase half-wave rectifier of Figure 3.3a has a freewheeling diode and a ripple-
free average load current of /,. (a) Draw the waveforms for the currents in D, 0, and the
transformer primary; (b) express the primary current in Fourier series; and (c) determine
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 3.5a has a ripple-free average load current of
{;- (a) Draw the waveforms for currents in [}, [}, 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 3.12a has three pulses and supplies a ripple-free av-
erage 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, Dy, Dy, and transformer primary; (b) express the primary current in Fourier series; and
{c) determine the input PF and HF of input current.

Repeat Problem 3.22 if the primary of the transformer is connected in delta and sec-
ondary in Y.

The multiphase star rectifier of Figure 3.12a 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, Dy, Dy, 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 3.13a supplies a ripple-free 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 [y, £, % and the secondary
phase current of the transformer; (b) express the secondary phase current in Fourier se-
ries; and (¢) determine the input PF and HF of the input current.

Repeat Problem 3.25 if the primary of the transformer is connected in delta and sec-
ondary in Y.

Repeat Problem 3.25 if the primary and secondary of the transformer are connected in
delta.



CHAPTER 4

Power Transistors

The learning objectives of this chapter are as follows:

¢ To learn the characteristics of an ideal switch
* To learn about different power transistors such as BJTs, MOSFETS, SITs, IGBTs, and

4.1

122

COOLMOS.

To learn the limitations of transistors as switches

To understand the characteristics, gate control requirements, and models of power
transistors

INTRODUCTION

Power transistors have controlled turn-on and turn-off characteristics. The transistors,
which are used as switching elements, are operated in the saturation region, resulting 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 de—dc and de-ac convert-
ers, with inverse parallel-connected diodes to provide bidirectional current flow. How-
ever, their voltage and current ratings are lower than those of thyristors and transistors
are normally used in low- to medium-power applications. The power transistors can be
classified broadly into five categories:

1. Bipolar junction transistors (BJTs)

2. Metal oxide semiconductor field-effect transistors (MOSFETs)
3, Static induction transistors (SITs)

4. Insulated-gate bipolar transistors (IGBTs)

5. COOLMOS

BJTs, MOSFETS, SITs, 1GBTs, or COOLMOS 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
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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.

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 4.1a. With two p-regions and one n-region, it is
called as a PNP-transistor, as shown in Figure 4.1b. The three terminals are named as
collector, emitter, and base. A bipolar transistor has two junctions, collector-base junc-
tion (CBJ) and base—emitter junction (BEJ) [1-5] NPN-transistors of various sizes are
shown in Figure 4.2.

There are two n-regions for the emitter of NPN-type transistor shown in
Figure 4.3a and two p'-regions for the emitter of the PNP-type transistor shown in
Figure 4.3b. 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,

T Collector T Collector
= C
n [E P ]c
Base | Base 1
o— P | > ot o W | >0k
B B
n [E P ]E
E E
fL Emitter L Emitter
(a) NPN-transistor (b) PNP-transistor
FIGURE 4.1
Bipolar transistors.
FIGURE 4.2

NPN-transistors, (Courtesy of Powerex,
Ine.)
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(a) NPN-transistor () PNP-transistor
FIGURE 4.3

Cross sections of BITs.

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, Repiony-

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 4.4a
for an NPN-transistor, is generally used in switching applications. The typical input
characteristics of base current [y, against basc—emitter voltage Vgg, are shown in
Figure 4.4b. Figure 4.4¢ shows the typical output characteristics of collector current I,
against collector—emitter voltage Vi-g. For a PNP-transistor, the polarities of all cur-
rents 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 ampli-
fier, where the base current is amplified by a gain and the collector-emitter voltage de-
creases 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 biased. The transfer characteristic, which is a plot of V- against
f, is shown in Figure 4.5.

The model of an NPN-transistor is shown in Figure 4.6 under large-signal dc op-
eration. The equation relating the currents is

Ig = Ic + Iy (4.1)
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Charactenistics of NPN-transistors
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05 Vi Transfer characteristics.

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 [, is known as the for-
ward current gain, Bg:

Br = hpe = 1 (4.2)
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FIGURE 4.6
Model 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,

Ie = Belp + Iceo (4.3)

where [-gp is the collector-to-emitter leakage current with base open circuit and can
be considered negligible compared to Bglg.

From Eqs. (4.1) and (4.3),
Ig = Ip(1 + Bf) + Iceo (4.4)
= (1 + Bf) (4.4a)
1 Br + 1
fzf(1+—)=f 4.5
k= Ic Br . (4.5)
Because Bg >3 1, the collector current can be expressed as
fc = IIFIE ('Lﬁ}
where the constant af is related to B by
__Be
oap = By + 1 (4.7)
or
B = T o (48)
Let us consider the circuit of Figure 4.7, where the transistor is operated as a
switch.
_ Vg — Vg
Ig = —Rg (4.9)
BeR
Ve = Vee = Vec = IcRe = Ve — ;;(VB = Vge)

VCE = VCH + VBE (41“]
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Ie Ve
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Ig FIGURE 4.7

- Transistor switch.

ar

Ves = Ver — Var (4.11)

Equation (4.11) indicates that as long as Vg = Vgg, 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 Ve = 0 and Vgg = Vg, is

Vee = Vee _ Vee = Vee

Ien = Re Re (4.12)
and the corresponding value of base current
/|
Ioy = = (4.13)
Br

If the base current is increased above Iy, Vg increases, the collector current increases,
and the V¢ falls below Vgg. This continues until the CBJ is forward biased with Vi
of about 0.4 to 0.5 V. The transistor then goes into saturation. The transistor saturation
may be defined as the point above which any increase in the base current does not in-
crease the collector current significantly.

In the saturation, the collector current remains almost constant. If the collec-
tor-emitter saturation voltage is Vegyyy, the collector current is.

Vee — Veggsay

les = ——f (4.14)
and the corresponding value of base current is
{
Ios = o (4.15)
Br

Normally, the circuit is designed so that Iy is higher than Ige. The ratio of Ig to Igg is
called the overdrive factor (ODF):
s

ODF = & (4.16)
IB.'.':'
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and the ratio of I to fgis called as forced P, Piopeeg Where

ICS

Brorced = To (4.17)
B

The total power loss in the two junctions is

Pr = Vgelp + Veele (4.18)

A high value of ODF cannot reduce the collector-emitter voltage significantly. How-

ever, Vg increases due to increased base current, resulting in increased power loss in
the BEJL

Example 4.1 Finding the Saturation Parameters of a BJT

The bipolar transistor in Figure 4.7 is specified to have pg in the range of 8 to 40. The load resis-
tance is Rz = 11 {1. The dc supply voltage is Vo = 200 V and the input voltage to the base cir-
cuitis Vg = 10 V. Il Vegpay = 1OV and Vigjey = 1.5V, find (a) the value of Rg that results in
saturation with an ODF of 5, (b) the Byrceq, and (¢} the power loss Py in the transistor.
Solution

Vcc = 200 V,, Bl‘l‘lil‘l = ﬂ,, ﬁﬂ“ . 4‘]1 .Rc = 111}, ODF = 5,, Vﬂ = 10V, va[Hl:l = l.l]\-", and
Vo) = 1.5 V. From Eq. (4.14), Ies = (200 - 1.0)/11 = 181 A. From Eq. (4.15), iz =
18.1/B g = 18.1/8 = 2.2625 A. Equation (4.16) gives the base current for an overdrive factor
of 5,

Ig =5 % 2.2625 = 113125 A

a. Equation (4.9) gives the required value of Ry,

Ve = Vag (s _10-15
fa 11.3125

Rg = = 0.7514 1]

b. From Eq. (4.17), Brorced = 18.1/11.3125 = 1.6.
. Equation (4.18) yields the total power loss as

Pr=15>113125 + 1.0 ¥ 181 = 16.97 + 18.1 = 35.07W

422

Note: For an ODF of 10, Iy = 22.265 A and the power loss is Pr = 1.5 X
22.265 + 181 = 51.5 W. 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 in-
creased. At a high value of ODF, the transistor may be damaged due to thermal run-
away. On the other hand, if the transistor is underdriven ({ < I¢g), it may operate in
the active region and Vi 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
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Transient model of BIT.

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 4.8,
where C,, and C,, are the effective capacitances of the CBJ and BEI, respectively.
The transconductance, g,,, of a BIT is defined as the ratio of Alz to AVgge. These ca-
pacitances are dependent on junction voltages and physical construction of the tran-
sistor. C, affects the inpul 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 4.9
illustrates the waveforms and switching times. As the input voltage vy rises from zero
to V) and the base current rises to [g,. the collector current does not respond immedi-
ately. There is a delay, known as defay time. t; before any collector current flows. This
delay is required to charge up the capacitance of the BEJ to the forward-bias voltage

- Ve (approximately 0.7 V). After this delay, the collector current rises to the steady-
state value of /5. The rise time ¢, depends on the time constant determined by BEJ
capacitance.

The base current is normally more than that required to saturate the transistor.
As a result, the excess minority carrier charge is stored in tife 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 [,

fe
Io=1g— % = ODF-Igg — fgs = Is(ODF — 1) (4.19)

and the saturating charge is given by
Q, = 7,I. = 7,I5s(ODF = 1) (4.20)

where 1, 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 — I, the collector current does not change for a time r,, called the srorage
time. The 1, is required to remove the saturating charge from the base. Because vgg is
still positive with approximately 0.7 V only, the base current reverses its direction due
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Switching times of bipolar transistors,

to the change in the polarity of vg from V] to —=V5. The reverse current, = I g, helps to
discharge the base and remove the extra charge from the base. Without —fg,, the satu-
rating 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 volt-
age —V5, and the base current falls to zero. The fall time f; depends on the time con-
stant, which is determined by the capacitance of the reverse-biased BEJ

Figure 4.10a shows the extra storage charge in the base of a saturated transistor.
During turn-off, this extra charge is removed first in time 1, and the charge profile is
changed from a to ¢ as shown in Figure 4.10b. During fall time, the charge profile de-

creases from profile ¢ until all charges are removed.

The turn-on time ¢, is the sum of delay time ¢; and rise time.¢,:

lon =1Ig + 1,

and the turn-off time 1.5 is the sum of storage time ¢, and fall time 1

boir = & + ff



4.2 Bipolar Junction Transistors 131

Emitter Base Collector
= Storage
‘war e
AN
{a) Charge storage in base (b} Charge profile during

turn-off

FIGURE 4.10

Charge storage in saturated bipolar transistors.

Example 4.2 Finding the Switching Loss of a BIT

The waveforms of the transistor switch in Figure 4.7 are shown in Figure 4.11. The parameters
are Ve = 250V, Vggiay = 3V, Ip = BA, Vg = 2V, Jos = 100A, 15 = 05 ps, 1, = 1 ps,
t, = 5us, iy = 3ps, and f; = 10 kHz. The duty cvcle is k¥ = 50%. The collector-to-emitter leak-
age current is fr-pp = 3 mA. Determine the power loss due to collector current {a) during turn-
an fo, =ty + 1, (b) during conduction period 1,, (c) during turn-off 14 = 1, + 1, (d) during
off-time 1., and (e) total average power losses Pr. (f) Plot the instantaneous power due to collec-
tor current P(t).

Solution
Te=1/f=100ps, k=05kT =13+ +1,=50ps, (,=50=05=1=485ps, (1l -
kYT =1 +t;+1,=50ps,andr, =50 -5 — 3 =42 ps.

a. During delay time, 0 = r = g
i(t) = Icgo
veelr) = Ve
The instantaneous power due to the collector current is

Fi(t) = iveg = IepoVee
=3 % 107" % 250 = 0.75 W

The average power loss during the delay time is

iy = %1:-';{_“}'” = feeaVectafs (4.21)
=3 % 1077 % 250 X 0.5 x 107° x 10 X 10" = 3.75 mW
During rise time, 0 = ¢ = 1.
i,

ifr) = % '

r

{
veplt) = Voo + (Veppan = Vi'{'}f_

"
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Wavelorms of transistor switch.

| =

. '
Pfr) = ivcg = Irs [Vt'{' + (Ve fsm) = Vz'c'};'

-

r
The power Pt} is maximum when 1 = 1., where

= t:Vee
™ 2AVee = Vee pa)

250

= 1% 3250 -2)

= 0.504 ps

and Eq. (4.22) yields the peak power

P = Vicles
r 4[V:'f.' = Vu.[u:',]

100

=20 % 250 - 2)

= G300 W

(4.22)

(4.23)

(4.24)
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" Voo Veswan = Vee
P = .]?._f Pt = fules, [E,E s u]
1] F-

3 (4.23)
250 2 = 250
=10 % 107 = 100 % 1 % 107 !——2- + —1—-—] =423 W
The total power loss during the turn-on is
Fn=Fi+ F (4.26)
= (0.00375 + 4233 = 4233 W
b. The conduction period, 0 = ¢ = 1;
i(1) = Ies
veplt) = Vg s
Fr) = iivep = Ve s fes
=2 % 100 = 200 W
1 "
Fi== Fdr = Veppan festnfs
T_K; () C Eisan fe sl (4.27)
=2x 100 %485 % 107" % 10 % 107 = 97TW
¢. The storage period, 0 = 1 = 1
i(t) = deg
Ueelr) = Vepga
P:{[}I = EJ'LI{'I' = I"'It'f.'l‘-ll'l"'i".‘i
=72 100 = 200 W
I I
P ﬁ PO = Verialest . “zm)
=2 %100 % 5% 107" % 10 X 10° = 10W
The fall time, 0 = 1 = i
. I .
ilth = .‘[-_\-(i = r_) neglecting fepo
Ve . .
teplt) = - b neglecting fren (4.29)
r

. rhr
Fule) = iovep = Veeles Kl - ) ]
fp sty

This power loss during fall time is maximum when t = /2 = 1.5 pus and Eq. (4.29)
gives the peak power,
- Vt[ "'t ]
T4 (4.30)

zsn:nxif}=ﬁzsuw
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2 Veclestf,
F.'f=_l‘f Pt)dr = celestef,
o

T 6 (431)
o 1
=2sux1mx3>;m X10x10° _ oo

The power loss during turn-off is

Veety
Pﬂ! = -P:: + 'Pl‘f = -'rr;'.\'.rr f‘vrﬂu::. + T {432]

=10 + 125 = 135W
d. Off-period, 0 =1 = 1

ie(r) = Icgo
veelt) = Voo
F(t) = icveg = IcgoVee (4.33)
=3x107 %250 =075W

1 [
By = ?f Bt)dt = lepoVect S,
o

=3 %107 x 250 X 42 X 107 % 10 X 10° = 0315 W
e. The total power loss in the transistor due to collector current is

-Pr=Pun+Pn+'Fn”+Hl

4.34
= 4233 + 97 + 135 + 0315 = 27465 W @34

f. The plot of the instantaneous power is shown in Figure 4.12
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FIGURE 4.12
Plot of instantaneous power for Example 4.2
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Example 4.3 Finding the Base Drive Loss of a BIT

For the parameters in Example 4.2, calculate the average power loss due to the base current,

Solution
Vagay =3V, Ig=8A, T =1f, = 100ps, k =05kT =350ps. 1, =05ps, 1, = 1ps.
L,=50=15=485us, 1, =5ps, [, =3ps, Iy, =Iy+1. =15ps, and =1, + 1 =
5+3=28ps

During the period, 0 = ¢ = (t,, + 1,

PIIL.{IJ = !.!'IS
Ut} = Vagisa
The instantancous power due to the base current is
Bylt) = tyvge = IgsViasisan)
=RXi=MW
During the period, 0 = r =1, = (T =ty = 1, = 8, = 1;): Fult) = . The average power loss is
FH = lil.E!'V.I'ZI'!'.'E'|.|.II“ﬂm + I + I + Ff}.rl

4.35)
BX3IX(I5+485+5+) X100 %10 100 = 1392W (

423

Switching Limits

Second breakdown (5B). 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, re-
sulting from high current concentrations. The current concentration may be causcd by
defects in the transistor structure. The SB occurs at certain combinations of voltage,
current, and time. Because the time is involved, the sccondary 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.—vqg limits of the tran-
sistor; and for reliable operation the transistor must not be subjected to greater power
dissipation 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
Ie=Veg limits during reverse-biased turn-off as RBSOA.

Power derating. The thermal equivalent circuit is shown in Figure 4,13, If the
total average power loss is P, the case temperature is

Te = 1) = PrRyc
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FIGURE 4.13

Thermal equivalent circuit of a transistor,

The sink temperature is

Ts

TE - PTRL'S
The ambient temperature is

Ty=Ts~ PrRg,

and
Ty =Ty = Pr(Rye + Res + Rsa) (4.36)
where Rje = thermal resistance from junction to case, “C/'W;
Re¢ = thermal resistance from case to sink, "C/'W;
Rg,4 = 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 o Ty = 1. = 150°C, the transistor can dissipate
zero power, On the other hand, if the junction temperature is T = 0°C, the device 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 second break-
down derating.

Breakdown voltages. A breakdown voltage is defined as the absolute maximum
voltage between two terminals with the third terminal open, shorted, or biased in ei-
ther forward or reverse direction. At breakdown the voltage remains relatively con-
stant, where the current rises rapidly. The following breakdownevoltages are quoted by
the manufacturers:

Vego: the maximum voltage between the emitter terminal and base terminal with
collector terminal open circuited.

Vegy or Vegyt the maximum voltage between the collector terminal and emitter
terminal at a specified negative voltage applied between base and emitter.

Veeoisus): the maximum sustaining voltage between the collector terminal and
emitter terminal with the base open circuited. This rating is specified at the max-
imum collector current and voltage, appearing simultaneously across the device
with a specified value of load inductance.

Let us consider the circuit in Figure 4.14a. When the switch SW is closed, the col-
lector current increases, and after a transient, the steady-state collector current is
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Turn-on and turn-off load lines

Ies = (Vor = Veggsan )/ Re. For an inductive load, the load line would be the path ABC
shown in Figure 4.14b. If the switch is opened to remove the base current, the collector
current begins to fall and a voltage of Lidildr) 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 approximately con-
stant 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 4.14b by the path CDA.

Example 4.4 Finding the Case Temperature of a BIT

The maximum junction temperature of a transistor is T; = 150°C and the ambient temperature
is T, = 25°C. If the thermal impedances are Ry = 04°C/W, Ry = 0.1°C/W, and Ry, =
0.5°C/W, calculate (a) the maximum power dissipation, and (b) the case temperature.

Solution

a I, —T4=Pr(Ryc+ Res + Rgy) = FrRyq. Ry =04 +00 +05 = 1.0,
and 150 = 25 = LOP;, which gives the maximum power dissipation as P; = 125 W.
b. Tc = T_; - PrR;c =150-125x%04 = ]ﬂ[]“C

4.3

POWER MOSFETs

A BIJT is a current-controlled device and requires base current for current flow in the
collector. Because the collecior current is dependent on the input {or base) current, the
current gain is highly dependent on the junction temperature.

A power MOSFET is a voltage-controlled device and requires only a small input
current. The switching speed is very high and the switching times are of the order of
nanoseconds. Power MOSFETs find increasing applications in low-power high-
frequency converters. MOSFETs do not have the problems of second breakdown phe-
nomena 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.
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FIGURE 4.15
Depletion-type MOSFETs

The two types of MOSFETSs 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 4.15a, with two heavily doped n* silicon for low-resistance
connections. The gate is isolated from the channel by a thin oxide layer. The three ter-
minals 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 Vg is
negative, some of the electrons in the n-channel area are repelled and a depletion re-
gion is created below the oxide layer, resulting in a narrower effective channel and a
high resistance from the drain to source Rpgs. If Vi;¢ 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, Ips = 0. The value of Vi;5 when this happens is called pinch-
off voltage Vp. On the other hand, Vi;5 is made positive, the channel becomes wider,
and /5 increases due to reduction in Rpg. With a p-channel depletion-type MOSFET,
the polarities of Vpg, Ins, and V¢ are reversed as shown in Figure 4.15b.

An n-channel enhancement-type MOSFET has no physical channel, as shown in
Figure 4.16a. If V5 is positive, an induced voltage attracts the electrons from the



4.3 Power MOSFETs 139

|

Metal substrate

p-Type
substrate

o ’ e
Basic structure Symbol
() n-Channel enhancement-type MOSFET

Metal substrate

Metal Rp
G n-Type
_ substrate D
VL-PI ~ W
— YD R
T, ¥ 6 jvm >

Basic structure Symbal
(b) p-Channel enhancement-lype MOSFET

FIGURE 4.16
Enhancement-type MOSFETSs.

p-substrate and accumulate them at the surface beneath the oxide layer. If Vg is
greater than or equal to a value known as threshold voltage Vi, a sufficient number of
electrons are accumulated to form a virtual n-channel and the current flows from the
drain to source. The polarities of Vg, Ing. and Vg are reversed for a p-channel
enhancement-type MOSFET as shown in Figure 4.16b. Power MOSFETs of various
sizes are shown in Figure 4.17.

Because a depletion MOSFET remains on at zero gate voltage whereas an en-
hancement type MOSFET remains off at zero gate voltage, the enhancement type
MOSFETS are generally used as switching devices in power electronics. The cross sec-
tion of a power MOSFET known as a vertical (V) MOSFET is shown in Figure 4.18a.

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
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 (5i0) 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
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FIGURE 4.17

Power MOSFETs ( Courtesy of
International Rectifier.)

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.

MOSFETsS require low gate energy, and have a very fast switching speed and low
switching losses. The input resistance is very high, 10° to 10" ). MOSFETSs, however,
suffer from the disadvantage of high forward on-state resistance as shown in Figure 4.18b,
and hence high on-state losses, which makes them less attractive as power devices, but
they are excellent as gale amplifying devices for thyristors (see Chapter 7).
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FIGURE 4.18
Cross sections of MOSFETs [Ref. 10, G. Deboy]
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Steady-State Characteristics

The MOSFET: 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 current
gain, which is the ratio of drain current I, 10 input gate current I, is typically on the
order of 10°. However, the current gain is not an important parameter. The
transconditctance, which is the ratio of drain current to gate voltage, defines the trans-
fer characteristics and is a very important parameter.

The transfer characteristics of n-channel and p-channel MOSFETs are shown in
Figure 4.19. Figure 4.20 shows the output characteristics of an n-channel enhancement
MOSFET. There are three regions of operation: (1) cutoff region, where Vs = Vo
(2) pinch-off or saturation region, where Vg = Vg — Vi and (3) linear region, where
Vos = Vgg — V. The pinch-off occurs at Vg = Vg — Voo In the linear region, the
drain current [/ varics in proportion to the drain-source voltage Vpg. Due to high
drain current and low drain voltage, the power MOSFETs 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 Vs and the transistors are used in this region
for voltage amplification. It should be noted that saturation has the opposite meaning
to that for bipolar transistors.

The steady-state model, which is the same for both depletion-type and
enhancement-type MOSFETS, is shown in Figure 4.21. The transconductance g, is de-
fined as

Al

Em = (4.37)
" avﬂ_’i V pg = constont
V.
p r
In / = Vs
v / .
P 0 Ve, In
n-channel p-channel
(a) Depletion-type MOSFET
Vi
‘]n / T
0| Ve / Ve t—Ip
n-channel p-channel

(b) Enhancement-type MOSFET

FIGURE 4.19
Transfer characteristics of MOSFET=
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4.3.2

Pinch-off region or saturation region

In 4 region
D b Viu = Voa = Voo = Vaa = Vr
Vi

vﬂ-l]

g
FIGURE 4.20 Vo
Output characteristics of v
enhancement-type MOSFET. L
The output resistance, r, = Rpg, which is defined as
Rps = 4.38
s = 37, (4.38)

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 the depletion-type MOSFETs, the gate (or input) voltage could be either
positive or negative. However, the enhancement-type MOSFETs respond to a positive
gate voltage only. The power MOSFETsS are generally of the enhancement type. How-
ever, 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 Vi;5 becomes zero. The characteristics
of depletion-type MOSFETS are not discussed further.

Switching Characteristics

Without any gate signal, an enhancement-type MOSFET may be considered as two
dicdes connected back to back or as an NPN-transistor. The gate structure has parasitic

I||+

R G
v(. Vl‘“t

(a) Circuit dingram (b) Equival:nt circuit

FIGURE 4.21
Steady-state switching model of MOSFET=
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capacitances to the source, C,,, and to the drain, C 4. The npn-transistor has a reverse-bias
junction from the drain to the source and offers a capacitance, Cy,. Figure 4.22a 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, as MOSFET may be considered as having an internal
diode and the equivalent circuit is shown in Figure 4.22b. The parasitic capacitances arc
dependent on their respective voltages.

The switching model of MOSFETs is shown in Figure 4.23. The typical switch-
ing waveforms and times are shown in Figure 4.24. The rurn-on delay t4.,, is the
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4.4

time that is required to charge the input capacitance to threshold voltage level. The
rise time 1, is the gate-charging time from the threshold level to the full-gate voltage
Vesp, which is required to drive the transistor into the linear region. The turn-off
delay time 1. is the time required for the input capacitance to discharge from the
overdrive gate voltage V; to the pinch-off region. V5 must decrease significantly be-
fore Vs begins to rise. The fall time t; is the time that is required for the input ca-
pacitance to discharge from the pinch-off region to threshold voltage. If V55 = V7,
the transistor turns off.

COOLMOS

COOLMOS [9-11], which is a new technology for high voltage power MOSFETsS,
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 pack-
age 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 ca-
pable of handling two to three times more output power as compared with that of
the conventional MOSFET in the same package. The active chip area of COOL-
MOS is approximately five times smaller than that of a standard MOSFET.

Figure 4.25 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 Vgg of
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b, n* / n*
P‘ Pf
P P
I'I._ﬂ-,i_
h 2 b A
07 b

FIGURE 4.25 ID

Cross section of COOLMOS. Drain
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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 (4.39)

where k. is a constant between 2.4 and 2.6.

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™2. 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 prac-
tically zero net charge requires a precision manufacturing. Any charge imbalance im-
pacts the blocking voltage of the device. For higher blocking voltages only the depth
of the columns 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 4.26. 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].

The COOLMOS devices can be used in applications up to power range of 2 kVA
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.

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 4.27. It is a vertical 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,
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The linear relationship between blocking voltage and on-resistance. [Ref. 10, G. Deboy]
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Cross section and symbol for 51Ts.
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Typical characteristics of SITs. [Ref. 18, 19]

which gives a lower channel resistance, causing a lower drop. An SIT has a short channei
length, low gate series resistance, low gate—source capacitance, and small thermal resis-
tance. 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 90V 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 4.28 [18]. An
electrostatically induced potential barrier controls the current in static induction de-
vices. 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 applications (e.g.,
audio, VHF/UHF, and microwave amplifiers).

IGBTs

An IGBT combines the advantages of BJTs and MOSFETs. An IGBT has high'input im-
pedance, like MOSFETS, 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 Rp; is controlled to behave like that of a BJT [13-14].

The silicon cross section of an IGBT is shown in Figure 4.29a, which is identical to
that of an MOSFET except the p* substrate. However, the performance of an IGBT is
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Cross section and equivalent circuit for IGETs

closer to that of a BJT than an MOSFET. This is due to the p* substrate, which is re-
sponsible for the minority carrier injection into the n-region. The equivalent circuit
is shown in Figure 4.29b, which can be simplified to Figure 4.29c. An IGBT is made
of four alternate PNPN layers, and could latch like a thyristor given the necessary
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condition: (aup, + @pup) = 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 of IGBTs: punch-through (PT) and nonpunch through (NPT). In the
PT IGBT structure, the switching time is reduced by use of a heavily doped n-buffer
layer in the drift 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 re-
gion and reduces the on-state voltage drop. An IGBT is a voltage-controlled device
similar to a power MOSFET. Like an 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 chan-
nel. 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 BJIT.
However, the switching speed of IGBTS is inferior to that of MOSFETs.

The symbol and circuit of an IGBT switch are shown in Figure 4.30. The three
terminals are gate, collector, and emitter instead of gate, drain, and source for an
MOSFET. The typical output characteristics of i versus vqg are shown in Figure 4.31a for
various gate—emitter voltage ;g The typical transfer characteristic of i~ versus vgg is

Gate signal
pooTTTETTTS I
: R, |
' AW
i I
i Vo :
I
i 3 | FIGURE 4.30
]
b —— e Symbol and circuit for an IGBT.
i
74< 3=
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= 5 =
§ g2
E a4~ 9V E
T 3
8 ¥ EAY g
Z 2 g1
g v g
1+ 6V
0 T T 1 T 1% 0 T T T YoE
60 2 4 6 & 10 12 0 2 4 [
Collector-emitter voltage Gate-emitter voltage
FIGURE 4.31

Typical cutput and transfer characteristics of IGBTs.
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shown in Figure 4.31b. 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 1200 V, 400 A, and the
switching frequency can be up to 20 kHz. IBGTs are finding increasing applications 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), IGBTSs are finding and replacing applications where
BJTs and conventional MOSFETSs were predominantly used as switches.

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 simultane-
ously. 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 current
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 1o meet these requirements. A reasonable amount of current
sharing (45 to 55% with two transistors) can be obtained by connecting resistors in se-
ries with the emitter (or source) terminals, as shown in Figure 4.32.

The resistors in Figure 4.32 help current sharing under steady-state conditions.
Current sharing under dynamic conditions can be accomplished by connecting coupled
inductors as shown in Figure 4.33. If the current through Q, rises, the L(di/dr) 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 @,. 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,
whereas MOSFETs have a positive temperature coefficient and parallel operation is

Q,

FIGURE 4.32
Parallel connection of transisiors.
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FIGURE 4.33
Dynamic current sharing.

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 tempera-
ture coefficients with the collector current.

Example 4.5 Finding the Current Sharing by Two Parallel MOSFETs

Two MOSFETs that are connected in parallel similar to Figure 4.32 carry a total current of
fr = 20 A, The drain-to-source voltage of MOSFET M, is V5, = 2.5V and that of MOSFET
M is Vpgs = 3 V. Determine the drain current of each transistor and difference in current shar-
ing if the current sharing series resistances are (a) R, = 0.3{} and R,, = 0.2 1}, and
(b) R,y = R2 = 0510

Solution
a Ipy + Ip; = Irand Vpg, + IpiRsy = Vo + ImRw = Vom = Reallr — Im).

Vos: = Vps + IrR,;
R, + Ry
3-25+20%02
N 03 + 02
I;p=20-9=11A or 5%
Al =55 - 45 = 10%

Slpyy =
(4.40)
=0A or 45%

3-25+20%x 05
b. Ip = 05 05 =105A or 525%
Ipp =20=105=95A or 475%

Al =3525-415=5%

4.8 di/dt AND dv/dt LIMITATIONS

Transistors require certain turn-on and turn-off times. Neglecting the delay time 1,
and the storage time 1,, the typical voltage and current waveforms of a BJT switch are
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Voltage and current waveforms.

shown in Figure 4.34, During turn-on, the collector current rises and the di/dr is
di Iy _ I

dt 1, (4.41)

During turn-off, the collector-emitter voltage must rise in relation to the fall of the col-
lector current, and duv/dr is
du = Y = Ve (4.42)
de 1 1y
The conditions di/dr and dv/dr in Eqs. (4.41) and (4.42) are set by the transistor switch-
ing characteristics and must be satisfied during turn-on and turn-off. Protection circuits
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 4.35a, with the operating waveforms in Figure 4.35b. The RC network across the
transistor is known as the snubber circuit, or snubber, and limits the dv/d:. The inductor
L, which limits the di‘de, is sometimes called a series snubber.

Let us assume that under steady-state conditions the load current I; is free-
wheeling through diode D,,, which has negligible reverse recovery time. When transis-
tor (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 4.36a and turn-on di‘di is

di V;

— = 4.4

dr L, (@43)
Equating Eq. (4.41) to Eq. (4.43) gives the value of L,,

L, =2t (4.44)
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Transistor switch with di‘dr and dv/dt protection.
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Equivalent circuits.

During turn-off, the capacitor C, charges by the load current and the equivalent circuit
is shown in Figurz 4.36b. The capacitor voltage appears across the transistor and the
duvldr is

dv _ .f;__
F7i E (4.45)
Equating Eq. (4.42) to Eq. (4.45) gives the required value of capacitance,
ILI'Jr
= (4.46)

Once the capacitor is charged to V), the freewheeling diode turns on. Due to the en-
ergy stored in L,, there is a damped resonant circuit as shown in Figure 4.36¢. The tran-
sient analysis of RLC circuit is discussed in Section 16.4. The RLC circuit is normally
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made critically damped to avoid oscillations. For unity critical damping, & = 1, and

Eq.{18.11) vields
R, =2 \/? (4.47)

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 D,

The discharge current is shown in Figure 4.37. 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
3RC, =T, =—
fs
or
R =1 4.48
L 3f_ch [ ¥ ]

Example 4.6 Finding the Snubber Values for Limiting dw/dt and di/dt Values of a
BJT Switch

A bipolar transistor is operated as a chopper switch at a frequency of f, = 10 kHz. The circuit
arrangement is shown in Figure 4.35a. The dc voltage of the chopper is V, = 220V and the load
current is f; = 100 A. Vg = 0 V. The switching times are {; = 0, ¢, = 3 us, and #; = 1.2 ps.
Determine the values of (a) L,; (b) C,; (c) R, for critically damped condition; (d) R,, if the dis-
charge time is limited to one-third of switching period; (e) R, if the peak discharge current is
limited to 10% of load current; and (f) power loss due to RC snubber F,, neglecting the effect of
inductor L, on the voltage of the snubber capacitor C,.

Solution
I, =100A,V, =220V, f, = 10kHz1, = 3ps,and t; = 1.2 ps.
a. From Eq.(4.44), L, = Vi /l, = 220 x 3/100 = 6.6 pH.
From Eq. (4.46),C, = [;¢/V, = 100 x 1.27220 = Q.55 pF.
From Eq. (4.47), R, = 2V L JC, = 2V6.6/0.55 = 6.93 ().
From Eq. (4.48), R, = 1/(3f,C,) = 10%(3 x 10 % 0.55) = 60.6 {).
VIR, = 0.1 % [, or 220/R, = (.1 % 100 or R, = 22 {1

pRprF
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f. The snubber loss, neglecting the loss in diode D,, is

P, = 0.5C,VYf, (4.49)
=05 X055 x 10 x220° x 10x 10" = 1331 W

4.9 SPICE MODELS

Due to the nonlinear behavior of power electronics circuits, the computer-aided simu-
lation plays an important role in the design and analysis of power electronics circuits
and systems. Device manufacturers often provide SPICE models for power devices.

4.9.1 BIT SPICE Model

The PSpice model, which is based on the integral charge-control model of Gummel
and Poon [16], is shown in Figure 4.38a. The static (dc) model that is generated by
PSpice is shown in Figure 4.38b. If certain parameters are not specified, PSpice as-
sumes the simple model of Ebers-Moll as shown in Figure 4.38c.

The model statement for NPN-transistors has the general form

JMODEL QNAME NPN (Pl=V1 F2=VZ P3=Vi . . . FN=VN)

and the general form for PNP-transistors is

MODEL QHAME PNP (Pl=V1 P2=V2 P3=V3 . . . FH=WI

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 parameters
and their values, respectively. The parameters that affect the switching behavior of a
BJT in power electronics are 1S, BF, CIE, CJC, TR, TFE. The symbol for a BJT is Q, and
its name must start with Q. The general form is

0 <name> NC NB NE NS QMAME [{area) wvalue]

where NC, NB, NE, and NS are the collector, base, emitter, and substrate nodes, re-
spectively. 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 col-
lector node, through the device, to the emitter node for an NPN-BJIT.

The parameters that significantly influence the switching behavior of a BJT are:

IS P-N saturation current

BF Ideal maximum forward beta

CIE Base-emitter zero-bias pn capacitance
CJC  Base-collector zero-bias pn capacitance
TR Ideal reverse transit time

TF Ideal forward transit time

4.9.2 MOSFET SPICE Model

The PSpice model [16] of an n-channel MOSFET is shown in Figure 4.39a. The static
{dc) model that is generated by PSpice is shown in Figure 4.39b. The model statcment
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PSpice n-channel MOSFET model,

of n-channel MOSFETS has the general form

LMODEL MMAME MMOS (Pl=V] P2=V2 PI=VI ..

. FH=VH)

and the statement for p-channel MOSFETs5 has the form

JMODEL MNAME PHOS (PL=V1 F2=V2 PI=V3 ..

. PH=)

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 an MOSFET in power electronics are L, W, V1O, KF, 15, CGS0, and CGDO.

The symbol for an MOSFET is M. The name of MOSFETs must start with M and
it takes the general form

M<nama:

ok ok R w

HD

[L=<valuea]

NS

NB MIME

[We<valuex>]

[AD=<value>] [ASs<valuex]
[PD==<value>] [PS=<value=]
[HED=<value>] [NES=<values]
[HEG=<value>] |NREE=<valuas]
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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

CGS0O  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 characteris-
tics. The internal circuit of an IGBT is shown in Figure 4.40a.

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 4.40b. The capacitance of the emitter-base junction C,, is implicitly defined by
the emitter-base voltage as a function of base charge. /,,;, is the emitter-base capacitor
current that defines the rate of change of the base charge. The current through the
collector-emitter redistribution capacitance I, is part of the collector current, which
in contrast to /., depends on the rate of change of the base-emitter vollage. Iy, 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 4.41a. It connects the existing BIT and MOSFET models of PSpice in a Darlington
configuration and uses the built-in equations of the two. The model computes 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 models
the internal carrier and charge to simulate the circuit behavior of the 1GBT accurately.
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.

There are numerous papers of SPICE modeling of IGBTs and Sheng [24] com-
pares the merits and limitations of various models. Figure 4.41b 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 Cy, changes by two orders of
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IGBT model. [Ref. 16, K. Shenai]

magnitude due to any changes in drain-to-gate voltage V;,. This is, Cy, is expressed by

‘-.u'cu.rd
[2€5 Vg
1“' thﬁ Cl:ll:d Ad.{;En

where A, is the area of the gate over the base;
g,; is the dielectric constant of silicon;
Cuq is the gate—drain overlap oxide capacitance;
q is the electron charge;
Npg 15 the base doping density.

E:Fg =
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Equivalent circuits of IGBT SPICE madels [Ref. 21, K. Sheng]
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.
410 COMPARISONS OF TRANSISTORS
Table 4.1 shows the comparisons of BJTs, MOSFETs, and IGBTs.
SUMMARY

Power transistors are generally of five types: BJTs, MOSFETs, SITs, IGBTs, and
COOLMOS. BJTs are current-controlled devices and their parameters are sensitive to
junction temperature. 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 satu-
ration voltage.

MOSFETs are voltage-controlled devices and require very low gating power and
their parameters are less sensitive to junction temperature. There is no second break-
down problem and no need for negative gate voltage during turn-off. The conduction
losses of COOLMOS devices is reduced by a factor of five as compared with those of

~ the conventional technology. It is capable to handle two to three times more output
power as compared with that of a standard MOSFET of the same package. IGBTs,
which combine the advantages of BJTs and MOSFETSs, are voltage-controlled devices
and have low on-state voltage similar to BJTs. COOLMOS, which has very low on-
state loss, is used in high-efficiency, low-power applications. [IGBTs have no second
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breakdown phenomena. 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, es-
pecially during turn-on and turn-off. To maintain the voltage and current relationship
of transistors during turn-on and turn-off, it is generally necessary to use snubber cir-
cuits to limit the di/dr and dv/dr.

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. Op-
tocouplers require separate power supply.
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REVIEW QUESTIONS

4.1 What is a bipolar transistor (BIT)?
4.2 What are the types of BITs?
4.3 What are the differences between NPN-trunsistors and PN P-transistors?
4.4 What are the input characteristics of NPN-transistors?
4.5 What are the output characteristics of NPN-transistors?
4.6 What are the three regions of operation for BJTs?
4.7 What is a beta (B) of BJITs?
4.8 What is the difference between beta, B, and forced beta, B of BJTs?
4.9 Whalt is a transductance of BJTs?
4.10 What is an overdrive factor of BJTs?
4.11 What is the switching model of BITs?
412 What is the cause of delay time in BJTs?
4.13 What is the cause of storage time in BJTs?
4.14 What is the cause of rise time in BITs?
4.15 What is the cause of fall time in BJTs?
4,16 What is a saturation mode of BJTs?
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417 What is a turn-on time of BJTs?

4.18 What is a turn-off time of BJTs?

4.19 What is a FBSOA of BITs?

What is a RESOA of BJTs?

Why is it necessary to reverse bias BITs during turn-off?
What is a second breakdown of BJTs?

What are the advantages and disadvantages of BJTs?

What is an MOSFET?

What are the types of MOSFETSs?

What are the differences between enhancement-type MOSFETs and depletion-type
MOSFETs?

What is a pinch-off voltage of MOSFETs?

What is a threshold voltage of MOSFETs?

What is a transconductance of MOSFETs?

What is the switching model of n-channel MOSFETs?

What are the transfer characteristics of MOSFETs?

What are the output characteristics of MOSFETs?

What are the advantages and disadvantages of MOSFETs?
Why do the MOSFETS not require negative gate voltage during turn-off?
Why does the concept of saturation differ in BITs and MOSFETSs?
What is a turn-on time of MOSFETs?

What is a turn-off time of MOSFETs?

What is an SIT?

What are the advantages of SITs?

What are the disadvantages of SITs?

‘What is an IGBT?

What are the transfer characteristics of IGBTs?

What are the output characteristics of IGBTs?

What are the advantages and disadvantages of IGBTs?

What are the main differences between MOSFETSs and BJTs?
What are the problems of parallel operation of BITs?

What are the problems of parallel operation of MOSFETs?
What are the problems of parallel operation of IGBTs?

What are the problems of series operation of BITs?

What are the problems of series operations of MOSFETs?
What are the problems of serics operations of IGBTs?

What are the purposes of shunt snubber in transistors?

What is the purpose of series snubber in transistors?

bELESELRREERELCLGRRREEEERES RRREREE

PROBLEMS

4.1 The beta (B) of bipolar transistor in Figure 4.7 varies from 10 to 60. The load resistance is
Rc = 5 0. The dc supply voltage is Ve = 100 V and the input voltage to the base circuit
s VH =8BV.If Vfﬁ'fﬂﬂ = 1-5 v and VBE{HH = 175 V, find {I} the value of Rg that will re-
sult in saturation with an overdrive factor of 20; (b) the forced B, and (c) the power loss in
the transistor Pr.

4.2 The beta (B) of bipolar transistor in Figure 4.7 varies from 12 to 75. The load resistance is
Ry = 1.5 {}. The dc supply voltage is Ve = 40V and the input voltage to the base circuit
is Vﬂ =6V.If VCE{“” = 1.2 \"', VﬂEI'SII:I = 1.6V, and RB = (1,7 {1, determine {II} the UDE
{b) the forced B, and (c) the power loss in the transistor Pr.
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4.7

4.9
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A transistor is used as a switch and the waveforms are shown in Figure 4.11. The parame-
ters are Ve = 200V, Vgpy = 3V 1y = 8A Vg = 2V Jeg = 100 AL 1y = 0.5 ps,
t,=1lps, 1, =5us, &, =3ps, and f, = 10kHz. The duty cycle is & = 50%. The
collector—emitler leakage current is fren = 3 mA. Determine the power loss due to the
collector current {a) during turn-on t,, = r; + f,; (b) during conduction period r,,, (¢) dur-
ing turn-off 1 = 1, + 15, (d) during off-time r,.. and (e) the total average power losses Pr.
(f) Plot the instantaneous power due to the collector current £(r).

The maximum junction temperature of the bipolar transistor in Problem 4.3 s T; = 150°C
and the ambient temperature is Ty = 25°C. If the thermal resistances are Ry = 04°C/W
and Ry = 0.05°C/W, calculate the thermal resistance of heat sink Ry 4. (Hinn Neglect the
power loss due to base drive.)

For the parameters in Problem 4.3, calculate the average power loss due to the base cur-
rent Fy.

Repeat Problem 4.3 if Vg = 23V, Iz = 8 A, Vogay = 14V, 1y, =01 ps, 1, =
045 ps, r, = 32 ps,and 1, = 1.1 ps.

An MOSFET is used as a switch. The parameters are Vyp =40V, [ =35 A, Ry =
28 mil, V,r;j = 10V, L) = 25 ns, 1, = 60 ns, Litatry = T0 ns, Iy = 25 ns, and f, = 20 kHz.
The drain source leakage current is fpgs = 250 pA. The duty cycle is k = 60%. Determine
the power loss due to the drain current {a) during turn-on r,, = fy,, + 1 (b) during con-
duction period 1,,, (€} during turn-off t,q = 400 + tr, (d) during off-time ¢,, and (¢) the
total average power losses .

The maximum junction temperature of the MOSFET in Problem 4.7 is T; = 150°C and
the ambient temperature is Ty = 30°C. If the thermal resistances are By = 1 K'W and
Ry = 1 K/W, calculate the thermal resistance of the heat sink Rg,. (Noter K =
“C o+ 273.)

Two BIJTs are connected in parallel similar to Figure 4.32. The total load current of
Iy = 200 A. The collector—emitter voltage of transistor () is Vig; = 1.5V and that of
transistor (25 is Vep: = 1.1 V. Determine the collector current of each transistor and dif-
ference in current sharing if the current sharing series resistances are (a) R, = 10 m{l
and R, = 20mi}, and (b) R, = R, = 20 mil.

A bipolar transistor is operated as a chopper switch at a frequency of f, = 20 kHz. The cir-
cuil arrangement is shown in Figure 4.35a. The de input voltage of the chopper is
V, = 400 V and the load current is /; = 100 A. The switching times are 1, = 1 ps and
fr = 3 ps. Determine the values of (a) L. (b) C; (€) R, for critically damped condition;
(d) R, if the discharge time is limited to one-third of switching period; {e) R, if peak dis-
charge current is limited to 5% of load current; and (f) power loss due to RC snubber P,
neglecting the effect of inductor L, on the voltage of snubber capacitor C,. Assume that
V;-_ Ejsm) = 0.

An MOSFET is operated as a chopper switch at a frequency of f, = 50 kHz. The circuit
arrangement is shown in Figure 4.35a. The de input voltage of the chopper is V, = 30V
and the load current is f, = 40 A, The switching times are 1, = 60 ns and ¢, = 15 ns. De-
termine the values of (a) L.; (b) C.: (c) R, for critically damped condition; (d) R, if the dis-
charge time is limited to one-third of switching period; (e) R, if peak discharge current is
limited to 3% of load current; and (£} power loss due to RC snubber P, neglecting the ef-
fect of inductor L, on the voltage of snubber capacitor C,, Assume that Vegy = 0,



CHAPTER 5

Dc-Dc Converters

The learning objectives of this chapter are as follows:

5.1

5.2

166

To learn the switching technique for de—dc conversion and the types of de—de converters
To study the operation of de—dc converters

To understand the performance parameters of dc converters

To learn the techniques for the analysis and design of dc converters

To learn the techniques for simulating dc converters by using SPICE

To study effects of load inductance on the load current and the conditions for continuous
current

INTRODUCTION

In many industrial applications, it is required to convert a fixed-voltage dc source into
a variable-voltage dc source. A dc-dc converter converts directly from dc to de and is
simply known as a dc converter. A dc converter can be considered as dc equivalent to
an ac transformer with a continuously variable turns ratio. Like a transformer, it can be
used to step down or step up a dc voltage source.

Dec converters are widely used for traction motor control in electric automobiles,
trolley cars, marine hoists, forklift trucks, and mine haulers. They provide smooth accel-
eration control, high efficiency, and fast dynamic response. Dc converters can be used
in regenerative braking of dc motors to return energy back into the supply, and this
feature results in energy savings for transportation systems with frequent stops. Dc
converters are used in dc voltage regulators; and also are used, in conjunction with an
inductor, to generate a dc current source, especially for the current source inverter.

PRINCIPLE OF STEP-DOWN OPERATION

The principle of operation can be explained by Figure 5.1a. When switch SW, known
as the chopper, is closed for a time ¢, the input voltage V, appears across the load. If
the switch remains off for a time #;, the voltage across the load is zero. The wave-
forms for the output voltage and load current are also shown in Figure 5.1b. The con-
verter switch can be implemented by using a (1) power bipolar junction transistor
(BIT), (2) power metal oxide semiconductor field-effect transistor (MOSFET),
(3) gate-turn-off thyristor (GTO), or (4) insulated-gate bipolar transistor (IGBT). The
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Step-down converter with resistive load.

practical devices have a finite voltage drop ranging from 0.5 to 2 V, and for the sake of
simplicity we shall neglect the voltage drops of these power semiconductor devices.
The average output voltage is given by
1 [ t
Vﬁ?j; u,]m=?'tg=ﬁlv,=w, (5.1

and the average load current, f, = V,/R = kVJ/R,
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where T is the chopping period;
k = n/T is the duty cycle of chopper;
fis the chopping frequency.

The rms value of output voltage is found from
kT T
V;,=(%; u%d:) = VkV, (5.2)
1]

Assuming a lossless converter, the input power to the converter is the same as the out-
put power and is given by

e 1 fﬂ'v% V2
P == H - —dt = k— \
=T wyd dt T Rd R (5.3)
The effective input resistance seen by the source is
V, V,
R'_=_i=_‘=_R (5.4)

which indicates that the converter makes the input resistance R; as a variable resis-
tance of R/k. The variation of the normalized input resistance against the duty cycle is
shown in Figure 5.1c. It should be noted that the switch in Figure 5.1 could be imple-
mented by a BJT, an MOSFET, an IGBT, or a GTO.

The duty cycle k can be varied from O to 1 by varying 1, T, or f. Therefore, the out-
put voltage V, can be varied from 0 to V; by controlling k, and the power flow can be
controlled.

1. Constant-frequency operation: The converter, or switching, frequency f (or chop-
ping period T) is kept constant and the on-time ¢, is varied. The width of the pulse
is varied and this type of control is known as pulse-width-modulation (PWM)
control.

2. Variable-frequency operation: The chopping, or switching, frequency f is varied.
Either on-time f, or off-time t; is kept constant. This is called frequency modula-
tion. The frequency has to be varied over a wide range to obtain the full output
voltage range. This type of control would generate harmonics at unpredictable
frequencies and the filter design would be difficult.

Example 5.1 Finding the Performances of a Dc-Dc Converter

The dc conver.er in Figure 5.1a has a resistive load of R = 10 (1 and the input voltage is
V, = 220 V. When the converter switch remains on, its voltage drop is vy, = 2V and the chop-
ping frequency is f = 1 kHz. If the duty cycle is 50%, determine {a) the average output voltage
V, (b) the rms output voltage V,, (¢) the converter efficiency, (d) the effective input resistance
R; of the converter, and (e) the rms value of the fundamental component of output harmonic
voltage.

Solution
V=220V, k=05R=1010,and v, =2V.
a. FromEq.(5.1),V, =05 x (220 -2) =109V,
b. From Eq.(5.2),V, = V03 % (220 — 2) = 15415 V.
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c. The output power can be found from

kT, 2 KT o — 4 2 Vo= pa)?
P, = l_/ LA N U/l PR Ll =Y
Th RT T/ R R

(5.5)
Y.
=05 x M = 23762 W
10
The input power to the converter can be found from
kT }TV V- ViV =
Pr-=%f V,nﬁ=%f WlY — va) = Y) 4y = p Yt~ ta) Y )
o [1] {S.ﬁ}
= 0.5 % 220 x 21{;{}_2=2393w
The converter efficiency is
F, 23762 _
F. =38 - 99.09%

d. From Eq.(54), R, = 10/0.5 = 20 {}.
€. The output voltage as shown in Figure 5.1b can be expressed in a Fourier series as

1}1 -
(1) = kV, + e E sin 2nwk cos 2awfi
{5.7)
“: e =)
+ == % (1 = cos 2nwk )sin 2nwft
LY

The fundamental component (for n = 1) of output voltage harmonic can be determined from

Eq.(5.7) as

V
vy(t) = = [sin 2wk cos 2mfr + (1 — cos 2wk)sin 2% f1]
™

(5.8)
220 % 2

sin(2m % 1000r) = 140.06 sin(6283.2¢)

and its root-mean-square (rms) value is V) = 140.06/v2 = 99.04 V.

Note: The efficiency calculation, which includes the conduction loss of the con-
verter, does not take into account the switching loss due to turn-on and turn-off of
practical converters. The efficiency of a practical converter varies between 92 and 99%.

Key Points of Section 5.2

* A step-down chopper, or de converter, that acts as a variable resistance load can
produce an output voltage from 0 to Vs,
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5.2.1

¢ Although a dc converter can be operated either at a fixed or variable frequency,
it is usually operated at a fixed frequency with a variable duty cycle.

* The output voltage contains harmonics and a dc filter is needed to smooth out
the ripples.

Generation of Duty Cycle

The duty cycle k can be generated by comparing a dc reference signal v, with a saw-
tooth carrier signal v,,. This is shown in Figure 5.2, where V, is the peak value of v,, and
V., is the peak value of v, The reference signal v, is given by

v,
v, = F’: (5.9)
which must equal to the carrier signal v, = V., = kT. That is,
v,
Vo, = -i,—k]‘
which gives the duty cycle duty k as
Ver _
k = v = M (5.10)

where M is called the modulation index. By varying the carrier signal v, from 0 to V,,
the duty cycle k can be varied from 0 to 1.
The algorithm to gencrate the gating signal is as follows:

1. Generate a triangular waveform of period T as the reference signal v, and a dc
carrier signal v,,. _
2. Compare these signals by a comparator to generate the difference v, — v., and

then a hard limiter to obtain a square-wave gate pulse of width kT, which must be
applied to the switching device through an isolating circuit.

3. Any variation in v, varies linearly with the duty cycle k.

LA S [

I
1
1
T
1
1

5

0 kT T

FIGURE 5.2

Comparing a reference signal with a carrier signal.



53

5.3 Step-Down Converter with RL Load 171

STEP-DOWN CONVERTER WITH RL LOAD

A converter [1] with an RL load is shown in Figure 5.3. The operation of the converter
can be divided into two modes. During mode 1, the converter is switched on and the
current flows from the supply to the load. During mode 2, the converter is switched off
and the load current continues to flow through freewheeling diode D,,. The equivalent
circuits for these modes are shown in Figure 5.4a. The load current and output voltage
waveforms are shown in Figure 5.4b with the assumption that the load current rises lin-
early. However, the current flowing through an RL load rises or falls exponentially
with a time constant. The load time constant (v = L/R) is generally much higher than
the switching period T. Thus, the linear approximation is valid for many circuit condi-
tions and simplified expressions can be derived within reasonable accuracies.
The load current for mode 1 can be found from
it + E

which with initial current ¢\(t = 0} = [, gives the load current as

Vi=Ri + L

(1) = ekt ¢ B ; E (1 - ey (5.11)

This mode is valid 0 = ¢t = 1, (= kT'); and at the end of this mode, the load current
becomes .

Wt=t=kT)=1 (5.12)
The load current for mode 2 can be found from

) di;

0= Ri, + L dt + E

With initial current iz(t = 0) = I and redefining the time origin (i.e.,t = 0) at the be-

ginning of mode 2, we have

1) = he M = Z (1 - &R (513)

This mode is valid for 0 = 1 = 1, [= (1 — k)T). At the end of this mode, the load cur-
rent becomes

bt =n)=1hL (5.14)
Chopper
[+ -U-?;} E
+ Sw 1
t=0 + L
V; Ya E Dm R
+
_‘T E FIGURE 5.3
o De converter with R loads.
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Equivalent circuits and waveforms for RL loads.

At the end of mode 2, the converter is turned on again in the next cycle after time,
T=1lf =4+t

Under steady-state conditions, I; = I. The peak-to-peak load ripple current can
be determined from Egs. (5.11) to (5.14). From Egs. (5.11) and (5.12), I, is given by

V,- E

I = Le*TRL (1 — ™R (5.15)

From Egs. (5.13) and (5.14), L5 is given by

I = I = Le (1-KITRL _ %(1 — g (1-K)TRILy (5.16)
Solving for [) and I, we get
Vs bt — 1) E
h= R(e=—1 R (5.17)

where z = T—f is the ratio of the chopping or switching period to the load time constant.
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V —k:_l E

The peak-to-peak ripple current is
ﬂ.f - .I'z - .Ir|
which after simplifications becomes

V.1 - =kz =2  a=ll=k)z
A== ¢ ;_“E__: : (5.19)

The condition for maximum ripple,

d(Al)
a0 (5-20)

gives e ** — ¢71°K2 = por —k = —(1 — k) or k = 0.5. The maximum peak-to-peak
ripple current (at k = 0.5) is

Alpgy = 2 tanh— 5.21
max = R AL 21)
For 4fL >> R, tanh 6 = 6 and the maximum ripple current can be approximated to
Vi
Al = afL (5.22)

Note: Equations (5.11) to (5.22) are valid only for continuous current flow. For a
large off-time, particularly at low-frequency and low-output voltage, the load current
may be discontinuous. The load current would be continuous if L/IR>>T or
Lf == R.In case of discontinuous load current, /; = 0 and Eq. (5.11) becomes

Y E

“_ o e—-—rﬁ'.l'!,}

i) =

and Eq. (5.13) is valid for 0 = t = t; such that i;{r = ;) = L = I} = 0, which gives

ta (e

mu=ﬁ=“‘5@-gﬂ)

which after substituting for I, becomes

el ()0

Because 1t = kT, we gel
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Condition for continuous current; For I} = 0, Eq. (5.17) gives
(eh —1 - £) =10
-1 W
which gives the value of the load electromotive force (emf) ratio x = E/V; as

_E_é&-1
TRV T e

(5.23)

Example 5.2 Finding the Currents of a Dc Converter with an RL Load

A converter is feeding an RL load as shown in Figure 5.3 with V, =220V, R =511,
L=75mH,f=1kHz k =05, and E = 0 V. Calculate (a) the minimum instantaneous load
current [y, (b) the peak instantaneous load current I3, (c) the maximum peak-to-peak load ripple
current, (d) the average value of load current [, (e) the rms load current [, () the effective
input resistance R; scen by the source, (g) the rms chopper current Iy, and (h) the critical value
of the load inductance for continuous load current. Use PSpice to plot the load current, the sup-
ply current, and the freewheeling diode current,

Solution
Vi=20V,R=50,L=75mH,E=0V, k=05 and f=1000Hz. From Egq. (5.15),
I, = 0.71651, + 12.473 and from Eq. (5.16), [; = 0.7165/, + 0.

8. Solving these two equations yields [, = 18.37 A.

b. [, = 2563 A.

. Al=0-]=2563-183T=7260A. From Eq. (521), Alpuw =726 A and

Eq. (5.22) gives the approximate value, Af,.,, = 7.33 A,
d. The average load current is, approximately,

[ hth 2563 +1837
ﬂ- 2 - 2 =

22 A
e. Assuming that the load current rises linearly from [ to [, the instantaneous load cur-
rent can be expressed as

Al
;'.=:,+k—?f for0 <t < kT

The rms value of load current can be found from

1 *TI 112
fﬂ: (E-L’ I|dl') &=

=221A

L= h)? 12
+l:- 1)

Ii 3 + Lk - 1)

(5.24)

. The average source current
Li=kl,=05x22=11A

and the effective input resistance R; = V/f, = 220/11 = 20 {}.
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FIGURE 5.5

SPICE plots of load. input, and diode currents for Example 5.2,

g- The rms converter current can be found from

kT 172 - 2 12
Ig= (%ﬁ ifd:) = ﬁ[f% + th = by + L(1; - m]

3 (5.25)

=vVEl, = V05 %221 = 1563 A

h. We can rewrite Eq. (5.23) as

k-
er =1
V =F
3( F-1 )
which, after iteration, gives, z = TR/L = 52.5 and L = 1 ms ¥ §5/52.5 = (L0% mH.
The SPICE simulation results [32] are shown in Figure 5.5, which shows the load cur-

rent [(E), the supply current —J/(V;), and the diode currenmt /{D,). We get
I =179 Aand [; = 2546 A.

Example 5.3 Finding the Load Inductance to Limit the Load Ripple Current

The converter in Figure 5.3 has a load resistance & = 0.25 {1, input voltage V, = 550V, and bat-
tery voltage E = 0V. The average load current [, = 200A, and chopping frequency
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[ = 250 Hz. Use the average output voltage to calculate the load inductance L., which would
limit the maximum load ripple current to 10% of .

Solution
V=550V, R=0250, E=0V, f=250Hz, T = 1/f = 0.004s, and Aj = 200 < 0.1 =
20 A, The average output voltage V, = kV, = R{,. The voltage across the inductor is given by

L%BV,—RL-V,—F{HHI"{]-H

If the load current is assumed to rise linearly, dt = 1, = kT and di = Ai .

AL
R
For the worst-case ripple conditions,
d( Ai)
a0

This gives k = 0.5 and
AL =20 % L =550{1 — 0.5) = 0.5 % 0.004

and the required value of inductance is L = 27.5 mH.

5.4

Note: For AI = 20 A, Eq. (5.19) gives z = 0,036 and L = 27.194 mH.

Key Points of Section 5.3

* An inductive load can make the load current continuous. However, the critical
value of inductance, which is required for continuous current, is influenced by the
load emf ratio. The peak-to-peak load current ripple becomes maximum at
k = 0.5,

PRINCIPLE OF STEP-UP OPERATION

A converter can be used to step up a dc voltage and an arrangement for step-up oper-
ation is shown in Figure 5.6a. When switch SW is closed for time #;, the inductor current
rises and energy is stored in the inductor L. If the switch is opened for time t,, the en-
ergy stored in the inductor is transferred to load through diode Dy and the inductor
current falls. Assuming a continuous current flow, the waveform for the inductor cur-
rent is shown in Figure 5.6b.

When the converter is turned on, the voltage across the inductor 1s

di
v = L E
and this gives the peak-to-peak ripple current in the inductor as
Vi
Al =—1n (5.26)

L
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FIGURE 5.6
Arrangement for step-up operation.
The average output voltage is
Al fn 1
v=V+L—=V(1+—)=V— 527
o 5 t 3 tr 1 —k ( )

If a large capacitor C; is connected across the load as shown by dashed lines in
Figure 5.6a, the output voltage is continuous and v, becomes the average value V. We
can notice from Eq. (5.27) that the voltage across the load can be stepped up by vary-
ing the duty cycle k and the minimum output voltage is ¥, when k = 0. However, the
converter cannot be switched on continuously such that & = 1. For values of & tending
to unity, the output voltage becomes very large and is very sensitive to changes in &, as
shown in Figure 5.6c.

This principle can be applied to transfer energy from one voltage source to an-
other as shown in Figure 5.7a. The equivalent circuits for the modes of operation are
shown in Figure 5.7b and the current waveforms in Figure 5.7c. The inductor current
for mode 1 is given by

= 9
i=La
and is expressed as
V,
iht) = i+ f (5.28)

L
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(a) Circuit diagram

L
vt N
+ i.

v,

Mode 2 kT T
(b) Equivalent circuits (c) Current waveforms

FIGURE 5.7
Arrangement for transfer of energy.

where [, is the initial current for mode 1. During mode 1, the current must rise and the
necessary condition,

di
-d"tl}ﬁ or V,>0

The current for mode 2 is given by

di,
V,=LZI+E

and is solved as
V,-E

(1) = t+ I, (5.29)
where I, is initial current for mode 2. For a stable system, the current must fall and the
condition is

ﬂ <0 or V< E

dr
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If this condition is not satisfied, the inductor current continues to rise and an unstable
situation occurs. Therefore, the conditions for controllable power transfer are

0<V,<E (5.30)

Equation (5.30) indicates that the source voltage V; must be less than the voltage E to
permit transfer of power from a fixed (or variable) source to a fixed dc voltage. In elec-
tric braking of d¢ motors, where the motors operate as dc generators, terminal voltage
falls as the machine speed decreases. The converter permits transfer of power to a fixed
dc source or a rheostat.

When the converter is turned on, the energy is transferred from the source V; to
inductor L. If the converter is then turned off, a magnitude of the energy stored in the
inductor is forced to battery E.

Note: Without the chopping action, v, must be greater than E for transferring
power from V| to E.

Key Points of Section 5.4

* A step-up de converter can produce an output voltage that is higher than the
input. The input current can be transferred to a voltage source higher than the
input voltage.

STEP-UP CONVERTER WITH A RESISTIVE LOAD

A step-up converter with a resistive load is shown in Figure 5.8a. When switch §, is
closed, the current rises through L and the switch. The equivalent circuit during mode 1
is shown in Figure 5.8b and the current is described by

d .
V, = LEII
which for an initial current of /; gives
V,
i (1) =f; + I (5.31)
L m L
'l PR o i e i WS

<. 0" j =
_-[ | )

= v,
é {a) Circuit (b) Mode 1 (c) Mode 2

FIGURE 5.8
Step-up converter with a resistive load.
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whichisvalidfor0 = r = kT. At theend of mode 1 atr = kT,
V,
=it =kT) = f kT + I (5.32)
When switch §; is opened, the inductor current flows through the RL load.
The equivalent current is shown in Figure 5.8c and the current during mode 2 is
described by
V, = Ri; + £ + E
s = KT

which for an initial current of I; gives
V - E =1 =i
iz(t) = —’L—-(l - cT') + het (5.33)

which is valid for 0 = ¢t = (1 — k)T. Attheend of mode 2atr = (1 — k)T.

V,- E
L

L=ift=(1-kT]= [1 - e‘“‘“‘] + Le (k) (5.34)

where z = TRI/L. Solving for [} and I, from Eqgs. (5.32) and (5.34), we get

_ Vikz e l1=k)z V,-E

h R 1-eli-he "R (533)
_ Vikz 1 V,— E
Iz - R 1 — E‘-“_tk + R (536}
The ripple current is given by
V,
Al=L-15L = IkT (5.37)

These equations are valid for E = V. If E = V, and the converter switch 5, is opened,
the inductor transfers its stored energy through R to the source and the inductor cur-
rent is discontinuous.

Example 5.4 Finding the Currents of a Step-up Dc Converter

The step-up converterin Figure 5.8ahas V, = 10V, f = 1kHz, R = 5Q,L = 65mH,E = 0V,
and k = 0.5. Find f}, [5, and AJ. Use SPICE to find these values and plot the load, diode, and
swilch current.

Solution

Equations (5.35) and (5.36) give I, = 3.64 A (3.36 A from SPICE) and [; = 44 A (415 A from
SPICE). The plots of the load current /{L), the diede current /{D,,) and the switch current
fC((,) are shown in Figure 5.9.
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FIGURE 5.9
SPICE plots of load, input, and diode current for Example 5.4.

5.6

Key Points of Section 5.5

* With a resistive load, the load current and the voltage are pulsating. An output
filter is required to smooth the output voltage.

PERFORMANCE PARAMETERS

The power semiconductor devices require a minimum time to turn on and turn off,
Therefore, the duty cycle k can only be controlled between a minimum value kg, and
a maximum value kp,y, thereby limiting the minimum and maximum value of output”
voltage. The switching frequency of the converter is also limited. It can be noticed from

Eq. (5.22) that the load ripple current depends inversely on the chopping frequency f.
The frequency should be as high as possible to reduce the load ripple current and to

minimize the size of any additional series inductor in the load circuit.
The performance parameters of the step-up and step-down converters are as
follows:

Ripple current of the inductor, A/f;;
Maximum switching frequency, f,..

Condition for continuous or discontinuous inductor current;
Minimum value of inductor to maintain continuous inductor current;
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Ripple content of the output voltage and output current, THD;
Ripple content of the input current, THD.

57 -CONVERTER CLASSIFICATION

The step-down converter in Figure 5.1a only allows power to flow from the supply to
the load, and is referred to as first quadrant converter. Depending on the dirertions of
current and voltage flows, dc converters can be classified into five types:

1. First quadrant converter

2. Second quadrant converter

3. First and second quadrant converter
4. Third and fourth quadrant converter
5. Four-quadrant converter

First quadrant converter. The load current flows into the load. Both the load
voltage and the load current are positive, as shown in Figure 5.10a. This is a single-
quadrant converter and is said to be operated as a rectifier. Equations in Sections 5.2
and 5.3 can be applied to evaluate the performance of a first quadrant converter.

Second quadrant converter. The load current flows out of the load. The load
voltage is positive, but the load current is negative, as shown in Figure 5.10b. This is also

YL Vi YL g
Vi Vi Vi
0 I -0 iy, -0 L it
{a) First quadrant {b) Second quadrant (c) First and Second quadrant
converter converter converter
YL | YL 4
+V
1 0 L -l 0 Ty it
v, YL
(d) Third and Fourth quadrant {e) Four-quadrant
converter converter
FIGURE 5.10

De converter classification.
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(b) Load current

kT T {1+Kk)T t
{a) Circuit {¢) Load voltage

FIGURE 5.11

Second quadrant converter.

a single-quadrant converter, but operates in the second quadrant and is said to be op-
erated as an inverter. A second quadrant converter is shown in Figure 5.11a, where the
battery E is a part of the load and may be the back emf of a dc motor.

When switch §, is turned on, the voltage E drives current through inductor L and
load voltage v; becomes zero. The instantaneous load voltage v; and load current iy,
are shown in Figure 5.11b and 5.11c, respectively. The current iy, which rises, is de-
scribed by

di

(}=Ld—:‘+R£L+E

which, with initial condition {; (t = 0) = I, gives
iy = Le (RLk - %{1 - ¢ (RLY  for0 =1t =kT (5.38)

Attt =1,
ift=n=kI =L (5.39)

When switch S, is turned off, a magnitude of the energy stored in inductor L is re-
turned to the supply V, via diode D). The load current i; falls. Redefining the time ori-

gin ¢t = (), the load current i, is described by

V,=L

N
L:*+REL+E

d

which, with initial condition i(t = t;) = I, gives

V,- E
R

i = Le (BN 4 (1 =™y for0=r=n (5.40)
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wheret; = (1 — k)T At = 15,

ip(t = 1) = I for steady-state continuous current
=0 forsteady-state discontinuous current (5.41)

Using the boundary conditions in Eqgs. (5.39) and (5.41), we can solve for /) and /; as

Ve[l - e—[l—ﬂr] E
=25 R (5.42)

_ V_; (f_h - E_:) E
L=2\TF—F= S (5.43)

First and second quadrant converter. The load current is either positive or
negative, as shown in Figure 5.10c. The load voltage is always positive, This is known
as a two-quadrant converter. The first and second quadrant converters can be com-
bined to form this converter, as shown in Figure 5.12. §, and D, operate as a first
quadrant converter. §; and D, D, operate as a second quadrant converter. Care must
be taken to ensure that the two switches are not fired together; otherwise, the supply

V; becomes short-circuited. This type of converter can operate either as a rectifier or
as an inverter,

Third and fourth quadrant converter. The circuit is shown in Figure 5.13. The
load voltage is always negative. The load current is either positive or negative, as

FIGURE 5.12

First and second quadrant converter.

Il +
1

FIGURE 5.13

Third and fourith quadrant converier.
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shown in Figure 5.10d. 55 and I}, operate to yield both a negative voltage and a load
current. When S; is closed, a negative current flows through the load. When S; is
opened, the load current freewheels through diode . 5; and D; operate to yield a
negative voltage and a positive load current. When §; is closed, a positive load current
flows. When 5; is opened, the load current free wheels through diode Dy, It is impor-
tant to note that the polarity of E must be reversed for this circuit to yield a negative
voltage and a positive current. This is a negative two-quadrant converter, This converter
can also operate as a rectifier or as an inverter.

Four-quadrant converter [2]. The load current is either positive or negative, as
shown in Figure 5.10e. The load voltage is also either positive or negative. One first and
second quadrant converter and one third and fourth quadrant converter can be com-
bined to form the four-quadrant converter, as shown in Figure 5.14a. The polarities of
the load voltage and load currents are shown in Figure 5.14b. The devices that are op-
erative in different quadrants are shown in Figure 5.14¢. For operation in the fourth
quadrant, the direction of the battery E must be reversed. This converter forms the
basis for the single-phase full-bridge inverter in Section 6.4.

For an inductive load with an emf ( E) such as a de motor, the four-quadrant con-
verter can control the power flow and the motor speed in the forward direction (v,
positive and {; positive), forward regenerative braking (v, positive and i, reverse), re-
verse direction (v, negative and i; reversing) and reverse regenerative braking (v,
negative and i; negative).

Wy —
84 =Dy
(a) Circuit
YL
Inverting | Rectifying 8, (modulating},
v+ v, v+ v, 5, (modulating), D, | S, (continuously on)
ip— v, i+ v, [y, Dy 85 Dy
VL= Ve VL= v, i 5, (modulating), | S, (modulating), D,
i = v, ip + v, 54 (continuously on) | Dy, D,
Rectifying | Inverting 54 Dy
(b) Polarities {c) Conducting devices
FIGURE 5.14

Four-guadrant converter.
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5.8

5.81

Key Points of Section 5.7

= With proper switch control, the four-quadrant converter can operate and control

flow in any of the four quadrants. For operation in the third and fourth quadrants,
the direction of the load emf E must be reversed internally.

SWITCHING-MODE REGULATORS

De converters can be used as switching-mode regulators to convert a dec voltage, nor-
mally unregulated, to a regulated dc output voltage. The regulation is normally achieved
by PWM at a fixed frequency and the switching device is normally BJT, MOSFET, or
IGBT. The elements of switching-mode regulators are shown in Figure 5.15, We can no-
tice from Figure 5.1b that the output of dc converters with resistive load is discontinu-
ous and contains harmonics. The ripple content is normally reduced by an LC filter.

Switching regulators are commercially available as integrated circuits. The de-
signer can select the switching frequency by choosing the values of R and C of fre-
quency oscillator. As a rule of thumb, to maximize efficiency, the minimum oscillator
period should be about 100 times longer than the transistor switching time; for exam-
ple, if a transistor has a switching time of 0.5 ps, the oscillator period would be 50 ps,
which gives the maximum oscillator frequency of 20 kHz. This limitation is due to a
switching loss in the transistor. The transistor switching loss increases with the switch-
ing frequency and as a result the efficiency decreases. In addition, the core loss of in-
ductors limits the high-frequency operation. Control voltage v, is obtained by
comparing the output voltage with its desired value. The v, can be compared with a
sawlooth voltage v, to generate the PWM control signal for the dc converter. There are
four basic topologics of switching regulators [33, 34]):

L. Buck regulators

2. Boost regulators

3. Buck-boost regulators
4. Cik regulators

Buck Regulators

In a buck regulator, the average output voltage V,, is less than the input voltage, V,—
hence the name “buck.” a very popular regulator [6, 7). The circuit diagram of a buck

Input De Output
C—— * . -0
+ chopper +

= Control

FIGURE 5.15 Ao Rei
Elements of switching-mode regulators. o P L
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FIGURE 5.16

Buck regulator with continuous ;.

regulator using a power BJT is shown in Figure 5.16a, and this is like a step-down con-
verter. The circuit operation can be divided into two modes. Mode 1 begins when tran-
sistor Q; is switched on at r = (. The input current, which rises, flows through filter
inductor L. filter capacitor C, and load resistor R. Mode 2 begins when transistor (2, is
switched off at 1 = 1;. The freewheeling diode D,, conducts due to energy stored in the
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inductor; and the inductor current continues to flow through L, C, load, and diode D,
The inductor current falls until transistor ¢ is switched on again in the next cycle. The
equivalent circuits for the modes of operation are shown in Figure 5.16b. The wave-
forms for the voltages and currents are shown in Figure 5.16¢ for a continuous current
flow in the inductor L. It is assumed that the current rises and falls linearly. In practical
circuits, the switch has a finite, nonlinear resistance. Its effect can generally be negligi-
ble in most applications. Depending on the switching frequency, filter inductance, and
capacitance, the inductor current could be discontinuous.
The voltage across the inductor L is, in general,

di
= J —
LT e
Assuming that the inductor current rises linearly from [, to I in time t,,
=1 Al
V,—l‘;=LI——I=L— (5.44)
f fy
or
AL
h = v, -, (5.45)
and the inductor current falls linearly from [; to [ in time t;,
-V, = —L"ﬂ (5.46)
L]
or
Al L
f = (5.47)

where Al = [ = [} is the peak-to-peak ripple current of the inductor L. Equating the
value of A in Eqgs. (5.44) and (5.46) gives

_ M-V Ve
Al'= 7 =7

Substitutingy = kT and 1, = (1 — k)T vyields the average output voltage as

I
vV, =V, ;‘ = kV, (5.48)

Assuming a lossless circuit, VI, = VI, = kV,[, and the average input current
I, = kI, (5.49)
The switching period T can be expressed as

AIL _AIL _ AILY,

T = = En =
v:!: - Va Va Va{V: - Va}

=H+1 (5.50)

et
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which gives the peak-to-peak ripple current as

_ V;“}: = Va)
Al = —IW (5.51)
or
> Vik(l = k)
Al = __fL (5.52)

Using Kirchhoff’s current law, we can write the inductor current iy as
=it

If we assume that the load ripple current Ai, is very small and negligible, Ai; = Ai,.
The average capacitor current, which flows into for 1,/2 + /2 = T12, is

A1

I
C 4

The capacitor voltage is expressed as
1.
v, =Efifdr + v (1 =0)

and the peak-to-peak ripple voltage of the capacitor is

1 [Tal AIT Al
ﬁﬂ—vf—vc[f—ﬂ}—El le‘—ﬁ—sf—c (5.53)
Substituting the value of Af from Eq. (5.51) or (5.52) in Eq. (5.53) yields
ValV; — Vn}
AV, = —————— 5.54
© BLCf, (5:34)
ar
AV. = M (5.55)
T 8LCf? '

Condition for continuous inductor current and capacitor voltage. If /; is the av-
erage inductor current, the inductor ripple current Af = 24;.

Using Eqgs. (5.48) and (5.52), we get

Ve(l - k)k . 2kVg
=T

which gives the critical value of the inductor L_ as

_(1-KR

L. =L
3 Zf

(5.56)
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If V. is the average capacitor voltage, the capacitor ripple voltage AV, = 2V,. Using
Eqgs. {5.48) and (5.55), we get
Vs(l = k)k

sLcp? 2 s

which gives the critical value of the capacitor C, as

1 -k

C.=C =
€ 16Lf2 .

(5.57)

The buck regulator requires only one transistor, is simple, and has high efficiency
greater than 90%. The di/dt of the load current is limited by inductor L. However, the
input current is discontinuous and a smoothing input filter is normally required. It pro-
vides one polarity of output voltage and unidirectional output current. It requires a
protection circuit in case of possible short circuit across the diode path.

Example 5.5 Finding the Values of LC Filter for the Buck Regulator

The buck regulator in Figure 5.16a has an input voltage of V, = 12 V. The required average out-
put voltage is ¥, = 5V at R = 500 {1 and the peak-lo-peak output ripple voltage is 20 mV. The
switching frequency is 25 kHz. If the peak-to-peak ripple current of inductor is limited to 0.8 A,
determine (a) the duty cycle k, (b} the filter inductance L, and (c) the filter capacitor C, and
{d) the critical values of L and C.

Solurion

V=12V, AV, =20mV, Al = 08A,f =25kHz,and V, = 5 V.

a From Eq.(548),V, = kV,and k = V)V, = 5/12 = 0.4167 = 41.67%.
b. From Eq.(5.51),
Lo S12-5)
T 0.8 % 25,000 % 12

= 14583 uH

¢ From Eg. (5.53),

e 08
B % 20 = 107 % 25,000

= 200 wF

(1- k)R (1 - 0.4167) X 500
2f 2% 25x10°

1 -k - 1 — 0.4167

I6Lf7 16 % 5.83 % 10° X (25 X 10°)?

d. From Eq. (5.56), we get L. = = 583 mH

From Eq. (557),we get C, =

= 0.4 uF

5.8.2

Boost Regulators

In a boost regulator [8, 9] the output voltage is greater than the input voltage—hence
the name “boost.” A boost regulator using a power MOSFET is shown in Figure 5.17a.
The circuit operation can be divided into two modes. Mode 1 begins when transistor
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Lot i)

Mode 2
(b) Equivalent circuits (c) Waveforms

FIGURE 5.17

Boost regulator with continuous i .

M, is switched on at t = 0. The input current, which rises, flows through inductor L and
transistor Q. Mode 2 begins when transistor M, is switched off at r = 1. The current
that was flowing through the transistor would now flow through L, C, load, and diode
D,,,. The inductor current falls until transistor M, is turned on again in the next cycle.
The energy stored in inductor L is transferred to the load. The equivalent circuits for
the modes of operation are shown in Figure 5.17b. The waveforms for voltages and cur-
rents are shown in Figure 5.17¢ for continuous load current, assuming that the current
rises or falls linearly.
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Assuming that the inductor current rises linearly from I; to I; in time 1,

I —
V,=L>2 h_pal (5.58)
h h
or
fn= % (5.59)

I

and the inductor current falls linearly from I, to [, in time .,

V,-V,=-L -‘%{ (5.60)
or
AIL
b= (5.61)

where Al = I, — [, is the peak-to-peak ripple current of inductor L. From Eqs. (5.58)
and (5.60),

M=V_;l‘1_=':ﬂ“’s]lz

L L
Substituting t; = kT and 1, = (1 — k)T yields the average output voltage,
T Vs
Vo=V =% (5.62)
which gives
Vs
(1-k)= v, (5.63)
Substituting k = #,/T = t,f into Eq. (5.63) yiclds
_Va= Vs
H= V. (5.64)

Assuming a lossless circuit, VI, = V,I, = V,I,/(1 — k) and the average input cur-
rent is

I '
I, = T % (5.65)
The switching period T can be found from
AIL AIL AILV,

rleyes- 560

+ =
Vi Va=Vo V(Va-V)
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and this gives the peak-to-peak ripple current:

_ Vr(va - ‘{1}
Al = A (5.67)
or
Vik

When the transistor is on, the capacitor supplies the load current for t = t;. The aver-
age capacitor current during time 1, is /. = I, and the peak-to-peak ripple voltage of
the capacitor is

AV, = v, — vt = 0) = {;flrcd; = %‘[IL = % (5.69)
Substituting r; = (V, — V,)/(V,f) from Eq. (5.64) gives
AV, = M—Ef'-{.‘—m (5.70)
or
AV, = % (5.71)

Condition for continuous inductor current and capacitor voltage. If [ is the av-
erage inductor current, the inductor ripple current Al = 21;.
Using Eqs. (5.62) and (5.68), we get

kV; 2Vs
7 21, =21, (1= KR
which gives the critical value of the inductor L, as
k(1 - k)R
2f

If V, is the average capacitor voltage, the capacitor ripple voltage AV, = 2V,. Using
Eq. (5.71), we get

L.=L (5.72)

Ik
o = V. =
cf 2V, = 2[R
which gives the critical value of the capacitor C, as
C.=C= L (5.73)

2fR
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A boost regulator can step up the output voltage without a transformer. Due to
a single transistor, it has a high efficiency. The input current is continuous. However, a
high-peak current has to flow through the power transistor. The output voltage is very
sensitive to changes in duty cvcle &k and it might be difficult to stabilize the regulator.
The average output current is less than the average inductor current by a factor of
(1 — k), and a much higher rms current would flow through the filter capacitor, re-
sulting in the use of a larger filter capacitor and a larger inductor than those of a buck
regulator.

Example 5.6 Finding the Currents and Voltage in the Boost Regulator

A boost regulator in Figure 5.17a has an input voltage of V; = 5 V. The average output voltage
¥, =15V and the average load current [, = 0.5 A. The switching frequency is 25 kHz. If
L = 150 pH and C = 220 pF, determine (a) the duty cycle k, (b) the ripple current of inductor
Al (c) the peak current of inductor f;, (d) the ripple voltage of filter capacitor AV, and (e) the
critical values of L and C.

Solurion
V,=5V,V, =15V, f = 25kHz, L = 150 pH, and C = 220 uF.

8. From Eq.(5.62),15 = 5/{1 — k) or k = 213 = 0.6667 = 66.67%.
b. From Eq.(5.67),

5% (15— 5)

= =089 A
25,000 = 150 = 107% % 15

Af

. From Eq.(5.65),f, = 0.5/(1 — L667) = 1.5 A and peak inductor current,

:2=f,+%{=1_5+"—§9=1945a

d. From Eq.(5.71),

0.5 = 0.6667

= 35,000 % 220 x 10 = 60.6]1 mV

AV,

V, 15
e. R=-=-—"=30N
I, 05

(1 —k)kR (1 — 0.6667) x 0.6667 x 30

2f 2 %25 % 10°
k 0.6667

g + ] c = = B D-M
From Eq. (5.73), we get C, 2R 2x25 % 10° x 30 b

From Eq. (5.72), we get L. = = 133 pnH

5.8.3

Buck-Boost Regulators

A buck-boost regulator provides an output voltage that may be less than or greater
than the input voltage—hence the name “buck-boost”; the output voltage polarity is
opposite to that of the input voltage. This regulator is also known as an inverting regu-
laror. The circuit arrangement of a buck-boost regulator is shown in Figure 5:18a.
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FIGURE 5.18

Buck-boost regulator with continuous ;.

The circuit operation can be divided into two modes. During mode 1, transistor
(2, is turned on and diode D, is reversed biased. The input current, which rises, flows
through inductor L and transistor (J;. During mode 2, transistor ( is switched off
and the current, which was flowing through inductor L, would flow through L, C, D,
and the load. The energy stored in inductor L would be transferred to the load and
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the inductor current would fall until transistor Q, is switched on again in the next
cycle. The equivalent circuits for the modes are shown in Figure 5.18b. The wave-
forms for steady-state voltages and currents of the buck-boost regulator are shown
in Figure 5.18c for a continuous load current.

Assuming that the inductor current rises linearly from /; to /; in time ¢,

L -1
V,=LM=L£ (5.74)
n n
or
AIL
n= 5.75
1=y (5.75)
and the inductor current falls linearly from /; to [ in time t,,
V,=-L AL (5.76)
]
or
=AIL
= .
2= (5.77)
where Al = I; = [, is the peak-to-peak ripple current of inductor L. From Eqgs. (5.74)
and (5.76),
Vi _ —Vaty
Al = . -1

Substituting r; = kT and t; = (1 — k)T, the average output voltage is
V.k

V., = T-k (5.78)
Substituting t; = kT and 1; = (1 — k)T into Eq. (5.78) yields
L

(1-k)= V.oV (5.79)

Substituting t; = (1 — k)T, and (1 = k) from Eq. (5.79) into Eq. (5.78) yields

V.

= 5.80
Y G0

Assuming a lossless circuit, VI, = =V, [, = V.I,k/(1 — k) and the average input cur-
rent [, is related to the average output current [, by

Ik
1-k

I = (5.81)
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The switching period T can be found from

1 _AIL | AIL AIL(V, = V)
Topmnrn=TotT, Vive a
and this gives the peak-to-peak ripple current,
V.V,
Al = ——"— 5.83)
FLV, - V) ‘
or
Vik
Al = L (5.84)

When transistor O, is on, the filter capacitor supplics the load current for t = t;. The
average discharging current of the capacitor is [, = [, and the peak-to-peak ripple
voltage of the capacitor is

B l ty _1 Iy f_
J.wc-cjﬂ' Idt = f lpdr = ¢ (5.85)
Substituting t; = VJ[(V, — V;)f] from Eq. (5.80) becomes
' 1Va
M= - vare (559
or
- Lk
AV, ic (5.87)

Condition for continuous inductor current and capacitor voltage. If /i is the av-
erage inductor current, the inductor ripple current Af = 2[;. Using Eqgs. (5.78) and
(5.84), we get

kY, 2kV,
L =2 =2 =GR

which gives the critical value of the inductor L, as

. _(1-KR
Le=L="— (5.88)
If V, is the average capacitor voltage, the capacitor ripple voltage AV, = 2V,. Using
Eq. (5.87), we get

Ik
7 = %= 2LR
which gives the critical value of the capacitor C, as
Co=C=s5 (5:89)

2fR
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A buck-boost regulator provides output voltage polarity reversal without a
transformer. It has high efficiency. Under a fault condition of the transistor, the di/dr of
the fault current is limited by the inductor L and will be V//L. Output short-circuit pro-
tection would be easy to implement. However, the input current is discontinuous and a
high peak current flows through transistor Q.

Example 5.7 Finding the Currents and Voltage in the Buck-Boost Regulator

The buck-boost regulator in Figure 5.18a has an input voltage of V, = 12 V. The duty cycle
k = 0.25 and the switching frequency is 25 kHz. The inductance L = 150 wH and filter capaci-
tance € = 220 uF. The average load current [, = 1.25 A. Determine (a) the average output
voltage, V,; (b) the peak-to-peak output voltage ripple, AV (c) the peak-to-peak ripple current
of inductor, Af; (d) the peak current of the transistor, {,; and (e) the critical values of L and C.

Solution
V.=12V,k=0251,=125A,f = 25kHz, L. = 150 pH, and C = 220 uF.

a. FromEq.(5.78),V, = =12 % 0.25/(1 = 0.25) = =4 V.
b. From Eg. (5.87), the peak-to-peak output ripple voltage is

AV, = — 125 KEE___ = 568 mV
25,000 x 220 x 107°

¢. From Eq.(5.84). the peak-to-peak inductor ripple is

12 = 0.25

Al = ———
25,000 = 150 = 107

=08 A

d. From Eq.(53.81). 1, = 1.25 = 0.25/(1 — 0.25) = 0.4167 A. Because [, is the average of
duration k7T, the peak-to-peak current of the transistor,

I, Al 04167 08
hy= 3+ 5 =g * 5 = 206TA

R="r=t _320
& AT Ts T

1- KR (1-025) %32
From Eq. (5.88), we get L, = (IR _ )

2f 2 % 25 % 107

= 450 pH.

From Eq. (5.89), we get C, = L —————— = 156 uF.

5.8.4

Cuk Regulators

The circuit arrangement of the Cik regulator [10] using a power bipolar junction tran-
sistor (BJT) is shown in Figure 5.19a. Similar to the buck-boost regulator, the Ciik reg-
ulator provides an output voltage that is less than or greater than the input voltage, but
the output voltage polarity is opposite to that of the input voltage. It is named after its
inventor [1]. When the input voltage is turned on and transistor {, is switched off,
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FIGURE 5.19
Ciik regulator.
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diode D, is forward biased and capacitor C, is charged through L,, D, and the input
supply V.

The circuit operation can be divided into two modes. Mode 1 begins when tran-
sistor O is turned on at ¢ = 0. The current through inductor L, rises. At the same time,
the voltage of capacitor C, reverse biases diode D, and turns it off. The capacitor C,
discharges its energy to the circuit formed by C,, C;, the load, and L,. Mode 2 begins
when transistor (0, is turned off at t = ¢;. The capacitor C, is charged from the input
supply and the energy stored in the inductor L, is transferred to the load. The diode D,
and transistor () provide a synchronous switching action. The capacitor C; is the
medium for transferring energy from the source to the load. The equivalent circuits for
the modes are shown in Figure 5.19b and the waveforms for steady-state voltages and
currents are shown in Figure 5.19¢ for a continuous load current.

Assuming that the current of inductor L, rises linearly from Iy, to [, in time 1,,

Ii—1 Al
V,=L1M=L]—I (5.90)
1 i
ar
ALL
f = % (5.91)

and due to the charged capacitor Cy, the current of inductor L, falls linearly from Iy
to f;; in time t4,

Al
VemVa= L~ (592)
or
_ -ALL
= V-V, (5.93)

where V¥, is the average voltage of capacitor C;, and Af, = I;; — Ipy;. From

Eqs. (5.90) and (5.92).

Vi _{Vs - Vﬂ.:"l
A= =—2 272
oL, L,

Substituting f; = kT and t; = (1 — k)T, the average voltage of capacitor C, is

-V '
Vo = —_"’1- (5.94)

Assuming that the current of filter inductor L, rises linearly from [;5, to /5 in time 1,

Iy — 1 Al
Vat Vo= L8 =8 = 1,2 (5.95)
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or
ALL,
h = 5.96
TV (5.96)
and the current of inductor L, falls linearly from [ 10 {72 in time 15,
Afy
V, = g —— (5.97)
I
or
_ ALl ,
== (5.98)
where Aly = [;3: — I;5. From Eqgs. (5.95) and (5.97),
+ Vit Vs
.'.‘I.fz { I } 1 )
L, L,
Substituting r, = AT and t; = (1 — k)T, the average voltage of capacitor C, is
V,
o = —f (5.99)
Equating Eq. (5.94) to Eq. (5.99), we can find the averége output voltage as
kV,
V,= —— 5.
4 =& (5.100)
which gives
v, -
k VooV (5.101)
'l_/
1-k=-—1—" 5.102
AT ( )

Assuming a lossless circuit, VI, = =V, I, = V.ILKI[{1 = k) and the average input
current,

ki,
L=1—5% (5.103)
The switching period T can be found from Egs. (5.91) and (5.93):
R A s A A i
which gives the peak-to-peak ripple current of inductor L, as
ap, = Vs = Va) (5.105)

fLV,
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or

Vik
Al = 2 (5.106)

The switching period T can also be found from Eqgs. (5.96) and (5.98):

1 Al L, AllL, —ALL,Vy,
T=—-=n+n= - = (5.107)
foT  Vat Ve Ve V(Va+ V)
and this gives the peak-to-peak ripple current of inductor L, as
VoV + Vo)
Al = —— % (5.108
2T T L, }
or
Vn(l - k} kV
AL = ——————— =2 .
2TTUL L G109

When transistor Q| is off, the energy transfer capacitor C; is charged by the input cur-
rent for time ¢ = 5. The average charging current for C; is I, = [, and the peak-to-
peak ripple voltage of the capacitor C; is

1 [~ 1 " 1t
AV, = —/ Iqdl = —_f I dt = == {5.110)
SN Ci Jy G

Equation (5.102) gives 1. = VJ/[(V; = V,)f] and Eq. (5.110) becomes

AV, = ﬁ (5.111)
or
av, = 217K (5.112)
Gy

If we assume that the load current ripple Ai, is negligible, Ai;> = Aj,. The average
charging current of Cs, which flows for time 7/2,is I, = Al/4 and the peak-to-peak
ripple voltage of capacitor C; is

T R Y 2 Al
MWo= | ladi= CJ 3 4 =gC, (5.113)
or
Vi(l =k /
AV, = — ol ! ) _ KV (5.114)

8C,Lof7  8C,Lof?
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Condition for continuous inductor current and capacitor voltage. 1f 7, is the av-
erage current of inductor Ly, the inductor ripple current Afy = 2{;;. Using Eqs. (5.103)
and (5.106), we get

kVy 2kl, ( k )Ivs
— =7 = = = -—
fL, "M== T ATk R
which gives the critical value of the inductor L, as
(1 — k)R
Ly=1L = T (5.115)

If 115 is the average current of inductor L,, the inductor ripple current Al = 21;..
Using Eqgs. (5.100) and (5.109), we get

kVs 2V, 2kVy
=== ==
fLy R~ (1-kR
which gives the critical value of the inductor L, as
(1 -k)}R
La=L;=—77 5.116

If V,, is the average capacitor voltage, the capacitor ripple voltage AV, = 2V,. Using
AV, = 2V, into Eq. (5.112), we get

Is(1 = k)
/G
which, after substituting for Iy, gives the critical value of the capacitor C, as

k
Ca=0C = iﬁi (5.117)

=2V, =2[,R

If V.5 is the average capacitor voltage, the capacitor ripple voltage AV, = 2V,. Using
Eq. (5.100) and (5.114), we get

kV. 2kV,
S _ oy, = s
BC,L-f 1 -k
which, after substituting for L. from Eq. (5.116), gives the critical value of the capacitor
C.as

1
BfR
The Ciik regulator is based on the capacitor energy transfer. As a result, the input
current is continuous. The circuit has low switching losses and has high efficiency. When

transistor ¢ is turned on, it has to carry the currents of inductors L, and L. As a re-
sult a high peak current flows through transistor (0. Because the capacitor provides

Co=C, = (5.118)
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the energy transfer, the ripple current of the capacitor C, is also high. This circuit also
requires an additional capacitor and inductor.

Example 5.8 Finding the Currents and Voltages in the Clk Regulator

The input voltage of a Cidk converter in Figure 5.19a, V, = 12 V. The duty cycle k = 0.25 and the _
switching frequency is 25 kHz. The filter inductance is L, = 150 pH and filter capacitance is
€y = 220 pF, The energy transfer capacitance is C; = 200 wF and inductance L, = 180 pH. The
average load current is f, = 1.25 A, Determine (a) the average output voltage V,; (b) the aver-
age imput current /;; (c) the peak-to-peak ripple current of inductor L), Af}; (d) the peak-to-
peak ripple voltage of capacitor Cy, AV, (e) the peak-to-peak ripple current of inductor
L;, Al (f) the peak-to-peak ripple voltage of capacitor C;, AV.;; and (g) the peak current of the
transistor /.

Solution
V=12V k=0251 =125A,f =25kHz, L, = 180 pH, C, = 200 pF, L, = 150 pH, and
{‘: - 22.” i.I.F.

a. From Eq.(5.100),V, = =025 =% 12/(1 = 0.25) = =4V,

b. From Eq.(3.103). f, = 1.25 x 0.25/{1 = 0.25) = 042 A,

c. From Eq.(5.106), Al, = 12 = 0.25/25,000 = 180 x 107") = 0.67 A,

d. From Eq.(5.112), AV, = 042 x {1 — 0.25)/(25000 = 200 =% 107%) = 63 mV.

. From Eq. (5.100), Af: = 0.25 = 12/{25,000 = 150 = 107") = 0.8 A,
. From Eq.(5.113), AV,; = 0.8/(8 x 25,000 = 220 % 107"} = 18,18 mV.
g. The average vollage across the diode can be found from
1

Vi = —kVy = -Vk— =V,

. < =V. (5.119)

For a lossless cireuit. [,,V,,, = V.[, and the average value of the current in inductor L. is

Iuvru
hp=—7—m=1,
Vi (5.120)
=125 A
Therefore., the peak current of transistor is
Al Al; 0.67 0.8
L=l + 55+l + 5 =042+ —- + 125+ = = 2405A

-
-

5.8.5

Limitations of Single-Stage Conversion

The four regulators use only one transistor, employing only one stage conversion, and

require inductors or capacitors for energy transfer. Due to the current-handling limita-
tion of a single transistor, the output power of these regulators is small, typically tens of
watts. Al a higher current, the size of these components increases, with increased com-
ponent losses, and the efficiency decreases. In addition, there is no isolation between
the input and output voltage, which is a highly desirable criterion in most applications.
For high-power applications, multistage conversions are used, where a de voltage is



5.9 Comparison of Regulators 205

converted to ac by an inverter. The ac output is isolated by a transformer and then con-
verted to dc by rectifiers. The multistage conversions are discussed in Section 14-4.

Key Points of Section 5.8

* A dcregulator can produce a dec output voltage, which is higher or lower than the
de supply voltage. LC filters are used to reduce the ripple content of the output
voltage. Depending on the type of the regulator, the polarity of the output volt-
age can be opposite of the input voltage.

COMPARISON OF REGULATORS

When a current flows through an inductor, a magnetic field is set up. Any change in this
current changes this field and an emf is induced. This emf acts in such a direction as to
maintain the flux at its original density. This effect is known as the self-induction. An in-
ductor limits the rise and fall of its currents and tries to maintain the ripple currentlow.

There is no change in the position of the main switch @, for the buck and
buck-boost regulators. Switch 2, is connected to the dc supply line. Similarly, there is
no change in the position of the main switch @, for the boost and Cik regulators.
Switch Q, is connected between the two supply lines. When the switch is closed, the
supply is shorted through an inductor L, which limits the rate of rise of the supply
current.

In Section 5.8, we derive the voltage gain of the regulators with the assumptions
that there were no resistances associated with the inductors and capacitors. However,
such resistances though small may reduce the gain significantly [11, 12]. Table 5.1 sum-
marizes the voltage gains of the regulators.

Inductors and capacitors act as energy storage elements in switched-mode regu-
lators, and as filter elements to smooth out the current harmonics. We can notice from
Eqgs. (B.17) and (B.18) in Appendix B that the magnetic loss increases with the square
of frequency. On the other hand, a higher frequency reduces the size of inductors for

TABLE 5.1

Summaries of Regulator Gains [Ref 11]

Regulator

Voltage Gain, G(k) = V)V
with Negligible Values of ry and re

Voltage Gain, G(k) = V,/V; with Finite
Values of r; and r-

Buck

Boost

Buck=boost

kR
R+r

).

)|

1 (1- k)R

1 -k

reR
e+ R

| (1= kPR + 1+ k(11— k}(

(1= kPR

rcR
re + R

| (1= KPR+ + k(1 - k}(
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5.10

the same value of ripple current and filtering requirement. The design of dc-dc con-
verters requires a compromise among switching frequency, inductor sizes, capacitor
sizes, and switching losses.

MULTIOUTPUT BOOST CONVERTER

For a digital signal processor, high-speed computation requires a high supply voltage V;
for fast switching. Because power consumption is proportional to the square of Vj, it is
advisable to lower V; when lower computation speed is needed. A boost converter can
be used to power high-speed processor cores with a very low supply voltage. A single-
inductor dual-output (SIDO) boost converter topology [12] is shown in Figure 5.20.

The two outputs V,, and V,, share the inductor L and the switch ;. Figure 5.21
shows the timing of the converter. It works with two complementary phases ¢, and ¢;.
During ¢, = 1, §, is opened and no current flows into V., whereas 5§, is closed first.
The inductor current /; increases until the time k,,T expires (determined by the out-
put of an error amplifier), where T is the switching period of the converter. During the
time ky, T, 8 is opened and S, is closed to divert the inductor current into the output
Via A zero current detector senses the inductor current, and when it goes to zero, the
converter enters the time k3,7, and 8, is opened again. The inductor current stays at
zero until ¢y, = 1. Thus, ky,, k3., and ki, must satisfy the requirements that

ks + kog = 0.5 (5.121)
kg + kyg + k3g =1 (5.122)

During ¢, = 1, the controller multiplexes the inductor current into the output V,,, dur-
ing ¢, = 1. Similarly, the controller multiplexes the inductor current into the output
Ve during ¢, = 1. The controller regulates the two outputs, alternately. Due to the
presence of k5, T and k4T, the converter operates into the discontinuous conduction
mode (DCM), essentially isolating the control of the two outputs such that load varia-
tion in one output does not affect the other. Therefore, the problem of cross regulation
is alleviated. Another advantage of DCM control is simple compensation of the system

5,
L
A o Va,
— e Vi

v, So

5 l\ = Cy =C,
_ [ .
FIGURE 5.20

Single-inductor dual-output boost converter. [Rel 12, D Ma]
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FIGURE 5.21

Timing diagram for the dual-output boost converter.

because there is only one LHP pole in the transfer function of the loop gain of each of
the output [13].

With similar time multiplexing control, the dual-output converter can easily be
extended to have N outputs as shown in Figure 5.22,if N nonoverlapping phases are as-
signed to the corresponding outputs accordingly. By employing time multiplexing
(TM) control, a single controller is shared by all the outputs. Synchronous rectification,
in the sense that the transistor in replacing the diode is switched off when the inductor
current tends to go negative, is employed, thus eliminating diode drops and enhancing
efficiency. All power switches and the controller can be fabricated on-chip [14, 15] and

with only one inductor for all outputs, off-chip components are minimized.

Key Points of Section 5.10

* The boost converter can be extended to yield multiple outputs by using only a
single inductor. By employing TM control, a single controller is shared by all the
outputs. All power switches and the controller can be fabricated on-chip and with
only one inductor for all outputs, off-chip components are minimized. This con-
verter could find applications such as a power supply f?r high-speed digital signal
processors.
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FIGURE 5.22
Topology of boost converter with A outputs.

DIODE RECTIFIER-FED BOOST CONVERTER

Diode rectifiers are the most commonly used circuits for applications where the input
is the ac supply (e.g.. in computers, telecommunications, fluorescent lighting, and air-
conditioning). The power factor of diode rectifiers with a resistive load can be as high
as 0.9, and it is lower with a reactive load. With the aid of a modern control technique,
the input current of the rectifiers can be made sinusoidal and in phase with the input
voltage, thereby having an input PF of approximate unity. A unity PF circuit that
combines a full-bridge rectifier and a boost converter is shown in Figure 5.23a. The
input current of the converter is controlled to follow the full-rectified waveform of the
sinusoidal input voltage by PWM control [16-23]. The PWM control signals can be
generated by using the bang-bang hysteresis (BBH) technique, similar to the delta
modulation in Figure 6.26. This technique, which is shown in Figure 5.23b, has the ad-
vantage of yielding instantaneous current control, resulting in a fast response. How-
ever, the switching frequency is not constant and varies over a wide range during
each half-cycle of the ac input voltage. The frequency is also sensitive to the values of
the circuit components.

The switching frequency can be maintained constant by using the reference cur-
rent /s and feedback current [, averaged over the per-switching period. This is shown
in Figure 5.23c. [, is compared with I, If Iy = [y, the duty cycle is more than 50%.
For .y = Ip, the duty cyvele is 50%. For f, < [, the duty cycle is less than 50%. The
error is forced to remain between the maximum and the minimum of the triangular
waveform and the inductor current follows the reference sine wave, which is superim-
posed with a triangular waveform. The reference current I, is generated from the
error voltage V(= Vi — V,) and the input voltage ¥}, 1o the boost converter.

The boost converter can also be used for the power factor (PF) correction of
three-phase diode rectifiers with capacitive output filters [19, 29] as shown in
Figure 5.24. The bpost converter is operated under DCM of the inductor current mode
to achieve a sinusoidal input current shaping. This circuit uses only one active switch,
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FIGURE 5.23

Power factor conditioning of diode rectifiers.
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FIGURE 5.24
Three-phase rectifier-fed boost converter. [Ref. 29, C. Mufioz]

with no active control of the current. The drawbacks of the simple converter are exces-
sive output voltage and the presence of fifth harmonics in the line current, This kind of
converter is commonly used in industrial and commercial applications requiring a high
mput power factor because their input-current waveform automatically follows the
input-voltage waveform. Also, the circuit has an extremely high efficiency.

However, if the circuit is implemented with the conventional constant-frequency,
low-bandwidth, output-voltage feedback control, which keeps the duty cycle of the
switch constant during a rectified line period, the rectifier input current exhibits a rela-
tively large fifth-order harmonic. As a result, at power levels above 5 kW, the fifth-
order harmonic imposes severe design, performance, and cost trade-offs to meet the
maximum permissible harmonic current levels defined by the IEC555-2 document
[30]. Advanced control methods such as the harmonic injection method [31] can reduce
the fifth-order harmonic of the input current so that the power level at which the input
current harmonic content still meets the IEC555-2 standard is extended.

Figure 5.25 shows the block diagram of the robust, harmonic injection technique
introduced in [3-5]. A voltage signal that is proportional to the inverted ac component of
the rectified, three-phase, line-to-line input voltages is injected into the output-voltage
feedback loop. The injected signal varies the duty cycle of the rectifier within a line cycle
to reduce the fifth-order harmonic and improve the THD of the rectifier input currents.

Key Points of Section 5.11

* The full-bridge rectifier can be combined with a boost converter to form a unity
power factor circuit. By controlling the current of the boost inductor with the aid
of feedback control technique, the input current of the rectifier can be made si-
nusoidal and in phase with the input voltage, thereby having an input PF of ap-
proximate unity.
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Three-phase DCM boost rectifier with a harmonic injection method. [Ref 31, Y. Jang)

CHOPPER CIRCUIT DESIGN

We can notice from Eq. (5.7) that the output voltage contains harmonics. An output fil-
ter of C, LC, L type may be connected to the output to reduce the output harmonics
[24, 25). The techniques for filter design are similar to that of Examples 3.17 and 10.15.

A converter with a highly inductive load is shown in Figure 5.26a. The load cur-
rent ripple is negligible (Al = 0). If the average load current is I,, the peak load
current is I, = I, + Al = [,. The input current, which is of pulsed shape as shown in
Figure 5.26b, contains harmonics and can be expressed in Fourier series as

i(1) = kI, + ;—" >, sin 2nmk cos 2Znmft
el (5.123)

I
+ —= S'(1 — cos 2nwk) sin 2nwft
nm &

The fundamental component (r = 1) of the converter-generated harmonic current at
the input side is given by

I I
ia(t) = ;‘sin 2wk cos 2nfr + : (1 — cos 2wk) sin 2w ft (5.124)
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Equivalent circuit for harmonic currents.

In practice, an input filter as shown in Figure 5.27 is normally connected to filter
out the converter-generated harmonics from the supply line. The equivalent circuit for
the converter-generated harmonic currents is shown in Figure 5.28, and the rms value
of the nth harmonic component in the supply can be calculated from

1 1
I, = Iy = I
T+ 2nwfPLC. ™ 1+ (nfif)? ™
where fis the chopping frequency and f = /(27 L,C,) is the filter resonant fre-

quency. If (f/fy) == 1, which is generally the case, the nth harmonic current in the sup-
ply becomes

(5.125)

2
I = I, (ni;];) (5.126)
A high chopping frequency reduces the sizes of input filter elements, but the frequen-
cies of converter-generated harmonics in the supply line are also increased; and this
may cause interference problems with control and communication signals.
If the source has some inductances, L;, and the converter switch as in Figure 5.1a
is turned on, an amount of energy can be stored in the source inductance, If an attempt
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is made to turn off the converter switch, the power semiconductor devices might be
damaged due to an induced voltage resulting from this stored energy. The LC input fil-
ter provides a low-impedance source for the converter action.

Example 5.9 Finding the Harmonic Input Current of a Dc Converter

A highly inductive load is supplied by a converter as shown in Figure 5.26a. The average load
current is I, = 100 A and the load ripple current can be considered negligible (A = 0). A sim-
ple LCinput filter with L, = 0.3 mH and C, = 4500 pF is used. If the converter is operated al a
frequency of 350 Hz and a duty cycle of 0.5, determine the maximum rms value of the funda-
mental component of converter-generated harmonic current in the supply line.

Solution
Forl, = 100 A, f = 350 Hz, k = 0.50,C, = 4500 pF, and L, = 0.3 mH, f; = V(2nVC.L,) =
136.98 Hz. Equation (5.124) can be written as

fiy(t) = Ay cos2nfr + By sin 2w f1

where A; = ([ /) sin 2wk and B) = ([/v){1 — cos 2wk). The peak magnitude of this current
is calculated from

Vil
Iy = (A} + B = == (1 = cos 2mk)"? (5.127)

The rms value of this current is
';ﬂ (e
Iy =;{1 - 00'52115:}[' = 4502 A

and this becomes maximum at k = (L5, The fundamental component of converter-generated
harmonic current in the supply can be calculated rom Eq. (5.125) and is given by

- L, 45.02
1+ (fif ™ 1+ (350136.98)

Iy = 598 A

If fify == 1, the harmonic current in the supply becomes approximately

ot

Key Points of Section 5.12

* The design of a de—dc converter circuit requires (a) determining the converter
topology, (b) finding the voltage and currents of the switching devices, (c) finding
the values and ratings of passive elements such as capacitors and inductors, and
(d) choosing the control strategy and the gating algorithm in order to obtain the
desired output.
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Example 5.10

A buck converter is shown in Figure 5.29. The input voltage is ¥, = 110 V, the average load volt-
age is ¥, = 60V, and the average load current is [, = 20 A. The chopping frequency is
[ = 20 kHz. The peak-to-peak ripples are 2.5% for load voltage, 5% for load current, and 10%
for filter L, current. (a) Determine the values of L., L, and C,. Use PSpice (b) to verify the re-
sults by plotting the instantaneous capacitor voltage v, and instantaneous load current {;; and
(c) to calculate the Fourier coefficients and the input current i5. The SPICE model parameters of
the transistor are 1S = 6.734f, BF = 4164, BR = 0.7371, CJC = 3.638P, CJE = 4.493P,
TR = 239.5N, TF = 301.2P, and that of the diode are IS = 2.2E~15, BV = 1800V, TT = 0,

Solution
V, = 110V, V, =60V, I, = 20 A.
AV, =002 x V, =0025 X 60 = 15V
¥,
R= T: = % =3iN
From Eqg. (5.48),
k =£T = % = 0.5455

From Eq. (3.49),

1, = ki, = 05455 x 20 = 1091 A
Af, =005 % [, = 005 %20 = 1A
Al=01x[,=01%x20=2A

a. From Eq. (5.51), we get the value of L

VuV, = Vo) 60 X (110 ~ 60)

Le = X1V, = 2% 20kHz % 110

= 681.82 uH

From Eq.(5.53) we get the value of C:
Al 2

Ce= V. x8f 15x8x20khz  BHF
. Q —! -'-erﬂ"w 4 - L
\I.Z R
4=
v, 10V D, C.== ¥ R
FIGURE 5.29 —‘7
nw

Buck converter.
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FIGURE 5.30
Buck chopper for PSpice simulation.

Assuming a linear rise of load current i;, during the time from ¢ = Otos; = kT, we can
write approximately

which gives the approximate value of L:

L= KTAV. _ kav.
Al,  ALS

_ 05454 X 15
1 % 20kHz

(5.128)
= 40.91 pH
k = 05455, f = 20kHz, T = 1/f = 50ps, and t,, = k& X T = 27.28 ps. The buck

chopper for PSpice simulation is shown in Figure 530a. The control voltage V; is
shown in Figure 5.30b. The list of the circuit file is as follows:

Exarpla 5.10 Buck Comverter

EEF I G

1 o oo 110v

1 2 o bty ; Voltage source to measure input current

7 3 PULSE (OV 20 0 0.I1WS 0.1WS  27.28US 50U8)

7 & 250 ; Transistor base resistance
3 4 681.82UH
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cE 4 0 B.330F
L 4 8 40.91UH
R 8 5 3
VX 5 o oc
m 0 3 oD
LMODEL  DHMOD

ol 2 & 3
.MODEL QMDD NPW

+ CJE=4 .433F TR=239.5N TF=301.2F)

o

@00
(I5=6.734F BF=416.4 BR=.7371 CJC=3.638F

IC=60V

D{I5=2.2E-15 BV=1800W TT=0)

initial wvoltage

; Voltage source to measure load current

; Freewheeling dicde

; Diode model parameters

: BIT switch

; BIT model parameters
; Transient analysis

1 Graphics postprocessor

.options abstol = 1.00n reltol = 0.01 wntol = 0.1 ITLS=50000 ; convergence

JTRAN 105 1.6M5 1.5M5 1Us UIC
. FROBE

JPOUR 20FHEZ vy

. END

: Pourier analysis

The PSpice plots are shown in Figure 531, where /{V.X) = load current,
{(Le) = inductor L, current, and V(4) = capacitor voltage. Using the PSpice cursor
in Figure 531 gives V, =V, = 50462V, AV, = L.7T82V, Al = 2029A. [, =
19.813 A, Al; = 03278 A, and [, = 19.8249 A, This verifies the design; however, Af;

gives a better result than expected.

Example 5.10

80.0V

A Buck Converter

Temperature: 27.0

60,0V

400V

o V(4)
200 A

19.6 A t

a [{VX)
4000 A t

200A &

0.0A
1.50 ms
o I(Le)

L‘.‘-r2 ms

FIGURE 5.31

PSpice plots for Example 5.10. 7

T
1.54 ms

Time

1.58 ms 1.60 ms
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€. The Fourier coefficients of the input current are

FOURIER COMPONENTS OF TRAMNSIENT RESPONSE I(VY)
DC COMPONENT = 1.079535E+01

5.13

HARMONIC FREQUENCY FOURIER MORMALIZED FHASE NORMALIZED
8] [HZ) COMPONENT COMPONENT {DEG) FHASE (DEG)
1 2.000E+04 1.251E+01 1.000E+00 -1.155E+01 0.000E+00
2 4.000E+04 1.76%E+00 1.415E-01 T.969E+0] §.163E+01
3 6.000E+04 3.B4BE+0D 3.076E-01 —3.131E+01 —1.337E+0L
4 B.000E+04 1.686E+00 1.348E-01 5.500E+01 6.695E+01
5 1.000E+05 1.939E+00 1.551E-01 —5.187E+01 —3.992E+01
& 1.200E+05 1.577E+00 1.261E-01 1.347E+01 4.542E+01
7 1.400E+05 1.014E+00 8.107e-02 —7.328E+01 —6.133E+01
] 1.600E+05 1.435E-00 1.147E-01 1.2718+01 2.466E-01
) 1.BO0E+05 4.385E-01 3.506E-02 —9.751E+01 —B.556E-01
TOTAL HARMOWNIC DISTORTION =  4.401661E+01 PERCENT

Key Points of Section 5.12

¢ The design of a de—dc converter circuit requires (1) determining the converter
topology, (2) finding the voltage and currents of the switching devices, (3) finding
the values and ratings of passive elements such as capacitors and inductors, and
(4) choosing the control strategy and the gating algorithm to obtain the desired
output.

STATE-5PACE ANALYSIS OF REGULATORS

Any nth order linear or nonlinear differential equation in one time-dependent variable
can be written [26] as n first-order differential equation in # time-dependent variables
X through x,. Let us consider, for example, the following third-order equation:

V' "+ agy +ap =0 (5.129)

where y' is the first derivative of y, y' = (d/dr) y. Let y be x,. Then Eq. (5.129) can be
represented by the three equations

' =x {5.130)
X" =1 (5.131)
.I\':q.'fr = =dpX] = 44Xy = 33X {54132}

In each case, n initial conditions must be known before an exact solution can be found.
For any nth-order system, a set of n-independent variables is necessary and sufficient
to describe that system completely. These variables xy, x3, ..., x,. are called the stare
variables for the system. If the initial conditions of a linear system are known at time #;,
then we can find the states of the systems for all time ¢ > 1, and for a given set of input
SOUTCES,
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FIGURE 5.32
Buck converter with state variables.

All state variables are subscribed x's and all sources are subscribed u's. Let us
consider the basic buck converter of Figure 5.16a, which is redrawn in Figure 5.32a.The
dc source V/ is replaced with the more general source u;.

Mode 1. Switch 5, is on and switch 5; is off. The equivalent circuit is shown in
Figure 5.32b. Applying Kirchoff's voltage law (KVL), we get
= Lx" + x;
1

C.Iz' =X - 'E.Iz

which can be rearranged to

X, = -Tlxz + i-ul (5.133)
le = _?lxz + %xz (5‘134}

These equations can be written in the universal format:
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x' = Alx + B|u'| {5.135}

X
where x = state vector = ( x’)
2
-1
O T
Ay = state coefficient matrix = 1 -1
C RC
u; = source vector
1
. . L
B, = source coefficient matrix = 9

Mode 2. Switch 5, is off and switch 5, is on. The equivalent circuit is shown in
Figure 5-32c. Applying KVL, we get

D= Lx;" + x;
1
Cxy =x - —
A2 23 R X2
which can be rearranged to

-1

X’ = "E-Xz (5136]
x'—-u—lx +-1—.r (5.137)
P CcRCT '
These equations can be written in the universal format:
x' = Ayx + By (5.138)
)
where x = state vector =
*2
-1
0 —
. . L
A; = state coefficient matrix = 1 =1
C RC

u; = source vector = 0
. . 0
B; = source coefficient matrix = ( n)
In feedback systems, the duty cycle k is a function of x and may be a function of u as

well. Thus, the total solution can be obtained by state-space averaging, that is, by
summing the terms for each analysis the switched linear mode. Using the universal
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format, we get

A= Ak + Ax(1 = k) (5.139)
B = Bik + By(1 - k) (5.140)
Substituting for A,, A,, By, and B;, we can find
0o T
A= 11 (5.141)
C RC
k
L
B= 0 (5.142)
which in turn lead to the following state equations:
-1 k
x = T,rz + 'Eul (5.143)
JEp (5.144
x' = C X3 RC X3 J144)

A continuous but nonlinear circuit that is described by Eqgs. (5.143) and (5.144) is
shown in Figure 5.33. It is a nonlinear circuit because & in general can be a function of
Xy, X3, and .

The state-space averaging is an approximation technique that, for high enough
switching frequencies, allows a continuous-time signal frequency analysis to be carried
out separately from the switching frequency analysis. Although the original system is
linear for any given switch condition, the resulting system (i.e., in Figure 5.33) gen-
erally is nonlinear. Therefore, small-signal approximations have to be employed to
obtain the linearized small-signal behavior before other techniques [27, 28], such as
Laplace transforms and Bode plots, can be applied.

FIGURE 5.33 {

Continuous equivalent circuit of the
Buck converter with state variables. .
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Key Points of Section 5.13

* The state—space averaging is an approximate technique that can be applied to de-
scribe the input and output relations of a switching converter, having different
switching modes of operation. Although the original system is linear for any
given switch condition, the resulting system generally is nonlinear. Therefore,
small-signal approximations have to be employed to obtain the linearized small-
signal behavior before other techniques can be applied.

SUMMARY

A dec converter can be used as a dc transformer to step up or step down a fixed dc volt-
age. The converter can also be used for switching-mode voltage regulators and for
transferring energy between two dc sources. However, harmonics are generated at the
input and load side of the converter, and these harmonics can be reduced by input and
output filters. A converter can operate on either fixed frequency or variable fre-
quency. A variable-frequency converter generates harmonics of variable frequencies
and a filter design becomes difficult. A fixed-frequency converter is normally used. To
reduce the sizes of filters and to lower the load ripple current, the chopping frequency
should be high. The state-space averaging technique can be applied to describe the
input and output relations of a switching converter, having different switching modes
of operation.
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REVIEW QUESTIONS

51 What is a de chopper, or de—de converter?
5.2 What is the principle of operation of a step-down converter?
5.3 What is the principle of operation of a step-up converter?
54 What is pulse-width-modulation control of a converter?
55 What is frequency-modulation control of a converter?
5.6 What are the advantages and disadvantages of a variable-frequency converter?
5.7 What is the effect of load inductance on the load ripple current?
5.8 What is the effect of chopping frequency on the load ripple current?
59 What arc the constraints for controllable transfer of energy between two de voltage
sources?
510 What is the algorithm for generating the duty evele of a converter?
511 What is the modulation index for a PWM control?
512 What is a first and second guadrant converter?
5.13 What is a third and fourth quadrant converter?
514 What is a four-quadrant converter?
515 What are the performance parameters of a converter?
516 What is a switching-mode regulator?
5.17 What are the four basic types of switching-mode regulators?
5.18 What are the advantages and disadvantages of a buck regulator?
5.19 What are the advantages and disadvantages of a boost regulator?
5.20 What are the advantages and disadvantages of a buck-boost regulator?
5.21 What are the advantages and disadvantages of a Cik regulator?
52 Al what duty cyele does the load ripple current become maximum?
523 What are the effects of chopping frequency on filter sizes?
524 What is the discontinuous mode of operation of a regulator?
525 What is a multioutput boost converter?
526 Why must the multioutput boost converter be operated with time multiplexing control?
5.27 Why must the multioutput boost converter be operated in discontinuous mode?
5.28 How can the input current of the rectifier-fed boost converter be made sinusoidal and in
phase with the input voltage?
5.29 What is a stale-space averaging technigue?
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PROBLEMS
51

57

59

5.10

511

512

The dc converter in Figure 5.1a has a resistive load, R = 20 {1 and input voltage,
V, = 220 V. When the converter remains on, its voltage drop is V5, = 1.5 V and chopping
frequency is f = 10 kHz. If the duty cycle is 80%, determine (a) the average output volt-
age V,, (b) the rms output voltage V., (c) the converter efficiency, (d) the effective input
resistance K, and (e) the rms value of the fundamental component of harmonics on the
output voltage.
A converter is feeding an RL load as shown in Figure 5.3 with V, = 220V, R = 10 1],
L =155mH, f = 5kHz, and E = 20 V. Calculate (a) the minimum instantaneous load
current fy, (b) the peak instantaneous load current f5, () the maximum peak-to-peak rip-
ple current in the load, (d) the average load current [, {e) the rms load current {,, {f) the
effective input resistance R;, and (g) the rms value of converter current [5.
The converter in Figure 5.3 has load resistance, R = 0.2 {}; input voltage V, = 220 V; and
battery voltage, £ = 10 V. The average load current, [, = 200 A, and the chopping fre-
quency is f = 200 Hz (T = 5 ms). Use the average output voltage to calculate the value
of load inductance L, which would limit the maximum load ripple current to 5% of I
The dc converter shown in Figure 5.7a is used to control power flow from a dc voltage,
Vi =110V to a battery voltage, E = 220 V. The power transferred to the battery is
30 kW.The current ripple of the inductor is negligible. Determine (a) the duty cycle K, (b)
the effective load resistance R., and (c) the average input current /,.
For Problem 5.4, plot the instantaneous inductor current and current through the battery
E if inductor L has a finite value of L = 7.5 mH, f = 250 Hz, and k = 0.5.
An RL load as shown in Figure 5.3 is controlled by a converter. If load resistance
R = 025 11, inductance L. = 20 mH, supply voltage V, = 600, battery voltage E = 150V,
and chopping frequency f = 230 Hz, determine the minimum and maximum load current,
the peak-to-peak load ripple current, and average load current for £ = 0.1 to 0.9 with a
step of 0.1,
Determine the maximum peak-to-peak ripple current of Problem 5.6 by using Eqs. (5.21)
and (5.22), and compare the results.
The step-up converter in Figure 5.8a has R = 100}, L = 6.5mH, E = 5V, and k = 0.5.
Find {,, I, and Al. Use SPICE to find these values and plot the load, diode, and switch
current.
The buck regulator in Figure 5.16a has an input voltage, V; = 15 V. The required average
output voltage ¥, = 5V and the peak-to-peak output ripple voltage is 10 mV. The switch-
ing frequency is 20 kHz. The peak-to-peak ripple current of inductor is limited to 0.5 A.
Determine (a) the duty cycle k, (b) the filter inductance L, () the filter capacitor C, and
{d) the critical values of L and C.
The boost regulator in Figure 5.17a has an input voltage, V; = 6 V. The average output
voltage, ¥, = 15V and average load current, I, = 0.5 A. The switching frequency is 20
kHz If L. = 250 pH dnd C = 440 pF, determine {a) the duty cycle k (b) the ripple current
of inductor, A/, (c) the peak current of inductor, I3, (d) the ripple voltage of filter capacitor,
AV, and (e) the critical values of L and C.
The buck-boost regulator in Figure 5.18a has an input voltage, V; = 12 V. The duty cycle,
k = (.6, and the switching frequency is 25 kHz. For the inductance, L = 250 pH and for
filter capacitance, C = 220 pF. For the average load current, {, = 1.5 A. Determine
{(a) the average output voltage V,, (b) the peak-to-peak output ripple voltage AV, (c) the
peak-to-peak ripple current of inductor A/, (d) the peak current of the transistor [, and
(e) the critical values of L and C.
The Cik regulator in Figure 5.19a has an input voltage, ¥, = 15V. The duty cycle is
= 0.4 and the switching frequency is 25 kHz. The filter inductance is £, = 350 pH and
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filter capacitance is C; = 220 pF. The encrgy transfer capacitance is C, = 400 pF and in-
ductance is L, = 250 pH. The average load current is {, = 1.25 A. Determine (a) the av-
erage output voltage V., (b) the average input current [, {c) the peak-to-peak ripple
current of inductor L, Af,, (d) the peak-to-peak ripple voltage of capacitor Cy. AV,
(e} the peak-to-peak ripple current of inductor L,, &1y, (I) the peak-to-peak ripple voll-
age of capacitor C;, AV5, and (g) the peak current of the transistor [,

In Problem 5.12 for the Cik regulator, find the eritical values of L), €y, L, and Cs.

The buck converter in Figure 5.29 has a de input voltage V, = 110V, average load voltage
V, = 80 V, and average load current [, = 20 A. The chopping frequency is f = 10 kHz.
The peak-to-peak ripples are 5% for load voltage, 2.5% for load current, and 10% for filter
L, current. (a) Determine the values of L, L, and C,. Use PSpice (b) to verify the results
by plotting the instantaneous capacitor voltage v and instantaneous load current {;, and
(c) 1o calculate the Fourier coefficients of the input current i, Use SPICE model parame-
ters of Example 5.10.

The boost converter in Figure 5.17a has a de input voltage Vy = 5 V. The load resistance R
is 100 ). The inductance is L. = 150 pH, and the filter capacitance is C = 220 pF. The
chopping frequency is f = 20 kHz and the duty cycle of the converter is k = 60%. Use
PSpice (a) to plot the output voltage v, the input current i, and the MOSFET voltage vy
and {b) to calculate the Fourier coefficients of the input current i,. The SPICE model pa-
rameters of the MOSFET are L =2U W =03, VTO = 2831, KP = 20.53U,
IS = 194E~-18, CG30 = 9.027N, CGDO = 1.679N.

A dc regulator is operated at a duty cycle of k = 0.4, The load resistance is R = 150 {1,
the inductor resistance is r;, = 1 {}. and the resistance of the filter capacitoris r, = 0.2 {1
Determine the voltage gain for the (a) buck converter, (b) boost converter and
(c) buck-boost converter.



CHAPTER 6

Pulse-Width-Modulated
Inverters

The learning objectives af this chapter are as follows:

6.1

226

To learn the switching technique for de—ac converters known as inverters and the types of
inverters

To study the operation of inverters

To understand the performance parameters of inverters

To learn the different types of modulation techniques to obtain a near sinusoidal output
waveform and the techniques to eliminate certain harmonics from the output

To learn the techniques for analyzing and designing inverters and for simulating inverters
by using SPICE

To study the effects of load impedance on the load current

INTRODUCTION

Dec-to-ac converters are known as inverfers. The function of an inverter is to change a
dec input voltage to a symmetric ac output voltage of desired magnitude and frequency
[1]. The output voltage could be fixed or variable at a fixed or variable frequency. A
variable output voltage can be obtained by varying the input de voltage and maintain-
ing the gain of the inverter constant. On the other hand, if the dc input voltage is fixed
and it is not controllable, a variable output voltage can be obtained by varying the gain
of the inverter, which is normally accomplished by pulse-width-modulation (PWM)
control within the inverter. The inverter gain may be defined as the ratio of the ac out-
put voltage to dc input voltage.

The output voltage waveforms of ideal inverters should be sinusoidal. However,
the waveforms of practical inverters are nonsinusoidal and contain certain harmonics.
For low- and medium-power applications, square-wave or quasi-square-wave voltages
may be acceptable; and for high-power applications, low distorted sinusoidal wave-
forms are required. With the availability of high-speed power semiconductor devices,
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the harmonic contents of output voltage can be minimized or reduced significantly by
switching techniques.

Inverters are widely used in industrial applications (e.g., variable-speed ac motor
drives, induction heating, standby power supplies, and uninterruptible power supplies).
The input may be a battery, fuel cell, solar cell, or other dc source. The typical single-
phase outputs are (1) 120V at 60 Hz, (2) 220 V at 50 Hz, and (3) 115V at 400 Hz. For
high-power three-phase systems, typical outputs are (1) 220 to 380 'V at 50 Hz, (2) 120
to 208 V at 60 Hz, and (3) 115 to 200V at 400 Hz.

Inverters can be broadly classified into two types: (1) single-phase inverters, and
(2) three-phase inverters. Each type can use controlled turn-on and turn-off devices
{e.g., bipolar junction transistors |[BJTs], metal oxide semiconductor field-effect
transistors [MOSFETs). insulated-gate bipolar transistors [IGBTs], metal oxide
semiconductor-controlled thyristors [MCTs], static induction transistors. [SITs], and
gate-turn-off thyristors [GTOs]). These inverters generally use PWM control signals
for producing an ac output voltage. An inverter is called a voltage-fed inverter (VFI) if
the input voltage remains constant, a current-fed inverter (CFI) if the input current is
maintained constant, and a variable dc linked inverter if the input voltage is control-
lable. If the output voltage or current of the inverter is forced to pass through zero by
creating an LC resonant circuit, this type of inverter is called resonant-pulse inverter
and it has wide applications in power electronics. Chapter 8 is devoted to resonant-
pulse inverters only.,

PRINCIPLE OF OPERATION

The principle of single-phase inverters [1] can be explained with Figure 6.1a. The in-
verter circuit consists of two choppers. When only transistor ( is turned on for a time
71/2, the instantaneous voltage across the load vy is Vi/2, If transistor @; only is turned
on for a time T2, —V,/2 appears across the load. The logic circuit should be designed
such that @; and @, are not turned on at the same time. Figure 6.1b shows the wave-
forms for the output voltage and transistor currents with a resistive load. This inverter
requires a three-wire de source, and when a transistor is off, its reverse voltage is V, in-
stead of V,/2. This inverter is known as a half-bridge inverter.
The root-mean-square (rms) output voltage can be found from

T g2 ¥
2 : V; )l'_ V:
v =[= L] =2 6.1
(nl I 2 e

The instantaneous output voltage can be expressed in Fourier series as

a_ oo
v, = -iﬂ + E (@, cos(nut) + by, sin(nwt))
n=|

Due to the quarter-wave symmetry along the x-axis, both a; and a,, are zero. We get b, as

0 =
1 -V, . 1V, _ 4V,
b, = o / —i—'d{mf_} + j; E dlwt) | = —

T

L
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FIGURE &.1
Single-phase half-bridge inverter.

which gives the instantaneous output voltage v, as

_ o5 W
0 n-l%,... nw Sin ot
=0 form= 2.4, ... (6.2)

where w = 2nf; is the frequency of output voltage in rads per second. Due to the
quarter-wave symmetry of the output voltage along the x-axis, the even harmonics volt-
ages are absent. For n = 1, Eq. (6.2) gives the rms value of fundamental component as

2V,
V., =
ol "'u'{i'ﬂ'

For an inductive load, the load current cannot change immediately with the output
voltage. If @) is turned off at 1 = Ty/2, the load current would continue to flow through
I, load, and lower half of the dc source until the current falls to zero. Similary, when 0,
is turned off at ¢ = Tj, the load current flows through Dy, load, and upper half of the dc
source. When diode Dy or [); conducts, energy is fed back to the dc source and these
diodes are known as feedback diodes. Figure 6.1c shows the load current and conduction
intervals of devices for a purely inductive load. It can be noticed that for a purely

= 045V, (6.3)
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inductive load, a transistor conducts only for T2 (or 90°). Depending on the load im-
pedance angle, the conduction period of a transistor would vary from 90° to 1807,

Any switching devices can replace the transistors. If 7,5 is the turn-off time of a de-
vice, there must be a minimum delay time of t4( = t,;) between the outgoing device and
triggering of the next incoming device. Otherwise, short-circuit condition would result
through the two devices. Therefore, the maximum conduction time of a device would be
ton = Tol2 — ty. All practical devices require a certain turn-on and turn-off time. For
successful operation of inverters, the logic circuit should take these into account. |

For an RL load, the instantaneous load current i, can be found by dividing the in-
stantaneous output voltage by the load impedance Z = R + jnwl, Thus, we get

= 2V,
i = ; = sin(nwt — 8,,)
n=135.. nm\/R? + (nwl)?

where 6, = tan”!(nwL/R). If Iy is the rms fundamental load current, the fundamental
output power (forn = 1) is

(6.4)

Vil cos 8, = I3 R (6.5)
2

R (6.5a)

P
2V

VIm\/ R + (wL)?

Note: In most applications (e.g., electric motor drives) the output power due to
the fundamental current is generally the useful power, and the power due to harmonic
currents is dissipated as heat and increases the load temperature.

[

Dc supply current. Assuming a lossless inverter, the average power absorbed
by the load must be equal to the average power supplied by the dc source. Thus, we can

write
T T
ﬁﬂ,[f}ﬂ{.‘]di‘-‘* l ()i (1)t

where T is the period of the ac output voltage. For an inductive load and a relatively
high switching frequency, the load current i, is nearly sinusoidal; therefore, only the
fundamental component of the ac output voltage provides power to the load. Because
the dc supply voltage remains constant v(¢) = V,, we can write

T T
f i(t)dr = %f V2V, sin{wt) V21, sin{wt — 0))dr = I,
o 200

where V,,, is the fundamental rms output voltage;
[, is the rms load current;
B, is the load angle at the fundamental frequency.
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Thus, the de supply current /; can be simplified to

Vo
I, = ?‘ 1, cos(0,) (6.6)

Gating sequence. The gating sequence for the switching devices is as follows:

1. Generate a square-wave gating-signal vy at an output frequency f, and a 50%
duty cycle. The gating-signal v, should be a logic invert of v,,.

2. Signal vy will drive switch Q) through a gate-isolating circuit, and v, can drive
(; without any isolating circuit.

Key Points of Section 6.2

* An ac output voltage can be obtained by alternatively connecting the positive
and negative terminals of the dc source across the load by turning on and off the
switching devices accordingly. The rms fundamental component V,,; of the output
voltage is 0.45 V,, '

* Feedback diodes are required to transfer the energy stored in the load induc-
tance back to the dc source.

6.3 PERFORMANCE PARAMETERS

The output of practical inverters contain harmonics and the quality of an inverter is
normally evaluated in terms of the following performance parameters.

Harmonic factor of nth harmonic (HF,). The harmonic factor (of the nth har-
monic), which is a measure of individual harmonic contribution, is defined as

B

HF, = forn > 1 (6.7)

=

al

where V) is the rms value of the fundamental component and V,, is the rms value of the
nth harmonic component.

Total harmonic distortion (THD). The total harmonic distortion, which is a
measure of closeness in shape between a waveform and its fundamental component, is
defined as

I 12
TH1::=i( » v) (6.8)
Vﬂ. A=25..

Distortion factor (DF). THD gives the tolal harmonic content, but it does not
indicate the level of each harmonic component. IT a filter is used at the output of in-
verters, the higher order harmonics would be attenuated more effectively. Therefore, a
knowledge of both the frequency and magnitude of each harmonic is important. The
DF indicates the amount of HD that remains in a particular waveform after.the har-
monics of that waveform have been subjected 1o a second-order attenuation (i.e.,
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divided by n*). Thus, DF is a measure of effectiveness in reducing unwanted harmonics
without having to specify the values of a second-order load filter and is defined as

1 o V:m 212
or-:. 2 (5] ©

The DF of an individual (or nth) harmonic component is defined as

Von
VD]. n

DF, = forn > 1 (6.10)

2

Lowest order harmonic (LOH). The LOH is that harmonic component whose
frequency is closest to the fundamental one, and its amplitude is greater than or equal
to 3% of the fundamental component.

Example 6.1 Finding the Parameters of the Single-Phase Half-Bridge Inverter

The single-phase half-bridge inverter in Figure 6.1a has a resistive load of R = 2.4 { and the dec
input voltage is V; = 48 V. Determine (a) the rms output voltage at the fundamental frequency V.,
(b) the output power F,, (c) the average and peak currents of each transistor, (d) the peak reverse
blocking voltage Viy of each transistor, (e) the THD, {f) the DF, and (g) the HF and DF of the LOH.

Solution
V,=4i8Vand R = 24 (1.
a. From Eq.(6.3),V,, = 045 x 48 = 216 V.

b. From Eg. (6.1), V, = V,/2 = 4872 = 24 V. The output power, P, = VIR = 24724
= 240 W.

c. The peak transistor current f, = 24/2.4 = 10 A. Because each transistor conducts for
a 50% duty cycle, the average current of cach transistor is fp = 0.5 X 10 = 5 A,

d. The peak reverse blocking voltage Vg = 2 % 24 = 48V,
e, From Eq.(6.3), V,; = 045V, and the rms harmonic voliage V),

=] 2
Vi = ( ; VE,,) = (Vi - V)" = 02176V,
=357,

From Eq. (6.8), THD = (0.2176V,)/(0.45V,) = 48.34%.
f. From Eq.(6.2), we can find V,,, and then find,

L3 G- [(%) + (3 () + ] = omowy

From Eq. (6.9), DF = 0.024V,/(0.45V,) = 5382%.

g The LOH is the third, V,y = V,,/3. From Eq. (6.7), HF; = V,yV,; = 1/3 = 33.33%, and
from Eq. (6.10), DF; = (V,5/3)V,; = 127 = 3704%. Because V,3/V,, = 33.33%,
which is greater than 3%, LOH = V..

Key Points of Section 6.3

* The performance parameters, which measure the quality of the inverter output
voltage, are HE, THD, DF, and LOH.
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SINGLE-PHASE BRIDGE INVERTERS

A single-phase bridge voltage source inverter (V5SI) is shown in Figure 6.2a. It consists
of four choppers. When transistors () and (), are turned on simultaneously, the input
voltage V; appears across the load. If transistors (4 and {04 are turned on at the same
time, the voltage across the load is reversed and is —V,. The waveform for the output
voltage is shown in Figure 6.2b.

Table 6.1 shows the five switch states. Transistors (1, Q4 in Figure 6.2a act as the
switching devices Sy, 5, respectively. If two switches: one upper and one lower conduct
at the same time such that the output voltage is £V, the switch state is 1, whereas if
these switches are off at the same time, the switch state is 0.

The rms output voltage can be found from

2 TolZ 12
Vv, = (—f % m) =V, (6.11)
Tﬂ 0

Equation (6.2) can be extended to express the instantaneous output voltage in a
Fourier series as

av, |
v, = E — sin nwt (6.12)
n=i35,. °7W
V‘ Yaa
Zu t
V. Yho
"2" -—
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FIGURE 6.2

Single-phase full-bridge inverter.
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TABLE 6.1 Switch States for a Single-Phase Full-Bridge Voltage-Source Inverter (V5I)

State  Switch

No.  State* Uy Vi 1, Components Conducting

&, and 5, are on and 5, and 5, are off 1 10 Vil2 —Vil2 Vs Syand 5004, =0
Dyand Dyili, < 0

Syand 8, are on and 5, and §; are off 2 01 -Vi2 [ Dyand Dyifi, =0
Syand 5;ifi, <0

&, and 5, are on and 5, and 8, are off 3 1 V2 ¥el2 0 5y and I5ili, = 0
Dy and 5yif i, < 0

5y and §; are on and 5, and §; are off 4 00 =2 =¥2 1] Dyand 5 ifi, = 0
Syand Dy ifi, <=0
8y, 83, 85, and 5, are all off 5 off =¥ S Dyand Dyif i, =0
V2 =¥ Vi Dyand Dyifi, < 0

* 1 if an upper switch is on and 0 if a lower switch is on.

and for n = 1, Eq. (6.12) gives the rms value of fundamental component as
4v,

Vi = "E = .90V, (6.13)
Using Eq. (6.4), the instantaneous load current i for an RL load becomes

h= 3 sin(nwt — 6,) (6.14)
n=l35.. pm\/ R* + (nwl)*

where 8, = tan™ (nwL/R).
When diodes Dy and D, conduct, the energy is fed back to the de source; thus,

they are known as feedback diedes. Figure 6.2c shows the waveform of load current for
an inductive load.

Dec supply current. Neglecting any losses, the instantaneous power balance gives,

vol(1)is(r) = v(1)io(1)

For inductive load and relatively high-switching frequencies, the load current i, and the
output voltage may be assumed sinusoidal. Because the dc supply voltage remains con-
stant v,(1) = V,, we get

if(1) = %v’ivﬂ. sin(wt) W2/, sin(wt = ;)
which can be simplified to find the dec supply current as
V V
it) = —I?'JG cos(8;) — -F"'—fr, cos(2wt — 6;) (6.15)

where V; is the fundamental rms output voltage;
f, is the rms load current;
6y is the load impedance angle at the fundamental frequency.

Equation {6.15) indicates the presence of a second-order harmonic of the same
order of magnitude as the dc supply current. This harmonic is injected back into the dc
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voltage source. Thus, the design should consider this to guarantee a nearly constant dc
link voltage. A large capacitor is normally connected across the dc voltage source and
such a capacitor is costly and demands space; both features are undesirable, especially
in medium to high power supplics.

Example 6.2 Finding the Parameters of the Single-Phase Full-Bridge Inverter
Repeat Example 6.1 for a single-phase bridge inverter in Figure 6.2a.

Solution :

V,=48Vand R = 24 01,
a. From Eq.(6.13), ¥, = 090 x 48 = 432V,
b. From Eq.(6.11),V, = V¥, = 48 V. The output power is P, = VIR = 48%2.4 = 960 W.
€. The peak transistor current is [, = 48/2.4 = 20 A. Because each transistor conducts

for a 50% duty cycle, the average current of each transistor is Iy = 0.5 X 20 = 10 A,

d. The peak reverse blocking voltage is Vg = 48V,
e, From Eqg.(6.13), V| = 0.9V, The rms harmonic voltage V}, is

s 112
V, = ( ‘% vﬁ,) = (Vi - Vi)'? = 04352V,
A=A T,

From Eq. (6.8), THD = 0.4359V,/(0.9V,) = 48.34%.
oo V 2712
e [ 8 ()] -ooen

=387 .. H
From Eq.(6.9), DF = 0.048V/{0.9V,) = 53827,
g. The LOH is the third, V; = V;/3. From Eq. (6.7), HF; = V,y/V,, = 1/3 = 33.33% and
from Eq. (6.10), DF; = (V,33%)V,, = 1127 = 3.704%. '

Note: The peak reverse blocking voltage of each transistor and the quality of out-
put voltage for half-bridge and full-bridge inverters are the same. However, for full-
bridge inverters, the output power is four times higher and the fundamental component
is twice that of half-bridge inverters,

Example 6.3 Finding the Output Voltage and Current of a Single-Phase
Full-Bridge Inverter with an RLC Load

The bridge inverter in Figure 6.2a has an RLC load with R = 100}, L = 315mH, and C =
112 pF. The inverter frequency is f = 60 Hz and dc input voltage is V, = 220 V. (a) Express the
instantaneous load current in Fourier series. Calculate (b) the rms load current at the fundamen-
tal frequency {,; (¢) the THD of the load current; (d) the power absorbed by the load F, and the
fundamental power Fy; (e) the average current of de supply /;; and (f) the rms and peak current
of each transistor. (g) Draw the waveform of fundamental load current and show the conduction
intervals of transistors and diodes. Caleulate the conduction time of (h) the transistors, and (i)
the diodes.

Solution
V, =220V, f=60He, R =101, L =315mH, C = 112 pF, and w = 27 x 60 = 377 rad/s.
The inductive reactance for the nth harmonic voltage is

X = jywl = j2nm % 60 % 315 % 107" = jIL&Tn 02
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The capacitive reactance for the pth harmonic voltage is

¥ i j1o® - j23.68
7 pwC Znmx 60 x 112 n

0

The impedance for the nth harmonic voliage is

124l = \ R* + (nmL - ﬁ) = [10% + (11.87n = 23.68/n)"]"?

and the load impedance angle for the nth harmaonic voltage is

_, 1L.8Tn — 23.68/n _,( 2.368)
———————— = lan

i, = tan 1.187Th = —
" 10 M

a. From Eq.(6.12), the instantaneous outpul voltage can be expressed as

v,(1) = 280.1 sin(377¢) + 93.4sin(3 % 377¢) + 56.02 sin(5 % 377)
+ 40,02 sin(7 % 3TTt) + 3L.12sin(9 x 3771) + ---

Dividing the output voltage by the load impedance and considering the appropriate
delay due to the load impedance angles, we can obtain the instantaneous load cur-
rent as

i,(t) = 18.1 sin(377t + 49.72°) + 3.17sin(3 % 377t — 70.17°)
+ sin(5 X 377t = 79.63°) + 0.5sin(7 X 377t — B2.85%)
+ 03sin(9 x 3771 — B4.52°) + ---

b. The peak fundamental load current is [,,;; = 18.1 A. The rms load current at funda-
mental frequencyis I,; = 18.1/VZ = 128 A,

¢. Considering up to the ninth harmonic, the peak load current,
Ly = (1817 + 3.17° + 1.0° + 0.5 + 03%)"7 = 1841 A
The rms harmonic load current is

3 s o 18417 — 18.F
b= (15 = 1) = ———5—— = 23789 A

Using Eq. (6.8), the THD of the load current,

Eﬂ _ I;’.‘N 12 . 2 112
THD - ¢ i b [(1183411) ) 1] Bt
ml +

d. The rms load current is {, = [,/%v2 = 1841/ = 13.02 A, and the load power is
P, = 13.02* % 10 = 1695 W. Using Eq. (6.5), the fundamental output power is

Pyo=1LR =128 % 10 = 16384 W
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FIGURE 6.3

‘Waveforms for Example 6.3,

e, The average supply current f, = F,/V, = 1695220 = 7.7 A.

f. The peak transistor current [, = [,, = 18.41 A. The maximum permissible rms cur-
rent of each transistor is Jpipe = [/V2 = [J2 = 18412 = 92 A,

g. The waveform for fundamental load current §y(r) is shown in Figure 6.3.

h. From Fig. (6.3), the conduction time of each transistor is found approximately from
wly = 180 — 49.72 = 130.28° or f, = 13028 X w/(180 % 377) = 6031 ps.

i. The conduction time of each diode is approximately

v
= (180 = 130.28) X ————— = 2302
fa= ) X 180 x 377 s
Noies:
1. To calculate the exact values of the peak current, the conduction time of transis-

2

tors and diodes, the instantaneous load current i,(t) should be plotted as shown
in Figure 6.3. The conduction time of a transistor must satisfy the condition
is{t = 1) = 0, and a plot of i,(r) by a computer program gives {F = 2114 A,
typ = 5694 ps, and 1y = 2639 ps.

This example can be repeated to evaluate the performance of an inverter with R,
RL, or RLC load with an appropriate change in load impedance Z; and load
angle 8,,. :

Gating sequence. The gating sequence for the switching devices is as follows:
Generate two square-wave gating-signals v, and v,; at an output frequency f,

and a 50% duty cycle. The gating-signals v.; and v,y should be the logic.invert of

v, and vy, respectively.
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2. Signals v, and vy; drive Q; and Q5, respectively, through gate isolation circuits.
Signals v,; and v, can drive (; and @, respectively, without any isolation circuits.

Key Points of Section 6.4

» The full-bridge inverter requires four switching devices and four diodes. The out-
put voltage switches between +V; and —V,. The rms fundamental component V;
of the output voltage is 0.9V,

* The design of an inverter requires the determination of the average, rms, and
peak currents of the switching devices and diodes.

THREE-PHASE INVERTERS

Three-phase inverters are normally used for high-power applications. Three single-
phase half (or full)-bridge inverters can be connected in parallel as shown in Figure 6.4a
to form the configuration of a three-phase inverter. The gating signals of single-phase
inverters should be advanced or delayed by 120° with respect to each other to obtain
three-phase balanced (fundamental) voltages. The transformer primary windings must
be isolated from each other, whereas the secondary windings may be connected in Y or
delta. The transformer secondary is normally connected in delta to eliminate triplen
harmonics (n = 3,6, 9, ...) appearing on the output voltages and the circuit arrange-
ment is shown in Figure 6.4b, This arrangement requires three single-phase transform-
ers, 12 transistors, and 12 diodes. If the output voltages of single-phase inverters are not
perfectly balanced in magnitudes and phases, the three-phase output voltages are
unbalanced.

A three-phase output can be obtained from a configuration of six transistors and
six diodes as shown in Figure 6.5a. Two types of control signals can be applied to the
transistors: 180° conduction or 120° conduction. The 180° conduction has better utiliza-
tion of the switches and is the preferred method.

180-Degree Conduction

Each transistor conducts for 180°. Three transistors remain on at any instant of time.
When transistor 0 is switched on. terminal a is connected to the positive terminal of
the dc input voltage. When transistor O, is switched on, terminal a is brought to the
negative terminal of the de source. There are six modes of operation in a cycle and the
duration of each mode is 60°. The transistors are numbered in the sequence of gating
the transistors (e.g., 123, 234, 345, 456, 561, and 612). The gating signals shown in
Figure 6.5b are shifted from each other by 60° to obtain three-phase balanced (funda-
mental) voltages.

The load may be connected in Y or delta as shown in Figure 6.6. The switches of
any leg of the inverter (5, and 5y, 5; and S, or S5 and §;) cannot be switched on simul-
taneously; this would result in a short circuit across the de link voltage supply. Simi-
larly, to avoid undefined states and thus undefined ac output line voltages, the switches
of any leg of the inverter cannot be switched off simultancously; this can result in
voltages that depend on the respective line current polarity.
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FIGURE 6.4

Three-phase inverter formed by three single-phase inverters.
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Three-phase bridge inverter.

Table 6.2 shows eight valid switch states, Transistors Q1, Q6 in Figure 6.6a act as
the switching devices §1, 86, respectively. If two switches: one upper and one lower
conduct at the same time such that the output voltage is £V), the switch state is 1,
whereas if these switches are off at the same time, the switch state is 0. States 1 to 6 pro-
duce nonzero output voltages. States 7 and 8 produce zero line voltages and the line
currents freewheel through either the upper or the lower freewheeling diodes. To
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TABLE 6.2 Switch States for Three-Phase Voltage-Source Inverter (V5I)

State State No.  Switch States o e Ve Space Vector

5. 55, and §; are on 1 100 L 0 =V Wy=1+j057T7=203230
and §y, S, and §; are off

¥., 8, and §, are on 2 110 0 Ve =V  ¥Wy=jlL155 = 23 £90°
and 5, 5, and 8§, are off '

5y, 84 and 8, are on 3 010 =¥ ¥ 0 Vy= =1+ 0577 = 23 £150°
and 5, 5, and §; are off

%y, 85, and 8, are on 4 o1 =¥ 0 Ve ¥Wy=-1-= 0577 =23 L2100
and 8y, 55, and §; are off

5s, 5. and 5, are on 5 00 0 =¥ Vi  Wy= —jl155 =273 L2707
and 5., 55, and 5, are off

5. 5, and S, are on ] 101 Vi =V 0 Vy=1- 70577 =23 £330°
and 5;, 55, and §; are off

5, 55, and 5; are on 7 i1 0 1] 0 V=0
and §,, 5., and 5; are off -

5,. 5, and §; are on 8 000 0 0 0 Yo=0

and 5y, §;, and 8 are off

generate a given voltage waveform, the inverter moves from one state to another. Thus,
the resulting ac output line voltages are built up of discrete values of voltages of V,, 0,
and —V,. To generate the given waveform, the selection of the states is usually done by
a modulating technique that should assure the use of only the valid states.

For a delta-connected load, the phase currents can be obtained directly from the
line-to-line voltages. Once the phase currents are known, the line currents can be de-
termined. For a Y-connected load, the line-to-neutral voltages must be determined to
find the line (or phase) currents. There are three modes of operation in a half-cycle and
the equivalent circuits are shown in Figure 6.7a for a Y-connected load.

During mode 1 for 0 = wt < w/3, transistors (0, Os, and Q5 conduct

R 3R
, o2V

R, 3R

i =

b

FIGURE &.6 co
Delta- and Y-connected load, {a) Delta connected (b) Y-connected
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(b) Phase voltages for 180° conduction

FIGURE 6.7

Equivalent circuits for Y-connected resistive load.

qR v
Vg = Uy = _2'_" = _-i_
=2V
Vpy = _I:]R = 3 u
During mode 2 for w/3 = wf < 2w/3, transistors 2, (7, and @ conduct
R 3R
Ra=R+3=7%
o _ Ve 2
“" Ry 3R
2V,
Uy = iR = —i—‘
-,k =V
L

During mode 3 for 2w/3 = wt < w, transistors 0y, 05, and Q5 conduct

R 3R
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oW
35 = 3p
e« 3R
iRV,
i ]
-2V
uﬂ'l=i]-R- jj

The line-to-neutral voltages are shown in Figure 6.7b. The instantaneous line-to-line
voltage v, in Figure 6.5b can be expressed in a Fourier series,

Vpp = ? + i (a, cos(nwt) + b, sin(nwt))

n=1

Due to the quarter-wave symmetry along the x-axis, both ag and a,, are zero. Assuming
symmetry along the y-axis at wt = /6, we can write b, as

b= [ [ ton) + [ ion)] = a7 ()

which, recognizing that v,, is phase shifted by w/6 and the even harmonics are zero,
gives the instantaneous line-to-line voltage vy, (for a Y-connected load) as

= 4V,  nm ( 1r)
= 2 — sin——si - 6.16a
Vs i3 nm sin 3 sin n| wt + 3 ( )

Both v, and v, can be found from Eq. (6.16a) by phase shifting v,, by 120°-and 240°,
respectively,

= 4V, . .
Upe = n-1§5_,,_"'ﬂ' sin == sin n(w 2) (6.16b)
= 4V, nw e
e & T““"(“" - ?) (6.16¢)

We can notice from Eqggs. (6.16a) to (6.16¢) that the triplen harmonics (n = 3,9,15, ..))
would be zero in the line-to-line voltages.
The line-to-line rms voltage can be found from

2 2= ) 12 2
Vi =|— V =, =V, = 08165V, 6.1
L [217_£ i d{m”] \/; F] 65 1 ( T}
From Eq. (6.16a), the rms nth component of the line voltage is
4V,
Via = 5z sin '?' (6.18)
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which, for n = 1, gives the rms fundamental line voltage.

4V, sin 60°
Vy, = ————— = 07797V, 6.19
L1 om (6.19)
The rms value of line-to-neutral voltages can be found from the line voltage,
Vi, V2V,
V, = —= = ———1 = 04714V, 6.20
RV i e (6:20)

With resistive loads, the diodes across the transistors have no functions. If the load is
inductive, the current in each arm of the inverter would be delayed to its voltage as
shown in Figure 6.8. When transistor Q4 in Figure 6.5a is off, the only path for the neg-
ative line current i, is through Dy, Hence, the load terminal @ is connected to the dc
source through I until the load current reverses its polarity at ¢ = t;. During the
period for 0 = t = 1;, transistor () cannot conduct. Similarly, transistor @, only
starts to conduct at r = f». The transistors must be continuously gated, because the
conduction time of transistors and diodes depends on the load power factor.

For a Y-connected load, the phase voltage is v,, = v,/ V3 with a delay of 30° with
respect to v, Therefore, the instantancous phase voltages (for a Y-connected load) are

iy
E\f"jn sm( )Sm(mur} forn=1,3.5 ... (62la)

=]

- 4V HTT Z'rr) : _
;‘,{M ( )smn(mr 3 forn=1,3,5, ... (6.21b)

= 4V,
E‘U’Fﬂ sin("ﬂ)s:in n(mr - 4—;) forn=1,3,5 ... (62lc)
¥

Dividing the instantaneous phase voltage v,y by the load impedance,
Z =R+ jnul

v/3 4
via 1 B I

FIGURE 6.8
Three-phase inverter with RL load.
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Using Eq. (6.21a), the line current i, for an RL load is given by

> 4
= 3 | —2 sin™™ |sin(not — 6,)  (622)
i35 | \VAnm\/R? + (noL)y] 3

where 8, = tan” (nwL/R).
Note: For a delta-connected load, the phase voltages (v, vpy, and vy) are

the same as the line-to-line voltages (v, vy, and v,,) as shown in Figure 6.6b and
as described by Eq. (6.16).

Dc supply current. Neglecting losses, the instantaneous power balance gives
v()is(r) = vap(8)ialt) + vhe(t)ip(t) + vealt)ic(e)

where i,(r). iy(t), and i.(t) are the phase currents in a delta-connected load. Assuming
that the ac output voltages are sinusoidal and the dc supply voltage is constant
v, (r) = V., we get the dc supply current

V2V, sin(wt) % V2, sin(wt — 8;)
i(t) = v + V2V, sin(wt — 120°) X V21, sin(wt — 120° — 8,)
‘ + V2V, sin(wt = 240°) X VZI,sin{wt — 240° — 8,)
The de supply current can be simpliﬁéd to

Vv V.
I = 3?"‘.',, cos(By) = v’i-vi‘ 1, cos(8,) (6.23)

where /; = V31, is the rms load line current;
V.1 is the fundamental rms output line voltage;

I, is the rms load phase current;
B, is the load impedance angle at the fundamental frequency.

Thus, if the load voltages are harmonic free, the dc supply current becomes har-
monic free. However, because the load line voltages contain harmonics, the dc supply
current also contains harmonics.

Gating sequence. The gating sequence for switching devices is as follows

1. Generate three square-wave gating-signals vy, v,s. and 5 at an output frequency
fo and a 50% duty cycle. Signals vy, v, and v, should be logic invert signals of
Vg1, Vga, and vs, respectively. Each signal is shifted from the other by 60°.

2. Signals vy, v,3, and vys drive O, Qs, and Qs, respectively, through gate-isolating
circuits. Signals vy, vgq, and v, can drive 0, Q4 and Qg respectively, without
any isolating circuits.

Example 6.4 Finding the Output Voltage and Current of a Three-Phase
Full-Bridge Inverter with an RL load

The three-phase inverter in Figure 6.5a has a Y-connected loadof R = 5{} and L = 23 mH. The
inverter frequency is f = 60 Hz and the dc input voltage is ¥, = 220 V. (a) Express the instan-
taneous line-to-line voltage v,.(t) and line current i,(t) in a Fourier series. Determine (b) the
rms line voltage V;: (c) the rms phase voltage V,.: (d) the rms line voltage Vi, at the fundamental



6.5 Three-Phase Inverters 245

frequency; (e) the rms phase voltage at the fundamental frequency V,,; (f) the THD; (g) the DF;
(h) the HF and DF of the LOH; (i) the load power F,; (j) the average transistor current Iy,
and (k) the rms transistor current Jo; ).

Solution

V=220V, R=510,L=23mH, f; = 60Hz, and w = 2nw * 60 = 377 rad/s.

2.

me R F

Using Eg. (6.16a), the instantancous line-to-line voltage v,,(r) can be written as

(1) = 24258 sin(377r + 30°) — 48.52 sin 5(377t + 30°)
— 34,66 sin 7(377t + 30°) + 22.05sin 113771 + 30°)
+ 18.66 sin 13(377¢ + 30°) — 14.27sin 17(377r + 30°) + -

Zy =\/R + (nwl)/tan” ' (nwl/R) = \/5* + (8.67n)" /1an_'(8.67n/5)
Using Eq. (6.22), the instantaneous line (or phase) current is given by

iy = 14 sin(377r — 60°) — 0.64 sin(5 X 377 — 83.4°)
— 0.33sin(7 % 377 — 85.3°) + 0.13sin(11 % 377 = 87°)
+ 0.10sin(13 x 377 — 87.5°) — 0.06 sin{17 = 377r — 88°) — ---

From Eq. (6.17),V, = 0.8165 x 220 = 179.63 V.
From Eq. (6.20), V, = 04714 x 220 = 103.7 V.
From Eq. (6.19),V,, = 0.7797 x 220 = 17153 V.
Vi = Vi /vV3 = 9903 V.

From Eq. (6.19), V,, = 0.7797V;

= Tl
( 2 VL’) = (Vi = Vi)'? = 024236V,
a=3%7101....

From Eq. (6.8), THD = 0.24236V,/(0.7797V,) = 31.08%. The rms harmonic line volt-
age is

= VM)Z]IT
Vi, = == = (L0941,
i [nhi%l....( " f

From Eq. (6.9), DF = 0.00941V,/(0.7797V,) = 1.211%.
The LOH is the fifth, Vjs = V,,/5. From Eq. (6.7), HF; = V,4/V}, = 1/5 = 20%, and
from Eq. (6.10), DFs = (V,5/5°)/Vy, = 1/125 = 0.8%.

For Y-connected loads, the line current is the same as the phase current and the rms
line current,

(14? + 0.64% + 0337 + 0.13* + 0.10° + 0.06%)"2
f= V3

The load power B, = 3[TR =3 X 991" x 5 = 1473 W.
The average supply current [, = B/220 = 1473/220 = 6.7 A and the average transis-
torcurrent [y = 6.7/3 =223 A,

Because the line current is shared by three transistors, the rms value of a transistor
currentis Iy = 1,/V3 = 9911V3I=5T2 A

=091 A
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6.5.2 120-Degree Conduction

In this type of control, each transistor conducts for 120°. Only two transistors remain
on at any instant of time. The gating signals are shown in Figure 6.9. The conduction se-
quence of transistors is 61, 12,23, 34,45, 56,61. There are three modes of operation in one
half-cycle and the equivalent circuits for a Y-connected load are shown in Figure 6.10.
During mode 1 for = wt = «/3, transistors 1 and 6 conduct.

B 4

wl
B3 4 )
= |
Es . ta

r
E

-

e ®|<g

= == 3.5
i
[]
]
I
[
I
I

wil

-
ra

3

=

w

FIGURE 6.9

Gating signals for 1207 conduction,
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1= g R
b R
A
c R
{a) Mode 1 {b) Mode 2

FIGURE 6.10
Equivalent circuits for Y-connected resistive load.

During mode 2 for /3 = wr = 2«/3, transistors 1 and 2 conduct.

Vpn == Uy =10 tep = L
an 7 b cn 2
During mode 3 for 2n/3 = wt = 3%/3, transistors 2 and 3 conduct.
¥ V,
Ugy = 0 ubnz_i_" vm='_§

The line-to-neutral voltages that are shown in Figure 6.9 can be expressed in Fourier
series as

o= 2V onm ﬂ)

fon = H.UE:;P_, w53 5"”‘(‘“' *% (6.24a)
. 2“ . nm T

Upn = " ey SN 3sSin N (-:ur 2) (6.24b)
<- 2"”1 . mmo, T

Uen = H-Es,_.ﬁ Sin = sm B (ml‘ = ?) (6.24c)

The line a-to-b voltage is vy, = V3 v,, with a phase advance of 30°.'Therefore, the in-
stantancous line-to-line voltages (for a Y-connected load) are

X 273V,

V= 3, % sin ("—“)sinn(w + -T-r-) forn=1,3,5, ... (6.25a)
sonw 3 3
= 2V3V,

e = X T > sin (HT“) sin n (e.u‘ - %) forn=1,3,5, ... (6.25b)
= 23V,

Vg = V3Vs sm(ﬂ) sin n (wt = ) forn=1,3,5 ... (6.25¢c)
= nw 3

There is a delay of w/6 between the turning off (; and turning on Q4. Thus, there
should be no short circuit of the dc supply through one upper and one lower transis-
tors. At any time, two load terminals are connected to the dc supply and the third one
remains open. The potential of this open terminal depends on the load characteristics
and would be unpredictable. Because one transistor conducts for 120°, the transistors
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6.6

6.6.1

are less utilized as compared with those of 180° conduction for the same load condition.
Thus, the 180° conduction is preferred and it is generally used in three-phase inverters.

Key Points of Section 6.5

* The three-phase bridge inverter requires six switching devices and six diodes. The
rms fundamental component Vy, of the output line voltage is 0.7798V; and that
for phase voltage is V,,, = Vi,/3 = 0.45V, for 180° conduction. For 120° conduc-
tion, Vp = 0.3898V, and Vi, = 3 Vp; = 0.6753V,. The 180° conduction is the
preferred control method.

* The design of an inverter requires the determination of the average, rms, and
peak currents of the switching devices and diodes.

VOLTAGE CONTROL OF SINGLE-PHASE INVERTERS

In many industrial applications, to control of the output voltage of inverters is often
necessary (1) to cope with the variations of dc input voltage, (2) to regulate voltage of
inverters, and (3) to satisfy the constant volts and frequency control requirement.
There are various techniques to vary the inverter gain. The most efficient method of
controlling the gain (and output voltage) is to incorporate PWM control within the in-
verters. The commonly used techniques are:

1. Single-pulse-width modulation.

2, Multiple-pulse-width modulation.

3. Sinusoidal pulse-width modulation,

4. Modified sinusoidal pulse-width modulation.
5. Phase-displacement control.

Single-Pulse-Width Modulation

In single-pulse-width modulation control, there is only one pulse per half-cycle and the
width of the pulse is varied to control the inverter output voltage. Figure 6.11 shows the
generation of gating signals and output voltage of single-phase full-bridge inverters.
The gating signals are generated by comparing a rectangular reference signal of ampli-
tude A, with a triangular carrier wave of amplitude A.. The frequency of the reference
signal determines the fundamental frequency of output voltage. The instantaneous out-
put voltage is v, = V(g — gs). The ratio of A, to A_ is the control variable and de-
fined as the amplitude modulation index. The amplitude modulation index, or simply
modulation index

M= (6.26)
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FIGURE 6.11

Single pulse-width modulation.

The rms output voltage can be found from

) [=+B)2 172 .’E'
V, = [ f V%drm:]] =Viy5 (6.27)
, m

2w =812

By varying A, from 0 to A,, the pulse width & can be modified from 0° to 180° and the
rms output voltage V., from 0 to V.
The Fourier series of output voltage yields

A
u,lt) = ":1% .-"T-r- sin 5 sin nod (6.28)

Due to the symmetry of the output voltage along the x-axis, the even harmonics
(forn = 2,4,6, ... )are absent. A compuler program is developed to evaluate the per-
formance of single-pulse modulation for single-phase full-bridge inverters. Figure 6.12
shows the harmonic profile with the variation of modulation index M. The dominant
harmonic is the third, and the DF increases significantly at a low output voltage.

The time and angles of intersections can be found from

[y = % =(1- MJ% (6.29a)
% Is
h=t=(1+ M) (6.29b)
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Harmonic profile of single-pulse-width modulation.
which gives the pulse width d (or pulse angle &) as
&
d= —=h-n= MT, (6.29¢)

where T, = T2,

Gating sequence. The algorithm for generating the gating signals are as follows:

1. Generate a triangular carrier signal v, of switching period T, = T/2. Compare v,,
with a dc reference signal v, to produce the difference v, = v, — v, which must
pass through a gain limiter to produce a square wave of width d at a switching pe-
riod T,

2. To produce the gating signal g,, multiply the resultant square wave by a unity sig-
nal v., which must be a unity pulse of 50% duty cycle at a period of T,

3. To produce the gating signal g, multiply the square wave by a logic-invert signal
of v,

6.6.2 Multiple-Pulse-Width Modulation

The harmonic content can be reduced by using several pulses in each half-cycle of out-
put voltage. The generation of gating signals (in Figure 6.13b) for turning on and off of
-transistors is shown in Figure 6.13a by comparing a reference signal with a triangular
carrier wave, The gate signals are shown in Figure 6.13b, The frequency of reference
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Multiple-pulse-width modulation.

signal sets the output frequency f,, and the carrier frequency f, determines the number
of pulses per half-cycle p. The modulation index controls the output voltage. This type
of modulation is also known as uniform pulse-width modulation (UPWM). The num-
ber of pulses per half-cycle is found from

fe myg

"% "2 (6.30)

where m; = f./f, is defined as the frequency modulation ratio.
The instantaneous output voltage is v, = Vi(g — g4). The output voltage for
single-phase bridge inverters is shown in Figure 6.13¢ for UPWM.
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If & is the width of each pulse, the rms output voltage can be found from

2p (mip+h)2 12
V, = [— f V2 :i(-:ur]] =V, r'—EE (6.31)
2n (mlp-B)2 m

“The variation of the modulation index M from 0 to 1 varies the pulse width o
from 0to T72p (0 to wfp) and the rms output voltage V, from 0 to V.. The general form
of a Fourier series for the instantaneous output voltage is

(1) = i B, sin nwt (6.32)

n=115,...

The coefficient B, in Eq. (6.32) can be determined by considering a pair of pulses such
that the positive pulse of duration & starts at wf = o« and the negative one of the same
width starts at wf = 7 + «. This is shown in Figure 6.13c. The effects of all pulses can
be combined together to obtain the effective output voltage.

If the positive pulse of mth pair starts at wt = a,, and ends at ot = w,, + &, the
Fourier coefficient for a pair of pulses is

2 i+ 8 a2
b, = — [f sin nwt d(wt) = / sin Hwt d[mr]]
i ™

m -t B2 +i

4v,
= Fisin%ﬁ[sin n (a,,, + ::—E) — sinn (-n + a,, + %)] (6.33)

The coefficient B, of Eq. (6.32) can be found by adding the effects of all pulses,

Ip
B, = mz_‘,l%sin ?[sinn(um + :—ﬁ) - sinn(rr + oty + 2—)] (6.34)

A computer program is used to evaluate the performance of multiple pulse mod-
ulation. Figure 6.14 shows the harmonic profile against the variation of modulation
index for five pulses per half-cycle. The order of harmonics is the same as that of single-
pulse modulation. The distortion factor is reduced significantly compared with that of
single-pulse modulation. However, due to larger number of switching on and off
processes of power transistors, the switching losses would increase. With larger values
of p, the amplitudes of LOH would be lower, but the amplitudes of some higher order
harmonics would increase. However, such higher order harmonics produce negligible
ripple or can easily be filtered out.

Due to the symmetry of the output voltage along the x-axis, A, = 0 and the even
harmonics (forn = 2,4, 6, ...) are absent.

The mth time t,,, and angle «,, of intersection can be determined from

T,
ty=—=(m - M) -_j for m=13..2p (6.35a)

T,
rm=~—'_:=|[m-1 + M}E for m=24 ....2p (6.35b)
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Because all widths are the same, we get the pulse width d (or pulse angle 8) as
b
d = o et T = MT, (6.35¢c)
where T, = T2p.
The algorithm for generating the gating signals is the same as that for single-pulse
modulation, except the switching period T, of the triangular carrier signal v, is 7/2p in-
stead of T/2.
6.6.3 Sinusoidal Pulse-Width Modulation

Instead of maintaining the width of all pulses the same as in the case of multiple-pulse
modulation, the width of each pulse is varied in proportion to the amplitude of a sine
wave evaluated at the center of the same pulse [2]. The DF and LOH are reduced sig-
nificantly. The gating signals as shown in Figure 6.15a are generated by comparing a si-
nusoidal reference signal with a triangular carrier wave of frequency f,. This sinusoidal
pulse-width modulation (SPWM) is commonly used in industrial applications. The fre-
quency of reference signal f, determines the inverter output frequency f,; and its peak
amplitude A, controls the modulation index M, and then in turn the rms output volt-
age V.. Comparing the bidirectional carrier signal v, with two sinusoidal reference sig-
nals v, and —w, shown in Figure 6.15a produces gating signals g and gy, respectively, as
shown in Figure 6.15b. The output voltage is v, = Vi(g — g). However, g, and g, can-
nol be released at the same time. The number of pulses per half-cycle depends on the
carrier frequency. Within the constraint that two transistors of the same arm (Q, and
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Sinusoidal pulse-width modulation.

;) cannot conduct at the same time, the instantaneous output voltage is shown in
Figure 6.15¢. The same gating signals can be generated by using unidirectional triangu-
lar carrier wave as shown in Figure 6.15d. It is easier to implement this method and is
preferable. The algorithm for generating the gating signals is similar to that for the uni-
form PWM in Section 6.6.2, except the reference signal is a sine wave v, = V, sin wt, in-
stead of a dc signal. The output voltage is v, = V(g — g).

The rms output voltage can be varied by varying the modulation index M. It can
be observed that the area of each pulse corresponds approximately to the arca under
the sine wave between the adjacent midpoints of off periods on the gating signals. If &,
is the width of mth pulse, Eq. (6.31) can be extended to find the rms output voltage

vo=v(32)" (636)
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Equation (6.34) can also be applied to determine the Fourier coefficient of output volt-
age as

r 4V, nd 38 . b
B, = "gtmf sin T’"[sinn(um + -:1-"1) - smn(w + a,, + f)
forn = 1,35, ... (6.37)

A computer program is developed to determine the width of pulses and to evalu-
ate the harmonic profile of sinusoidal modulation. The harmonic profile is shown in
Figure 6.16 for five pulses per half-cycle. The DF is significantly reduced compared
with that of multiple-pulse modulation. This type of modulation eliminates all harmon-
ics less than or equal to 2p — 1. For p = 5, the LOH is ninth.

The mth time ¢, and angle a,, of intersection can be determined from

T,
= E{f =1, +m=2 (6.38a)

where t, can be solved from

2t mT,
1—-—=M5in|:m(:,+—i)] for m

1,3,....,2p  (6.38b)

T, 2
2t . mT,
T = M sin |:u:|(l'x + —l;_)] for m=24,....2p (6.38c)

where T, = T/2(p + 1). The width of the mth pulse d,, (or pulse angle 5,,) can be
found from

Bm
= 2=ty = (6.38d)

v, DF (%}
v 1.0

— 0.8

— (A

= 0.4

= 0.2

FIGURE 6.16

Harmonic profile of sinusoidal pulse-width
modulation.

Modulation index, M
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The output voltage of an inverter contains harmonics. The PWM pushes the har-
monics into a high-frequency range around the switching frequency f. and its multi-
ples, that is, around harmonics my, 2my, 3my, and so on. The frequencies at which the
voltage harmonics occur can be related by

fa = (jms £ K)f, (6.39)

where the nth harmonic equals the kth sideband of jth times the frequency to modula-
tion ratio my.

n =_;mf:|:k
=2jp+k forj=1,23,...andk =135, ... (6.40)

The peak fundamental output voltage for PWM and SPWM control can be found ap-
proximately from

Va=dV, for0=ds=10 (6.41)

For d = 1, Eq. (6.41) gives the maximum peak amplitude of the fundamental output
voltage as Viymax) = Vi According to Eq. (6.12), Viyi(may) could be as high as
4V /m = 1.273V, for a square-wave output. To increase the fundamental output voltage,
d must be increased beyond 1.0, The operation beyond d = 1.0 is called overmodulation.
The value of d at which Vy,j(ma) equals 1.273V is dependent on the number of pulses
per half-cycle p and is approximately 3 for p = 7, as shown in Figure 6.17. Overmodu-
lation basically leads to a square-wave operation and adds more harmonics as com-
pared with operation in the linear range (with d = 1.0). Overmodulation is normally
avoided in applications requiring low distortion (e.g., uninterruptible power supplies

[UPSs]).
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6.6.4 Modified Sinusoidal Pulse-Width Modulation

Figure 6.15c indicates that the widths of pulses nearer the peak of the sine wave do not
change significantly with the variation of modulation index. This is due to the charac-
teristics of a sine wave, and the SPWM technique can be modified so that the carrier
wave is applied during the first and last 60° intervals per half-cycle (e.g., 0° to 60° and
120° to 180°). This modified sinusoidal pulse-width modulation (MSPWM) is shown in
Figure 6.18. The fundamental component is increased and its harmonic characteristics
are improved. It reduces the number of switching of power devices and also reduces
switching losses.
The mth time ¢, and angle a,, of intersection can be determined from

Ly E_ —
,m_:_;x+m2 for m=1,23,...,p (6.42a)
where 1, can be solved from
T,
l—$=M5in[w(I;+%)] for m=13,..,p (6.42b)
T,
$=-Msin[m(:,+m2‘)] for m=24,...,p (6.42c)
¥

The time intersections during the last 60° intervals can be found from

"m+1=ur::+l=%_'2p—m for m=p,p+1...,2p—1 (6.42d)

A Carrier signal
A Reference signal
1
180" 240" 3m0° 360°
0 =l

]
=
E

. T T
B ]
; _fo—nn .
T 2
FIGURE 6.18

Modified sinusoidal pulse-width modulation.
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where T, = T/6(p + 1). The width of the mth pulse d,, (or pulse angle &,,) can be
found from

5m
'dm = : = I+l = I (6‘*425}
A computer program was used to determine the pulse widths and to evaluate the
performance of modified SPWM. The harmonic profile is shown in Figure 6.19 for five
pulses per half-cycle. The number of pulses g in the 60° period is normally related to
the frequency ratio, particularly in three-phase inverters, by

fe . 6q + 3 (6.43)

The instantaneous output voltage is v, = V(g — g). The algorithm for generating
the gating signals is similar to that for sinusoidal PWM in Section 6.6.3, except the ref-
erence signal is a sine wave from 60° to 120° only.

Phase-Displacement Control

Voltage control can be obtained by using multiple inverters and summing the output
voltages of individual inverters. A single-phase full-bridge inverter in Figure 6.2a can
be perceived as the sum of two half-bridge inverters in Figure 6.1a. A 180°:phase
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displacement produces an output voltage as shown in Figure 6.20c, whereas a delay (or
displacement) angle of « produces an output as shown in Figure 6.20e.
For example, the gate signal g; for the half-bridge inverter can be delayed by
angle o to produce the gate signal g,.

If

then

The rms output voltage,
5
Vn = V: \/-;-
x 2V
Vnn = 2 - sin Awl
n=i3s N

= +}

2V, .
Upy = ,.-1%,__ o Sin n(wt — a)

(6.44)
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6.7

The instantaneous output voltage,

ol

v, . .
Ugp = Ugp — Upo = IE — [sin nwt — sin n{wt — )]
a=135,... Hnm

which, after using sin A — sin B = 2sin[(A — B)/2] cos[(A + B)/2], can be simpli-
fied to

= 4V
Uy = 1% n_-::Sin —';Ecus n (mr - %) (6.45)
The rms value of the fundamental output voltage is
4V, | «
Vor = Y et (6.46)

Equation (6.46) indicates that the output voltage can be varied by changing the delay
angle. This type of control is especially useful for high-power applications, requiring a
large number of switching devices in parallel.

If the gate signals g and g, are delayed by angles o) = « and ay(= 7 — o), the
output voltage v,;, has a quarter-wave symmetry at /2 as shown in Figure 6.20f. Thus,
we get

-5 N
Voo = 2‘,' — sin(n(of — a)) forn = 1,3,5, ...
[ 5] 2"{5 )
Vpo = 2, — sin[n(wt — 7 + a)] forn = 1,3.5, ...
A=l HT
(= <] 41;{ .
Vab = Voo = Upo = 2, ;cos{nu} sin{nowt) forn=1,3,5 (6.47)
n=1

ADVANCED MODULATION TECHNIQUES

The SPWM, which is most commonly used, suffers from drawbacks (e.g., low funda-
mental output voltage). The other techniques that offer improved performances are:

Trapezoidal modulation
Staircase modulation
Stepped modulation
Harmonic injection modulation
Delta modulation
For the sake of simplicity, we shall show the output voltage v,,. for a half-bridge in-

verter in Figure 6.1a. For a full-bridge inverter, v, = v, — Uy, Where wy, is the inverse
of vg,.

Trapezoidal modulation. The gating signals are generated by comparing a tri-
angular carrier wave with a modulating trapezoidal wave [3] as shown in Figure 6.21.
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The trapezoidal wave can be obtained from a triangular wave by limiting its magnitude
to £A,, which is related to the peak value A, by

A = “Arim.u]
where o Is called the rriangular factor, because the waveform becomes a triangular

wave when ¢ = 1. The modulation index M is

A, 'J'Arljm::til
M=-—=——— forll=M=1 4
| A A, or (6.48)

The angle of the flat portion of the trapezoidal wave is given by
26 =(1 - o)m (6.49)

For fixed values of A,y and A, M that varies with the output voltage can be varied
by changing the triangular factor o. This type of modulation increases the peak funda-
mental output voltage up to 1.05V,, but the output contains LOHs

Staircase modulation. The modulating signal is a staircase wave, as shown in
Figure 6.22. The staircase is not a sampled approximation to the sine wave. The levels
of the stairs are calculated to eliminate specific harmonics. The modulation frequency
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ratio m; and the number of steps are chosen to obtain the desired quality of output
voltage. This is an optimized PWM and is not recommended for fewer than 15 pulses in
one cycle. It has been shown [4] that for high fundamental output voltage and low DF,
the optimum number of pulses in one cycle is 15 for two levels, 21 for three levels, and
27 for four levels. This type of control provides a high-quality output voltage with a
fundamental value of up to 0.94V,,

Stepped modulation. The modulating signal is a stepped wave [4, 5] as shown in
Figure 6.23. The stepped wave is not a sampled approximation to the sine wave. It is di-
vided into specified intervals, say 20°, with each interval controlled individually to con-
trol the magnitude of the fundamental component and to eliminate specific harmonics.
This type of control gives low distortion, but a higher fundamental amplitude com-
pared with that of normal PWM control.

Harmonic injected modulation. The modulating signal is generated by injecting
selected harmonics to the sine wave. This results in flat-topped waveform and reduces
the amount of overmodulation. It provides a higher fundamental amplitude and low
distortion of the output voltage. The modulating signal [6, 7] is generally composed of

v, = L15sin wt + 0.27 sin 3wt — 0,029 sin Ywt (6.50)

The modulating signal with third and ninth harmonic injections is shown in Figure 6.24.
It should be noted that the injection of 3nth harmonics does not affect the quality of
the output voltage, because the output of a three-phase inverter does not contain
triplen harmonics. If only the third harmonic is injected, v, is given by

v, = 115 sin wt + 0.19 sin 3w (6.51)
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FIGURE 6.23
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(b) Output voliage Selected harmonic injection modulaticn.
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Harmonic injection modulation.

The modulating signal [8] can be generated from 27/3 segments of a sine wave as shown
in Figure 6.25. This is the same as injecting 3nth harmonics 1o a sine wave. The line-to-
line voltage is sinusoidal PWM and the amplitude of the fundamental component is ap-
proximately 15% more than that of a normal sinusoidal PWM. Because each arm is
switched off for one-third of the period, the heating of the switching devices is reduced.

Delta modulation. In delta modulation [9], a triangular wave is allowed to os-
cillate within a defined window AV above and below the reference sine wave v,. The
inverter switching function, which is identical to the output voltage v, is generated
from the vertices of the triangular wave v, as shown in Figure 6.26. It is also known as
hysteresis modulation. If the frequency of the modulating wave is changed keeping the
slope of the triangular wave constant, the number of pulses and pulses widths of the
modulated wave would change.

The fundamental output voltage can be up to 1V, and is dependent on the peak am-
plitude A, and frequency f, of the reference voltage. The delta modulation can control the
ratio of voltage to frequency, which is a desirable feature, especially in ac motor control.

VOLTAGE CONTROL OF THREE-PHASE INVERTERS

A three-phase inverter may be considered as three single-phase inverters and the out-

put of each single-phase inverter is shifted by 120°. The voltage control technigues
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Delta modulation.
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discussed in Section 6.6 are applicable to three-phase inverters. However, the following
techniques are most commonly used for three-phase inverters.

Sinusoidal PWM
Third-harmonic PWM
60° PWM

Space vector modulation

Sinusoidal PWM

The generations of gating signals with sinusoidal PWM are shown in Figure 6.27a. There
are three sinusoidal reference waves (v, , v,, and v, ) each shifted by 120°. A carrier
wave is compared with the reference signal corresponding to a phase to gencrate the
pating signals for that phase [10]. Comparing the carrier signal v, with the reference
phases v,,, v,;, and v, produces g, gs, and gs, respectively, as shown in Figure 6.27b. The
instantaneous line-to-line output voltage is vy = Vi(g — ). The output voltage as
shown in Figure 6.27c, is generated by eliminating the condition that two switching de-
vices in the same arm cannot conduct at the same time.

The normalized carrier frequency m; should be odd multiple of three. Thus, all
phase-voltage (v, tpyn. and v,y) are identical, but 120° out of phase without even
harmonics; moreover, harmonics at frequencies multiple of three are identical in
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Sinusoidal pulse-width modulation for three-phase inverter.

amplitude and phase in all phases. For instance, if the ninth harmonic voltage in
phase a is

Unalt) = Vg sin(9uwt) (6.52)

the corresponding ninth harmonic in phase b will be,
vpwolt) = Do sin(9(wr — 120°)) = By sin(Jwt — 1080°)) = By sin(9wr) (6.53)

Thus, the ac output line voltage v,, = v,n — Uy does not contain the ninth harmonic.
Therefore, for odd multiples of three times the normalized carrier frequency my, the
harmonics in the ac output voltage appear at normalized frequencies f, centered
around m; and its multiples, specifically, at

n=jmexk {6.54)

where j = 1,3,5, ... for k=2,4,6,...;and j= 2,4, ... for k= 1,5,7,..., such
that » is not a multiple of three. Therefore, the harmonics are at my = 2, my £ 4.,
2mp £ 1,2my £ 5, ..., 3mp £ 2. 3mp £ 4,..., 4mp = 1,4my £ 5, .... For nearly
sinusoidal ac load current, the harmonics in the dec link current are at frequencies
given by

n=jmyxtkzxl (6.55)
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Multilevel Inverters

The learning objectives of this chapter are as follows:

¢ To learn the switching technique for multilevel inverters and their types

9.1

406

To study the operation and features of multilevel inverters

To understand the advantages and disadvantages of multilevel inverters

To learn about the control strategy to address capacitor voltage unbalancing
To learn the potential applications of multilevel inverters

INTRODUCTION

The voltage source inverters produce an output voltage or a current with levels ei-
ther 0 or V. They are known as the two-level inverter. To obtain a quality output
voltage or a current waveform with a minimum amount of ripple content, they re-
quire high-switching frequency along with various pulse-width modulation (PWM)
strategies. In high-power and high-voltage applications, these two-level inverters,
however, have some limitations in operating at high frequency mainly due to switch-
ing losses and constraints of device ratings. Moreover, the semiconductor switching
devices should be used in such a manner as to avoid problems associated with their
series-parallel combinations that are necessary to obtain capability of handling high
voltages and currents.

The multilevel inverters have drawn tremendous interest in the power industry.
They present a new set of features that are well suited for use in reactive power com-
pensation. It may be easier to produce a high-power, high-voltage inverter with the
multilevel structure because of the way in which device voltage stresses are controlled
in the structure. Increasing the number of voltage levels in the inverter without requir-
ing higher ratings on individual devices can increase the power rating. The unique
structure of multilevel voltage source inverters’ allows them to reach high voltages
with low harmonics without the use of transformers or series-connected synchronized-
switching devices. As the number of voltage levels increases, the harmonic content of
the output voltage waveform decreases significantly [1,2].
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MULTILEVEL CONCEPT

Let us consider a three-phase inverter system [4], as shown in Figure 9.1a, with a dc
voltage V.. Series-connected capacitors constitute the energy tank for the inverter,
providing some nodes to which the multilevel inverter can be connected. Each capaci-
tor has the same voltage E,,, which is given by

Vift

B = (9.1)

where m denotes the number of levels. The term level is referred to as the number of
nodes to which the inverter can be accessible. An m-level inverter needs (m — 1)
capacitors.
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(b) Schematic of single pole of multilevel inverter by a switch
FIGURE 9.1

General topology of multilevel inverters.
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Output phase voltages can be defined as voltages across output terminals of the
inverter and the ground point denoted by o as shown in Figure 9.1a. Moreover, input
node voltages and currents can be referred to input terminal voltages of the inverter
with reference to ground point and the corresponding currents from each node of the
capacitors to the inverter, respectively. For example, input node (dc) voltages are de-
signated by V), V5, etc. and the input node (dc) currents by [, I, etc., as shown in
Figure 9.1a. V,, Vj, and V,, are the root-mean-square (rms) values of the line load volt-
ages; I,, I, and [ are the rms values of the line load currents. Figure 9.1b shows the
schematic of a pole in a multilevel inverter where v, indicates an output phase voltage
that can assume any voltage level depending on the selection of node (dc) voltage
Vi, V5, etc. Thus, a pole in a multilevel inverter can be regarded as a single-pole,
multiple-throw switch. By connecting the switch to one node at a time, one can obtain
the desired output. Figure 9.2 shows the typical output voltage of a five-level inverter.

The actual realization of the switch requires bidirectional switching devices for
each node. The topological structure of multilevel inverter must (1) have less switching
devices as far as possible, (2) be capable of withstanding very high input voltage for high-
power applications, and (3) have lower switching frequency for each switching device.

TYPES OF MULTILEVEL INVERTERS

The general structure of the multilevel converter is to synthesize a near sinusoidal volt-
age from several levels of dc voltages, typically obtained from capacitor voltage
sources. As the number of levels increases, the synthesized output waveform has more
steps, which produce a staircase wave that approaches a desired waveform. Also, as
more steps are added to the waveform, the harmonic distortion of the output wave de-
creases, approaching zero as the number of levels increases. As the number of levels
increases, the voltage that can be spanned by summing multiple voltage levels also
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increases. The output voltage during the positive half-cycle can be found from

Voo = 2, E,SF, (9.2)

n=]

where SF, is the switching or control function of nth node and it takes a value of O or 1.
Generally, the capacitor terminal voltages Ey, E,, ... all have the same value E,,. Thus,
the peak output voltage is v,(peak) = (m — 1)E,, = V. To generate an output volt-
age with both positive and negative values, the circuit topology has another switch to
produce the negative part v, so that vy, = Vg, + VUpp = Vs — Upo

The multilevel inverters can be classified into three types [5].

Diode-clamped multilevel inverter:;
Flying-capacitors multilevel inverter;
Cascade multilevel inverter.

DIODE-CLAMPED MULTILEVEL INVERTER

A diode-clamped multilevel (m-level) inverter (DCMLI) typically consists of (m — 1)
capagitors on the dc bus and produces m levels on the phase voltage. Figure 9.3a shows

Load
side Converter side

V|=ﬂ'

{a) One leg of a bridge (b) Single-phase bridge

FIGURE 9.3
Diode-clamped five-level bridge multilevel inverter. [Ref. 4]
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9.4.1

one leg and Figure 9.3b shows a full-bridge five-level diode-clamped converter. The
numbering order of the switches is S;;, Si, Sa3, Saas Si1, Sa2, Sz, and S,y The dec bus
consists of four capacitors, Cy, Cy, Cs, and C,. For a dc bus voltage V., the voltage
across each capacitor is Vy /4, and each device voltage stress is limited to one capacitor
voltage level V3 /4 through clamping diodes. An m-level inverter leg requires (m — 1)
capacitors, 2(m — 1) switching devices and (m — 1)(m — 2) clamping diodes.

Principle of Operation

To produce a staircase-output voltage, let us consider only one leg of the five-level in-
verter, as shown in Figure 9.3a, as an example. A single-phase bridge with two legs is
shown in Figure 9.3b. The dc rail 0 is the reference point of the output phase voltage.
The steps to synthesize the five-level voltages are as follows:

1. For an output voltage level v,, = V., turn on all upper-half switches S,, through
Sa4-

2. For an output voltage level v,, = 3V /4, turn on three upper switches S,
through S,4 and one lower switch §;,.

3. For an output voltage level v,, = V4 /2, turn on two upper switches S,; through
5.4 and two lower switches S, and S_,.

4. For an output voltage level v,, = V4, turn on one upper switch S 4 and three
lower switches S;; through S;a.

5. For an output voltage level v,, = 0, turn on all lower half switches S}, through
Saa-

Table 9.1 shows the voltage levels and their corresponding switch states. State condi-
tion 1 means the switch is on, and state 0 means the switch is off. It should be noticed
that each switch is turned on only once per cycle and there are four complementary
switch pairs in each phase. These pairs for one leg of the inverter are (S, Sy ),
(Sa2, 8:), (Sa3. Sz3), and (S,4, Sue). Thus, if one of the complementary switch pairs is
turned on, the other of the same pair must be off. Four switches are always turned on at
the same time.

Figure 9.4 shows the phase voltage waveform of the five-level inverter. The line
voltage consists of the positive phase-leg voltage of terminal @ and the negative phase-leg
voltage of terminal b. Each phase-leg voltage tracks one-half of the sinusoidal wave. The

TABLE 9.1 Diode-Clamped Voltage Levels and Their Switch States

Switch State
Output

Vao Sal Sa Sax Soa Sar Sa 5. S
Ve = Vi 1 1 i 1 0 0 0 0
Ve = 3V J4 0 1 1 1 1 0 0 0
Vi =V, 2 0 0 1 1 1 1 0 0
Ve = V4 0 0 0 1 1 1 1 0
Vi=10 L] 0 0 0 1 1 1 1
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FIGURE 9.4

Phase and fundamental voltage waveforms of a five-level inverter.

resulting line voltage is a nine-level staircase wave. This implies that an m-level converter
has an m-level output phase-leg voltage and a (2m — 1)-level output line voltage.

Features of Diode-Clamped Inverter

The main features are as follows:

1. High-voltage rating for blocking diodes: Although each switching device is only re-
quired to block a voltage level of Vy/(m — 1), the clamping diodes need to have
different reverse voltage blocking ratings. For example, when all lower devices S,
through S, are turned on, diode D}, needs to block three capacitor voltages, or
3V,/4. Similarly, diodes D,; and D,; need to block 2V,/4, and D,; needs to block
Va/4. Even though each main switch is supposed to block the nominal blocking
voltage, the blocking voltage of each clamping diode in the diode clamping in-
verter is dependent on its position in the structure. In an m-level leg, there can be
two diodes, each seeing a blocking voltage of

m=1-=k
Vo=—"—"7"Va (9.3)
where m is the number of levels;
k goes from 1 to (m — 2);
Vg is the total dc link voltage.

If the blocking voltage rating of each diode is the same as that of the switching
device, the number of diodes required for each phase is Np = (m — 1) X
(m = 2). This number represents a quadratic increase in m. Thus, for m = §,
Np=(5-1)x(5-=2)=12. When m is sufficiently high, the number of
diodes makes the system impractical to implement, which in effect limits the
number of levels.
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9.4.3

2. Unequal switching device rating: We can notice from Table 9.1 that switch S, con-
ducts only during v,, = Vg, whereas switch S, conducts over the entire cycle ex-
cept during the interval when v,, = 0. Such an unequal conduction duty requires
different current ratings for the switching devices. Therefore, if the inverter de-
sign uses the average duty cycle to find the device ratings, the upper switches may
be oversized, and the lower switches may be undersized. If the design uses the
worst-case condition, then each phase has 2 X (m — 2) upper devices oversized.

3. Capacitor voltage unbalance: Because the voltage levels at the capacitor termi-
nals are different, the currents supplied by the capacitors are also different. When
operating at unity power factor, the discharging time for inverter operation (or
charging time for rectifier operation) for each capdcitor is different. Such a ca-
pacitor charging profile repeats every half-cycle, and the result is unbalanced ca-

~ pacitor voltages between different levels. This voltage unbalance problem in a
multilevel converter can be resolved by using approaches such as replacing ca-

pacitors by a controlled constant dc voltage source, PWM voltage regulators, or
batteries.

The major advantages of the diode-clamped inverter can be summarized as follows:

* When the number of levels is high enough, the harmonic content is low enough to
avoid the need for filters.

* Inverter efficiency is high because all devices are switched at the fundamental
frequency.

* The control method is simple.
The major disadvantages of the diode-clamped inverter can be summarized as follows:

* Excessive clamping diodes are required when the number of levels is high.

* It is difficult to control the real power flow of the individual converter in multi-
converter systems.

Improved Diode-Clamped Inverter

The problem of multiple blocking voltages of the clamping diodes can be addressed by
connecting an appropriate number of diodes in series, as shown in Figure 9.5. However,
due to mismatches of the diode characteristics, the voltage sharing is not equal. An im-
proved version of the diode-clamped inverter [6] is shown in Figure 9.6 for five levels.
The numbering order of the switches is Sy, S5, 53, 84, 51, 55, 53, and S;. There are a total
of eight switches and 12 diodes of equal voltage rating, which are the same as the
diode-clamping inverter with series-connected diodes. This pyramid architecture is ex-
tensible to any level, unless otherwise practically limited. A five-level inverter leg re-
quires (m — 1 =) 4 capacitors, (2(m — 1) =) 8 switches and ((m — 1)(m — 2) =) 12
clamping diodes.

Principle of operation. The modified diode-clamped inverter can be decom-
posed into two-level switching cells. For an m-level inverter, there are (m — 1) switch-
ing cells. Thus, for m = 5, there are 4 cells: In cell 1, §5, S;, and S; are always on
whereas §; and 8] are switched alternatively to produce an output voltage V,/2 and
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Diode-clamped multilevel inverter with diodes in series. [Ref 6]

Vi /4, respectively. Similarly, in cell 2, S5, §4, and S are always on whereas §; and §5 are
switched alternatively to produce an output voltage V,/4 and 0, respectively. In cell 3,
S4, 51, and S5 are always on whereas S; and 5 are switched alternatively to produce an
output voltage 0 and —V, /2, respectively. In final cell 4, §}, §5, and S5 are always on
whereas §; and S; are switched alternatively to produce an output voltage —V; /4 and
= V42, respectively.

Each switching cell works actually as a normal two-level inverter, except that
each forward or freewheeling path in the cell involves (m — 1) devices instead of only
one. Taking cell 2 as an example, the forward path of the up-arm involves Dy, §,, §,,
and S,, whereas the freewheeling path of the up-arm involves §}, Dy,, Dy, and D,, con-
necting the inverter output to Vy /4 level for either positive or negative current flow.
The forward path of the down-arm involves S}, S5, Dy, and Dy, whereas the freewheel-
ing path of the down-arm involves Dy, [, S5, and Sy, connecting the inverter output to
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FIGURE 9.6
Modified diode-clamed inverter with distributed clamping diodes. [Ref. 6]

zero level for either positive or negative current flow. The following rules govern the
switching of an m-level inverter:

1. At any moment, there must be (m — 1) neighboring switches that are on.

2. For each two neighboring switches, the outer switch can only be turned on when
the inner switch is on.

3. For each two neighboring switches, the inner switch can only be turned off when
the outer switch is off.

9.5 FLYING-CAPACITORS MULTILEVEL INVERTER

Figure 9.7 shows a single-phase, full-bridge, five-level converter based on a flying-
capacitors multilevel inverter (FCMLI) [5]. The numbering order of the switches is
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FIGURE 9.7

Circuit diagram of a five-level, flying-capacitors, single-phase inverter. [Ref. 5]

Sats Sazs Sa3» Saas Saas Suz, Sia, and Sy, Note that the order is numbered differently from
that of the diode-clamped inverter in Figure 9.3. The numbering is immaterial as along
as the switches are turned on and off in the right sequence to produce the desired out-
put waveform. Each phase leg has an identical structure. Assuming that each capacitor
has the same voltage rating, the series connection of the capacitors indicates the volt-
age level between the clamping points. Three inner-loop balancing capacitors (C,;, Cg,
and C,3) for phase-leg a are independent from those for phase-leg b. All phase legs
share the same dc-link capacitors, C; through C,.

The voltage level for the flying-capacitors converter is similar to that of the
diode-clamped type of converter. That is, the phase voltage v,, of an m-level converter
has m levels (including the reference level), and the line voltage v,, has (2m — 1) lev-
els. Assuming that each capacitor has the same voltage rating as the switching device,
the dc bus needs (m — 1) capacitors for an m-level converter. The number of capaci-
tors required for each phase is N = E;".](m = j). Thus, form = 5, N = 10.

Principle of Operation

To produce a staircase-output voltage, let us consider the one leg of the five-level
inverter shown in Figure 9.7 as an example. The dc rail 0 is the reference point of
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the output phase voltage. The steps to synthesize the five-level voltages are as

follows:

1. For an output voltage level v,, = V., turn on all upper-half switches S, through
Sas-

2. For an output voltage level v,, = 3V, /4, there are four combinations:
a. v, = V4 — V4 /4 by turning on devices S,;, Sz, Sa, and Sy4.
b. v,, = 3V, J/4 by turning on devices S, S.3, 44, and S,.
C Uy = Vo — IVy/4 + Vi /2 by turning on devices S,1, Sa3. Saar and Sz,
d. v,, = V. — V4J2 + V, /4 by turning on devices S,;, Sy, Sa4, and Sga.

3. For an output voltage level v,, = V, /2, there are six combinations:
A Uy, = Vi — V3J/2 by turning on devices Sy, S, Sz, and Sy
b. v,, = V,/2 by turning on devices S,3, S,4, S5, and Sp,.
C Uy = Vo — IVy /4 + VyuJ2 — V4 /4 by turning on devices S;, g3, S50, and Sgq.
d. v, = Vg — 3Vy /4 + V4 /4 by turning on devices Sy, 544, Sz, and Sg.
e. v,, = 3VyJ4 — VuJ2 + V44 by turning on devices S, S,4, 551, and Sga.
. v,, = 3V4i4 — Vi /4 by turning on devices S, Sa3, a1, and Sy

4. For an output voltage level v,, = V;/4, there are four combinations:
a. U, = Vi — 3Vy/4 by turning on devices S,, S5, Saa, and S
b. v,, = VyJ/4 by turning on devices S, S41, i, and Sgs.
€ Uy = Vy/2 — Vg /4 by turning on devices S;, S5y, Si, and Sgg.
d. v, = 3VyJ4 — V, /2 by turning on devices S, 5,1, Sz3, and Sg,.

5. For an output voltage level v,, = 0, turn on all lower half switches §;; through

Si.

There are many possible switch combinations to generate the five-level output voltage.
Table 9.2, however, lists a possible combination of the voltage levels and their corre-
sponding switch states. Using such a switch combination requires each device to be
switched only once per cycle. It can be noticed from Table 9.2 that the switching de-
vices have unequal turn-on time. Like the diode-clamped inverter, the line voltage con-
sists of the positive phase-leg voltage of terminal a and the negative phase-leg voltage
of terminal b. The resulting line voltage is a nine-level staircase wave. This implies that
an m-level converter has an m-level output phase-leg voltage and a (2m — 1)-level
output line voltage.

TABLE 9.2 One Possible Switch Combination of the Flying-Capacitors Inverter

Switch State
Output

Vao Sa Sa Sa Sas S Sa 5. Sa
Vi = Vi 1 1 1 1 0 0 0 0
V, = 3V, /4 1 1 1 0 1 0 0 0
Vi = V2 1 1 0 0 1 1 0 0
Vy = Vy/d 1 0 0 0 1 1 1 0
V=0 0 0 0 0 1 1 1 1




9.6 Cascaded Multilevel Inverter 417

9.5.2 Features of Flying-Capacitors Inverter

9.6

The main features are as follows:

1. Large number of capacitors: The inverter requires a large number of storage ca-

pacitors. Assuming that the voltage rating of each capacitor is the same as that of
a switching device, an m-level converter requires a total of (m — 1) X (m — 2)/2
auxiliary capacitors per phase leg in addition to (m = 1) main dc bus capacitors.
On the contrary, an m-level diode-clamp inverter only requires (m — 1) capaci-
tors of the same voltage rating. Thus, for m = 5, Noc = 4 X 3/2 + 4 = 10 com-
pared with N = 4 for the diode-clamped type.

Balancing capacitor voltages: Unlike the diode-clamped inverter, the FCMLI has
redundancy at its inner voltage levels. A voltage level is redundant if two or more
valid switch combinations can synthesize it. The availability of voltage redundan-
cies allows controlling the individual capacitor voltages. In producing the same
output voltage, the inverter can involve different combinations of capacitors al-
lowing preferential charging or discharging of individual capacitors. This flexibil-
ity makes it easier to manipulate the capacitor voltages and keep them at their
proper values. It is possible to employ two or more switch combinations for mid-
dle voltage levels (i.e., 3Vy/4, V,/2, and V4 /4) in one or several output cycle to
balance the charging and discharging of the capacitors. Thus, by proper selection
of switch combinations, the flying-capacitors multilevel converter may be used in
real power conversions. However, when it involves real power conversions, the
selection of a switch combination becomes very complicated, and the switching
frequency needs to be higher than the fundamental frequency.

The major advantages of the flying-capacitors inverter can be summarized as follows:

The

Large amounts of storage capacitors can provide capabilities during power outages.

These inverters provide switch combination redundancy for balancing different
voltage levels.

Like the diode-clamp inverter with more levels, the harmonic content is low
enough to avoid the need for filters.

Both real and reactive power flow can be controlled.

major disadvantages of the flying-capacitors inverter can be summarized as

follows:

An excessive number of storage capacitors is required when the number of levels
is high. High-level inverters are more difficult to package with the bulky power
capacitors and are more expensive too.

The inverter control can be very complicated, and the switching frequency and
switching losses are high for real power transmission.

CASCADED MULTILEVEL INVERTER

A cascaded multilevel inverter consists of a series of H-bridge (single-phase, full-
bridge) inverter units. The general function of this multilevel inverter is to synthesize a
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FIGURE 9.8
Single-phase multilevel cascaded H-bridge inverter. [Ref. 7)

desired voltage from several separate dc sources (SDCSs), which may be obtained
from batteries, fuel cells, or solar cells. Figure 9.8a shows the basic structure of a single-
phase cascaded inverter with SDCSs [7]. Each SDCS is connected to an
H-bridge inverter. The ac terminal voltages of different level inverters are connected in
series. Unlike the diode-clamp or flying-capacitors inverter, the cascaded inverter does
not require“any voltage-clamping diodes or voltage-balancing capacitors.

9.6.1 Principle of Operation

Figure 9.8b shows the synthesized phase voltage waveform of a five-level cascaded in-
verter with four SDCSs. The phase output voltage is synthesized by the sum of four in-
verter outputs, v,, = v, + v, + ¥, + V.. Each inverter level can generate three
different voltage outputs, +V,, 0, and —V, by connecting the dc source to the ac out-
put side by different combinations of the four switches, §,, S,, §;, and ;. Using the top
level as the example, turning on §; and S, yields v, = +V,. Turning on S, and S;
yields v,y = =V, Turning off all switches yields vy = 0. Similarly, the ac output volt-
age at each level can be obtained in the same manner. If Ns is the number of dc sources,
the output phase voltage level is m = Ng + 1. Thus, a five-level cascaded inverter
needs four SDCSs and four full bridges. Controlling the conducting angles at different
inverter levels can minimize the harmonic distortion of the output voltage.

The output voltage of the inverter is almost sinusoidal, and it has less than 5%
total harmonic distribution (THD) with each of the H-bridges switching only at
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Generation of quasi-square waveform. [Ref. 7]

fundamental frequency. If the phase current i,, as shown in Figure 9.8b, is sinusoidal
and leads or lags the phase voltage v,, by 90°, the average charge to each dc capacitor
is equal to zero over one cycle. Therefore, all SDCS capacitor voltages can be balanced.

Each H-bridge unit generates a quasi-square waveform by phase shifting its pos-
itive and negative pliase-leg-switching timings. Figure 9.9 shows the switching timings
to generate a quasi-square waveform of an H-bridge. It should be noted that each
switching device always conducts for 180° (or half-cycle), regardless of the pulse width
of the quasi-square wave. This switching method makes all of the switching device cur-
rent stresses equal.

Features of Cascaded Inverter

The main features are as follows:

* For real power conversions from ac to dc and then dc to ac, the cascaded invert-
ers need separate dc sources. The structure of separate dc sources is well suited
for various renewable energy sources such as fuel cell, photovoltaic, and biomass.

* Connecting dc sources between two converters in a back-to-back fashion is not
possible because a short circuit can be introduced when two back-to-back con-
verters are not switching synchronously.

The major advantages of the cascaded inverter can be summarized as follows:

* Compared with the diode-clamped and flying-capacitors inverters, it requires the
least number of components to achieve the same number of voltage levels.

¢ Optimized circuit layout and packaging are possible because each level has the
same structure and there are no extra clamping diodes or voltage-balancing
capacitors.

* Soft-switching techniques can be used to reduce switching losses and device
stresses.

The major disadvantage of the cascaded inverter are as follows:

¢ [t needs separate dc sources for real power conversions, thereby limiting its
applications.
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Example 9.1 Finding Switching Angles to Eliminate Specific Harmonics

The phase voltage waveform for a cascaded inverter is shown in Figure 9.10 for m = 6 (includ-
ing 0 level). (a) Find the generalized Fourier series of the phase voltage. (b) Find the switching
angles to eliminate 5th, 7th, 11th, and 13th harmonics if the peak fundamental phase voltage is
80% of its maximum value. (¢) Find the fundamental component B,, THD, and the distortion fac-
tor (DF).

Solution

a. For a cascaded inverter with m levels (including 0) per half-phase, the output voltage
per legis

vm-v¢]+v¢2+ﬂ"3+ +l’m_| (9.4)

Due to the quarter-wave symmetry along the x-axis, both Fourier coefficients A, and
A, are zero. We get B, as

4Vd¢ w2 ‘ w2 ‘
B, = . [f sin(nwt )d(wt) + f sin(nwt )d(wt) + -
w2
+ f sin{nw}d(mr]] (9.5)
[ |
_ e [
B, =— ;‘{ cns(nu,}] (9.6)

= wl
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FIGURE 9.10

Switching pattern swapping of the cascade inverter for balancing battery charge. [Ref. 7]
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which gives the instantaneous phase voltage v,, as

sin{mwr) (9.7)

4V [l
Vapfur) = —& [;} cos(ney;)

b. If the peak output phase voltage V. peu ) must equal to the carrier phase voltage,
Veripear) = (m — 1)V Thus, the modulation index becomes

- I":'r[puljl B Kupuk] {9.3}
Vﬂﬂ'[pﬂlt.l (m = 1)V,
The conducting angles ay, az, ..., Gy~ can be chosen such that the total harmonic dis-

tortion of the phase voltage is minimized. These angles are normally chosen so as to
cancel some predominant lower frequency harmonics. Thus, to eliminate Sth, 7th, 11th,
and 13th harmonics provided that the peak fundamental phase voltage is B0% of its
maximum value, we must solve the following equations for modulation index M = 0.8.

cos(5m,;) + cos(5a:) + cos(5a;) + cos(Say) + cos{Sa:) =0
cos(Ta;) + cos(Ta;) + cos(Ta;) + cos(Tay) + cos{Tas) = 0
cos(1la;) + cos(1lam,) + cos{1la;) + cos(1ley) + cos{1las) =0
cos(13a;) + cos(13a;) + cos(13as) + cos(13as) + cos(13as) = 0 (9.9)
cos(a;) + cos{a,) + cos{oa) + cos(ay) + cos{as)
=(m-1M
=508 =4

This set of nonlinear transcendental equations can be solved by an iterative method
such as the Newton-Raphson method. Using Mathcad, we get

o) = 657" a; = 18.94° ay = 27.18° oy = 45.15°, and a5 = 62.24°

Thus, if the inverter output is symmetrically switched during the positive half-cycle of
the fundamental voltage to +V,. at 6.57%, +2V,. at 18.94°, +3V,. at 27.18°, +4V, at
45.15°% and 45V, at 62.24° and similarly in the negative half-cycle to =V at 186.57°,
=2V, at 198.94", =3V, at 207.18°, =4V, at 225.15%, and -5V, at 242.24° the output
voltage cannol contain the 5th, 7th, 11th, and 13th harmonics.

e Using Mathcad, we get B, = 5.093%, THD = 5.975%, and DF = 0.08%

9.7

Note: The duty cycle for each of the voltage levels is different. This means that the
level-l de source discharges much sooner than the level-5 dc source. However, by using
a switching pattern-swapping scheme among the various levels every half-cycle, as
shown in Figure 9.10, all batteries can be equally used (discharged) or charged [7]. For
example, if the first pulse sequence is P, P, ..., P, then the next sequence is
B Py Py, P, P, and so on.

APPLICATIONS

There is considerable interest in applying voltage source inverters in high-power appli-
cations such as in utility systems for controlled sources of reactive power. In the
steady-state operation, an inverter can produce a controlled reactive current and
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9.71

operates as a static volt-ampere reactive (VAR)-compensator (STATCON). Also,
these inverters can reduce the physical size of the compensator and improve its perfor-
mance during power system contingencies. The use of a high-voltage inverter makes
possible direct connection to the high-voltage (e.g., 13-k'V) distribution system, elimi-
nating the distribution transformer and reducing system cost. In addition, the harmonic
content of the inverter waveform can be reduced with appropriate control techniques
and thus the efficiency of the system can be improved. The most common applications
of multilevel converters include (1) reactive power compensation, (2) back-to-back in-
tertie, and (3) variable speed drives.

Reactive Power Compensation

An inverter converts a dec voltage to an ac voltage; with a phase shift of 180°, the in-
verter can be operated as a dc-ac converter, that is, a controlled rectifier. With a
purely capacitive load, the inverter operating as a dc—ac converter can draw reactive
current from the ac supply. Figure 9.11 shows the circuit diagram of a multilevel
converter directly connected to a power system for reactive power compensation.
The load side is connected to the ac supply and the de side is open, not connected to
any dc voltage. For the control of the reactive power flow, the inverter gate control is
phase shifted by 180°. The dc side capacitors act as the load.

When a multilevel converter draws pure reactive power, the phase voltage and
current are 90° apart, and the capacitor charge and discharge can be balanced. Such a
converter, when serving for reactive power compensation, is called a static-VAR gen-
erator (SVG). All three multilevel converters can be used in reactive power compensa-
tion without having the voltage unbalance problem.

The relationship of the source voltage vector V5 and the converter voltage vec-
tor Ve issimply Vi = V¢ + jIc X, where I is the converter current vector, and X is

I, AC Input Side

T+
+
v Reactive
a * Load
1% Multilevel Converter De
N'I;:‘v'\ Load side
¥
" % j
Vy
]
v, = c IV,
1 I“"
- C, T .
1|II'III
FIGURE 9.11

A multilevel converter connected to a power system for reactive power
compensation. [Rel. 5]
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FIGURE 9.12

Phasor diagrams of the source and the converter voltages for reactive power
compensation,

the reactance of the inductor Ls. Figure 9.12a illustrates that the converter voltage is
in phase with the source voltage with a leading reactive current, whereas Figure 9.12b
illustrates a lagging reactive current. The polarity and the magnitude of the reactive
current are controlled by the magnitude of the converter voltage Ve, which is a func-

tion of the de bus voltage and the voltage modulation index, as expressed by Eqgs. (9.7)
and (9.8).

Back-to-Back Intertie

Figure 9.13 shows two diode-clamped multilevel converters that are interconnected
with a dc capacitor link. The left-hand side converter serves as the rectifier for utility
interface, and the right-hand side converter serves as the inverter to supply the ac load.
Each switch remains on once per fundamental cycle. The voltage across each capacitor
remains well balanced, while maintaining the staircase voltage wave, because the un-
balance capacitor voltages on both sides tend to compensate each other. Such a dec ca-
pacitor link is categorized as the back-to-back intertie.

The back-to-back intertie that connects two asynchronous systems can be re-
garded as (1) a frequency changer, (2) a phase shifter, or (3) a power flow controller.
The power flow between two systems can be controlled hidirectionally. Figure 9.14
shows the phasor diagram for real power transmission from the source end to the load
end. This diagram indicates that the source current can be leading or lagging the source
voltage. The converter voltage is phase shifted from the source voltage with a power
angle, &. If the source voltage is constant, then the current or power flow can be

Rectifier Operation I Link Inverter Operation

L
| vy Cman | o AR ._ﬂ_!.'l..r‘\"‘-&\r"\ ILLVL-E‘@-l
= .....
) Ls \"(1_},._ *} o ‘%‘i 1 Ly Ite Vi-bo
|
f o I i )

FIGURE 9.13

Rack-to-back intertie system using two diode-clamped multilevel converters, [Rel 5]
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FIGURE 9.14
Phasor diagram of the source voltage, converter voltage, and current showing real power
COMYErsions.

controlled by the converter voltage. For & = (, the current is either 90° leading or lag-
ging, meaning that only reactive power is generated.

9.7.3 Adjustable Speed Drives

The back-to-back intertie can be applied to a utility compatible adjustable speed drive
(ASD) where the input is the constant frequency ac source from the utility supply and
the output is the variable frequency ac load. For an ideal utility compatible system, it
requires unity power factor, negligible harmonics, no electromagnetic interference
(EMI), and high efficiency. The major differences, when using the same structure for
ASDs and for back-to-back interties, are the control design and the size of the capaci-
tor. Because the ASD needs to operate at different frequencies, the de-link capacitor
needs to be well sized to avoid a large voltage swing under dynamic conditions.

2.8 SWITCHING DEVICE CURRENTS

Let us take a three-level half-bridge inverter, as shown in Figure 9.15a, where V, and [,
indicate the rms load voltage and current, respectively. Assuming that the load induc-
tance is sufficiently large and the capacitors maintain their voltages so that the output
current is sinusoidal as given by

i, = I, sin(wt — &) (9.10)

where [, is the peak value of the load current, and & is the load impedance angle.
Figure 9.15b shows a typical current waveform of each switching device with a
simple stepped control of output phase voltage. The most inner switches such as §; and
5\ carry more current than the most outer switches such as §; and 5.
Each input node current can be expressed as a function of the switching function
5F, as given by

i, = SF.i, form=1,2,....m (9.11)

Because the single-pole multiple-throw switch multilevel inverter, shown in
Figure 9.1b, 15 always connected to one and only one input node at every instant, the
output load current could be drawn from one and only one input node. That is,

L)

ih= i, (9.12)

n=]
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FIGURE 9.15
Hall-bridge three-level diode-clamped inverter. [Rel. 4]

and the rms value of each current is expressed as

Loy = Efn[rmn (9.13)

where I, is the rms current of the nth node given by

1 Fx )
Ingemns) = \/Ej: SE,i2 d(wt) forn=1,2,....m (9.14)

For balanced switching with respect to the ground level, we get

f%trmﬂ = E.E:rmth and E%I:I‘ms} = &:rms} (9,]5}

It should be noted that by structure, the currents through the opposite switches such as
81, ..., 85 would have the same rms current through Sy, ..., §; respectively.

DC-LINK CAPACITOR VOLTAGE BALANCING

The voltage balancing of capacitors acting as an energy tank is very important for the
multilevel inverter to work satisfactorily. Figure 9.16a shows the schematic of a half-
bridge inverter with five levels and Figure 9.16b illustrates the stepped-output voltage
and the sinusoidal load current i, = I, sin(wt — &).
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{a) Schematic of a 3-level {b) Distribution of load current
half-bridge inverter

FIGURE 9.16
Charge distribution of capacitors. [Ref 4]

The average value of the input node current i, is given by

.I'”a\'!" = él‘ Iod(m.l'} = ﬁ‘[‘_‘ "!m sin[r.ul = dl)d[mt]

. (9.16)
= ?m cos ¢ cos oy
Similarly, the average value of the input node current i; is given by
1 ' | I
Davg) = Ef!*od(wf] - E/ Iy sin(wt = &)d{wr)
| ' (9.17)

I
= :"*ms d(cos o; — cos a;)

voltage should be regulated so that cach capacitor supplies the average current per
cycle as follows;

!Cl[a.vg,]- = Ill:lvg} = fCDﬁiil COS5 xy [Q,IE}

L
‘J(T‘E[a\-g]- = jl[a!g} + Iz[avg} = ¥l:ﬂ5-d] COs oy (9.19)
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Therefore, Ici(avg) = fca(avg) fOr @y < . This results in the capacitor charge unbalanc-
ing, and more change flows from the inner capacitor C; (or C;) than that of the outer
capacitor C; (or C;). Thus, each capacitor voltage should be regulated to supply the ap-
propriate amount of average current; otherwise, its voltage Vi (or V3) goes to the
ground level as times goes. Equations (9.18) and (9.19) can be extended to the nth ca-
pacitor of a multilevel converter as given by

I
Tcagag) = f cos ¢ cos a, (9.20)

Equations (9.18) and (9.19) give

cosay  Jeaqavg)

9.21
COSs oy Iy [avg) { ]
which can be generalized for the nth and (n — 1)th capacitors
cos o, Ic
_ n{avgl { 922]

COS 1, !Ctn-'lltirg}

which means that the capacitor charge unbalancing exists regardless of the load condi-
tion and it depends on the control strategy such as oy, o, ..., o, Applying control
strategy that forces the energy transfer from the outer capacitors to the inner capaci-
tors can solve this unbalancing problem [9-11).

FEATURES OF MULTILEVEL INVERTERS

A multilevel inverter can eliminate the need for the step-up transformer and reduce
the harmonics produced by the inverter. Although the multilevel inverter structure was
initially introduced as a means of reducing the output waveform harmonic content, it
was found [1] that the dc bus voltage could be increased beyond the voltage rating of
an individual power device by the use of a voltage clamping network consisting of
diodes. A multilevel structure with more than three levels can significantly reduce the
harmonic content [2, 3]. By using voltage-clamping techniques, the system KV rating
can be extended beyond the limits of an individual device. The intriguing feature of the
multilevel inverter structures is their ability to scale up the kilovolt-ampere (kVA)-
rating and also to improve the harmonic performance greatly without having to resort
to PWM techniques. The key features of a multilevel structure follow:

* The output voltage and power increase with number of levels. Adding a voltage
level involves adding a main switching device to each phase.

* The harmonic content decreases as the number of levels increases and filtering
requirements are reduced.

» With additional voltage levels, the voltage waveform has more free-switching an-
gles, which can be preselected for harmonic elimination.

* In the absence of any PWM techniques, the switching losses can be avoided. In-
creasing output voltage and power does not require an increase in rating of indi-
vidual device.
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TABLE 9.3 Comparisons of Component Requirements per Leg of Three Multilevel Converters [Rel. 5]

Converter Type Diode Clamp Flying Capacitors Cascaded Inverters
Main switching devices {m—1) %2 (m =1} %2 (m=1)x2
Main diodes (m=1)x2 (m=1)x2 {m=1)x2
Clamping diodes (m=1) % (m - 2) ] ]

D bus capacitors (m=1) (m=1) (m = 1)2
Balancing capacitors 0 (m—1) = {m—2)2 0

= Static and dynamic voltage sharing among the switching devices is built into the
structure through either clamping diodes or capacitors.

* The switching devices do not encounter any voltage-sharing problems. For this
reason, multilevel inverters can easily be applied for high-power applications
such as large motor drives and utility supplies.

* The fundamental output voltage of the inverter is set by the dc bus voltage Vy,
which can be controlled through a variable de link.

9.11 COMPARISONS OF MULTILEVEL CONVERTERS

The multilevel converters [8] can replace the existing systems that use traditional mul-
tipulse converters without the need for transformers. For a three-phase system, the re-
lationship between the number of levels m, and the number of pulses p, can be
formulated by p = 6 X (m — 1). All three converters have the potential for applica-

" tions in high-voltage, high-power systems such as an SVG without voltage unbalance
problems because the SVG does not draw real power. The diode-clamped converter is
most suitable for the back-to-back intertie system operating as a unified power flow
controller. The other two types may also be suitable for the back-to-back intertie, but
they would require more switching per cycle and more advanced control techniques to
balance the voltage. The multilevel inverters can find potential applications in ad-
justable speed drives where the use of multilevel converters can not only solve har-
monics and EMI problems but also avoid possible high-frequency switching
dv/dr-induced motor failures.

Table 9.3 compares the component requirements per phase leg among the three
multilevel converters. All devices are assumed to have the same voltage rating, but not
necessarily the same current rating, The cascaded inverter uses a full bridge in each
level as compared with the half-bridge version for the other two types. The cascaded in-
verter requires the least number of components and has the potential for utility inter-

face applications because of its capabilities for applying modulation and soft-switching
techniques.

SUMMARY

Multilevel converters can be applied to utility interface systems and motor drives.
These converters offer a low output voltage THD, and a high efficiency and power
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factor. There are three types of multilevel converters: (1) diode clamped, (2) flying ca-
pacitors, and (3) cascaded. The main advantages of multilevel converters include the
following:

¢ They are suitable for high-voltage and high-current applications.

* They have higher efficiency because the devices can be switched at a low fre-
quency.

* Power factor is close to unity for multilevel inverters used as rectifiers to convert
ac to dc.

¢ No EMI problem exists.
* No charge unbalance problem results when the converters are in either charge
mode (rectification) or drive mode (inversion).

The multilevel converters require balancing the voltage across the series-connected dc-
bus capacitors. Capacitors tend to overcharge or completely discharge, at which condi-
tion the multilevel converter reverts to a three-level converter unless an explicit
control is devised to balance the capacitor charge. The voltage-balancing technique
must be applied to the capacitor during the operations of the rectifier and the inverter.
Thus, the real power flow into a capacitor must be the same as the real power flow out
of the capacitor, and the net charge on the capacitor over one cycle remains the same.
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PROBLEMS
9.1

9.2

9.3

9.4
9.5
9.6
9.7
9.8

9.9

9.10

What is a multilevel converter?

What is the basic concept of multilevel converters?

What are the features of a multilevel converter?

What are the types of multilevel converters?

What is a diode-clamped multilevel inverter?

What are the advantages of a diode-clamped multilevel inverter?
What are the disadvantages of a diode-clamped multilevel inverter?
What are the advantages of a modified diode-clamped multilevel inverter?
What is a flying-capacitors multilevel inverter?

What are the advantages of a flying-capacitors multilevel inverter?
What are the disadvantages of a flving-capacitors multilevel inverter?
What is a cascaded multilevel inverter?

What are the advantages of a cascaded multilevel inverter?

What are the disadvantages of a cascaded multilevel inverter?

What is a back-to-back intertie system?

What does the capacitor voltage unbalancing mean?

What are the possible applications of multilevel inverters?

A single-phase diode-clamped inverter has m = 5. Find the generalized Fourier series and
THD of the phase voltage.

A single-phase diode-clamped inverter has m = 5. Find the peak voltage and current rat-
ings of diodes and switching devices if V. = 5kV and i, = 50sin(6 — w/3).

A single-phase diode-clamped inverter has m = 5. Find (a) instantaneous, average and
rms carrents of each node, and (b) average and rms capacitor current if V. = 5kV and
i, = 50sin(6 — m/3).

A single-phase flying-capacitors multilevel inverter has m = 5. Find the generalized
Fourier series and THD of the phase voltage.

A single-phase flying-capacitors multilevel inverter has m = 3. Find the number of capaci-
tors, the peak voltage and current ratings of diodes and switching devices if V. = 5kV.
Compare the number of diodes and capacitors for diode clamp, flying capacitors and cas-
caded inverters if m = 5.

A single-phase cascaded multilevel inverter has m = 5. Find the peak voltage, and average
and rms current ratings of H-bridge if V. = 1kV and i, = 150sin(6 — w/6).

A single-phase cascaded multilevel inverter has m = 5. Find the average current of each
separate dc source (SDCS) if V. = 1 kV and i, = 150 sin(6 — w/6).

A single-phase cascaded multilevel inverter has m = 5. Find the generalized Fourier se-
ries and THD of the phase voltage. (b) Find the switching angles to eliminate 5th, 7th, 11th,
and 13th harmonics.

A single-phase cascaded multilevel inverter has m = 5. (a) Find the generaiized Fourier
series and THD of the phase voltage. (b) Find the switching angles to eliminate 5th, 7th,
and 11th harmonics if the peak fundamental phase voltage is 60% of its maximum value.
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