Copyrighted Materials
Copyright © 2010 Oxford University Press Retrieved from www.knovel.com|

OXFORD

Power
Electronics

Devices, Circuits and Industrial
Applications

V. R. MOORTHI

Oxford University Press



Copyright 2010

Oxford University Press

ISBN 13: 978-0195670929



Copyrighted Materials

Copyright © 2010 Oxford University Press Retrieved from www.knovel.com|

Table of Contents

1. Thyristor Physics

1.1 Introduction

1.2 Behaviour of Semiconductor Devices under Biased Conditions
1.2.1 Behaviour of a Thyristor under Biased Conditions
1.2.2 Gate Firing of the Thyristor

1.2.3 Two-Transistor Analogy of the Thyristor

1.3 Methods for Triggering

1.3.1 Thermal Triggering

1.3.2 Triggering due to Light Radiation

1.3.3 Gate Triggering

1.3.4 Effect of Load Parameters on Current Rise
1.3.5 dv/dt Triggering

1.3.6 Reverse Characteristic

1.4 Gate Turn-on Methods

1.4.1 DCTriggering

1.4.2 AC Triggering

1.4.3 Unijunction Transistor Trigger Pulse Generator
1.5 Thyristor Turn-off

1.5.1 Current Reduction

1.5.2 AC Line Commutation

1.5.3 Forced Commutation Circuits

1.6 Ratings of a Thyristor

1.6.1 Voltage Ratings

1.6.2 Current Ratings

1.6.3 Average Forward Current (/¢ (ay Or I7)

1.6.4 RMS Current Rating (s or Irus)

1.6.5 Peak Repetitive Forward Current Rating (/tgm)
1.6.6 Surge Current Rating (lrsm or Iem)

1.6.7 I*t Rating

1.6.8 Other Ratings

1.7 Protection of Thyristors

1.7.1 Protection against Voltage Surges

1.7.2 Protection against Direct Overcurrents

1.7.3 Protection against Alternating Overcurrents
1.7.4 Gate Protection Circuits

ol || o] ] [a] || [»] [] [a] ] [»] [ w| |w| [w] ][] ][] [=] =] =] =] =] - TET =T - w| ] [~
2][3] 2] (][5 [ [ [5] [=][2] 2] [8] [&] &[] @] ] = 2R 5] 6 5 e [ R R E] R ] R e R



1.8 Other Members of the Thyristor Family
1.8.1 DIAC

1.8.2 TRIAC

1.8.3 Inverter Grade Thyristor

1.8.4 Gate Turn-off Thyristor

1.8.5 Programmable Unijunction Transistor
1.8.6 Reverse Conducting Thyristor

1.8.7 Static Induction Thyristor

1.8.8 Light-Activated SCR

1.8.9 MOS-Controlled Thyristor

1.9 Other Power Electronic Devices

1.9.1 The Power Transistor

1.9.2 Power MOSFET

1.9.3 Insulated Gate Bipolar Transistor
1.10 Applications

Summary

Worked Examples

Exercises

2. Controlled Rectifiers

2.1 Introduction

2.2 Single-Phase Rectifiers

2.2.1 Single-Phase, Full-Wave Circuit with Centre-Tapped Secondary

2.2.2 Single-Phase, Full-Wave Bridge Rectifiers

2.3 Three-Phase Rectifiers

2.3.1 Three-Phase, Half-Wave Controlled Rectifier

2.3.2 Three-Phase, Full-Wave Rectifiers

2.4 Voltage and Current Expressions for an n-Phase Controlled Rectifier
2.4.1 n-Phase Controlled Rectifier Feeding a Purely Resistive Load

2.4.2 n-Phase Rectifier Feeding a Resistive Load in Series with a Battery of
Voltage E,

2.4.3 n-Phase Rectifier Feeding an Inductive Load

2.4.4 n-Phase Rectifier Feeding an Inductive Load in Series with a Battery of
Voltage E,

2.4.5 General Remarks Regarding n-Phase Rectifiers

2.5 Inverting Mode of a Converter

2.5.1 Extinction Angle and its Significance

2.6 Ripple Factor

2.6.1a<sin® (Vo/Va) - (/2 - 1/n)

2.6.2 o> sin™ (Vo/V,) - (/2 - t/n)

2.7 Transformer Leakage Reactance and its Effects on Converter Performance

(o | I L L L e R =llO]||© COININN NN YN ||
NIINIINIINTIN OIIN][- VO[O IN]||D]| ||| |w u||d
N VBN a

[y | =
wl|lw
ulld

| [~ == =
u| [ IS Sl lw
ool [H ol gl

[E
w1
O

=] [=][=]]=
ol |o| o] |o
oo| ;| [&n] [

[N
N
O



2.7.1 Effect of Leakage Reactance with a=0

2.7.2 Effect of Leakage Reactance with a >0

2.8 Rectifier Efficiency and Derating Factor of Rectifier Transformers
2.8.1 General Principles

2.8.2 Expressions for Rectifier Efficiency and Derating Factor

2.8.3 Summary of the Expressions for Rectifier Efficiency and Derating Factor
2.9 Input Power Factor

2.9.1 n-Phase, Full-Wave Fully Controlled Rectifier

2.9.2 Three-Phase, Half-Wave Controlled Rectifier

2.9.3 Three-Phase, Half-Wave Controlled Rectifier Fed by a Star/Zigzag
Transformer

2.9.4 Six-Phase, Half-Wave Rectifier Fed by a Star/Interstar Transformer
2.9.5 Six-Phase, Half-Wave Rectifier Fed by a Delta/Interstar Transformer
2.10 Dual Converters

2.10.1 Non-Simultaneous Control

2.10.2 Simultaneous Control

2.10.3 Circulating Current

2.11 Hoist Operation

2.12 Braking of DC Motors

2.12.1 Dynamic Braking

2.12.2 Plugging

2.12.3 Regenerative Braking

2.13 Power Factor Improvement

2.13.1 Extinction Angle Control

2.13.2 Symmetrical Pulse Width Modulation

2.13.3 Selective Harmonic Elimination Using PWM

2.13.4 Sinusoidal PWM

2.13.5 Sequence Control of Rectifiers

Summary

Worked Examples

Exercises

3. DC Choppers

3.1 Introduction

3.1.1 Principle of a DC Chopper

3.2 Step-down and Step-up Choppers

3.2.1 Step-down Chopper

3.2.2 Analysis with DC Motor Load

3.2.3 Step-up Chopper

3.3 Choppers Based on the Quadrants of Operation
3.3.1 Second-Quadrant Chopper

[N
~N
o

[ERN | NN | FEEN PN
OIINIINIIN
HllO||U]||W

N[~
(@] | (Vo]
ol|wo

N NN
N N||—

N
o
=

NN IN NN
o [|o || ||o ||V

N
[
[

NIINIININTIN
[y || PN | FEN | FEE | FEY
clla||lun||d]||>

NN
N ||
N ||

NIN[INININ
WIWI[IN]IN]IN

N
ul
N

NN IN]IN
NN NN
|||V

N
~
O

NN [N
(ool I [o N I [oe]
Ol ||P>

N
Yo
o



3.3.2 Two-Quadrant Chopper

3.3.3 Four-Quadrant Chopper

3.4 Speed Control of a Chopper-Controlled DC Series Motor
3.5 Commutation Circuits

3.5.1 Modified Parallel Resonant Turn-off Circuit
3.5.2 Morgan Chopper

3.5.3 Jones Chopper

3.5.4 A Special Current-Commutated Chopper
3.5.5 Load Commutated Chopper

3.5.6 Voltage Commutated Chopper

3.6 Applications

3.7 Advantages and Drawbacks of DC Choppers
Summary

Worked Examples

Exercises

4. AC Line Voltage Control

4.1 Introduction

4.2 Methods for AC Voltage Variation

4.2.1 AC Voltage Variation by a Smoothly Varying Transformer
4.2.2 On-off Control

4.2.3 Time-Ratio Control

4.2.4 Switching the Supply Once in a Half-Cycle

4.2.5 Periodically Switching the Supply Several Times in a Half-Cycle
4.3 Single-Phase AC Choppers

4.3.1 A Single-Phase Chopper with a Resistive Load

4.3.2 A Single-Phase Chopper with an Inductive Load

4.4 Three-Phase AC Choppers

4.4.1 Chopper Category A

4.4.2 Chopper Category B

4.4.3 Chopper Category C

4.4.4 Chopper Category D

4.4.5 A Comparative Study of Three-Phase Choppers

4.5 Single-Phase AC Choppers Used as Sequence Controllers
4.5.1 Single-Phase Transformer Tap-Changer

4.6 Application of AC Controllers to AC Drives

Summary

Worked Examples

Exercises

N
Yo
w

Wllwllw]|lw
(o) l{e] ] {e] | (o]
O|O||IN]|O

wllw
[ §
A||W

WllWlwllWw]|w
NIINNIN] -
Q|||

w
N
00

wllw willw
Sl BN
|| ol

w
w1
iy

Wllwllw]llw||w
gijfjyjuiun||un
BIIN|ININTIN

wllw
[“aR 1 1%
Bl

WlWlW]l W
Dl|D||D]| |
HIO]O]|N

wllw
NN
DO

Wllwllw]|lw
col|oof|oo]|N
1 L= 1 =2 1 K

w|fw
©o||o
=



5. Inverters

5.1 Introduction

5.2 Classification of Inverters

5.3 Single-Phase, Parallel Capacitor Inverter

5.3.1 Analysis

5.3.2 Design of Commutating Elements

5.4 Voltage Source Inverters

5.4.1 Three-Phase Bridge or Six-Step Inverter

5.4.2 Single-Phase McMurray Bridge Inverter

5.4.3 Three-Phase McMurray Bridge Inverter

5.4.4 Single-Phase McMurray-Bedford Inverter

5.4.5 Analysis of the Single-Phase McMurray-Bedford Inverter
5.4.6 Three-Phase McMurray-Bedford Inverter

5.4.7 Three-Phase 120°-Mode VSI

5.4.8 Three-Phase Input Circuit Commutated Inverter
5.5 Pulse Width Modulated VSls

5.5.1 Single Pulse Width Modulated Inverters

5.5.2 Multiple Pulse Width Modulated Inverters

5.5.3 Sinusoidal PWM (SPWM)

5.5.4 Features of Output with PWM

5.5.5 Harmonics in Three-Phase PWM Inverters

5.5.6 Advantages and Disadvantages of PWM Inverters
5.5.7 Constant Voltage-to-Frequency Operation of PWM Inverters
5.5.8 Reduction of Harmonics by the PWM Technique
5.6 Some Important Aspects of VSls

5.6.1 Voltage Control of VSls

5.6.2 Braking of VSI-Based Drives

5.7 Current Source Inverters

5.7.1 Single-Phase Current Source Inverter

5.7.2 Three-Phase Bridge Type of Current Source Inverter
5.7.3 Regenerative Braking of CSI Drives

5.8 The Load Commutated Inverter

5.8.1 Line Commutated Converter

5.8.2 Bridge Inverter

5.8.3 Other Features of the LCI

5.8.4 Merits and Demerits of LCI

5.8.5 Applications of LCI

Summary

Worked Examples

Exercises

N
[ay =
o

Sl
Uiy |
[N I ES

Bl
NN
=1 1K=

I I I B
W W WIINIIN
OO |0 ||IN]|O0 ||

N
[
o

I IE B IES
||ufju||wn
B[N

S
<))
~

IR IR L B
NN NS
Hllw||]|O

R
NN
D>

el I E IR I B
(ool | Kol I IV H I )
=t =2 1 A 1 K22

Sl
0o || 0o
oo || W

Xe]
U1

SIS
ol|o
||

EE
\e]
~

Ul
o
~



6. Cycloconverters

6.1 Introduction

6.2 Principle of the Cycloconverter

6.3 Non-Simultaneous Control

6.4 Simultaneous Control

6.4.1 Inverse Cosine Firing

6.4.2 Firing Scheme for a Three-Phase Dual Converter

6.4.3 Firing Scheme for a Single-Phase, Line Commutated Cycloconverter
6.4.4 Four-Quadrant Operation under Reactive Load Conditions
6.4.5 Circulating Currents in a Simultaneously Controlled Single-Phase
Cycloconverter

6.5 Circuit Analysis

6.5.1 Output Voltage

6.5.2 Input Displacement Factor

6.5.3 Fundamental RMS Current

6.5.4 Transformer Rating

6.5.5 Current Ratings

6.5.6 Peak Reverse- and Forward Blocking Voltage Ratings

6.6 Three-Phase Cycloconverters

6.7 Frequency and Voltage Control

6.8 Load Commutated and Forced-Commutated Cycloconverters
6.9 Cycloconverter versus Six-Step VSI

Summary

Worked Examples

Exercises
7. DC Drives

7.1 Introduction

7.2 Steady-State Relationships of a Separately Excited DC Motor
7.3 Speed Control of a Separately Excited DC Motor

7.3.1 Armature Control Method

7.3.2 Field Control Method

7.3.3 Combined Armature and Field Control Method

7.4 Single-Phase Converter Drives

7.5 Three-Phase Converter Drives

7.5.1 Discontinuous Conduction

7.5.2 Continuous Conduction

7.6 Dynamic Behaviour of a Separately Excited DC Motor Fed by Rectifiers
7.6.1 Speed Control Using Armature Voltage Variation

7.6.2 Speed Control Loop Incorporating Field Voltage Variation

a|[a][a][o
Nl=l=]]=
o|lo|la]|o

[S20 118,
NN
||

gjjuiu;
WIIN]IN

(9]
w
w

gl ||un
WllW|lw||w]||lw
O] ]|

(S0 1Y)
Hllw
(=311

vl |jun
BB IR
N[O ]N

[S20 119,
B>
O || 00

vyl ul
[exR k2R 1 [o2] 9]
||| o]

wu
(o)}
00

vyl |ln ]|l
NIININY ]
BN |=]O]]|00

%]
~
S

(SR SR L0
NN
NN o

ul
(e}
o



7.6.3 Closed-Loop Current Control

7.6.4 Armature Control with an Inner Current Loop

7.6.5 A Comprehensive Control Scheme for Wide-Range Speed Control
7.6.6 Closed-Loop Drive with Four-Quadrant Operation

7.6.7 Speed Control of a Rectifier Controlled DC Series Motor
7.7 Chopper-Based DC Drives

7.7.1 Analysis of a Chopper-Based Drive

7.7.2 Regenerative Braking of a Separately Excited DC Motor
7.7.3 Regenerative Braking of a DC Series Motor

Summary

Worked Examples

Exercises

8. AC Drives

8.1 Introduction

8.2 Induction Motor Drives

8.2.1 Equivalent Circuit and Analytical Relationships

8.2.2 Circuit Analysis

8.2.3 Speed-Torque Curves

8.2.4 Methods for Speed Control

8.2.5 Control Schemes for Speed Control of Induction Motors
8.3 Rotor-Related Control Systems for a Wound Rotor Induction Motor
8.3.1 Rotor Resistance Control

8.3.2 Slip Energy Recovery Scheme

8.4 Synchronous Motors

8.4.1 Cylindrical Rotor Machine

8.4.2 Salient Pole Machine

8.4.3 Speed and Torque Control

8.4.4 Open- and Closed-Loop Control Schemes

8.4.5 Applications of Synchronous Motor Drives

Summary

Worked Examples

Exercises

9. Brushless DC Motors

9.1 Introduction

9.2 Sinusoidal and Trapezoidal Brushless DC Motors

9.3 Electronic Commutator

9.3.1 Optical Sensors

9.4 Torque Production

9.4.1 The Sinusoidal-Type Two-Phase, Brushless DC Motor

A
(o]
i

(S RS IR R
cof|co||oco |00
N B W] N

vl
O ||
(=215

||| ]||O alluflunllulluv
WIINIINIINTIN ~llo|l|lO||lO]|©
ROV IR IR I

(o))
w
N

N IEIEIE al|[a]l[a][a][o
ool allalfa||D]||w
g | N L L S ol||lw]|[~]|oo ||

[0 1 [°A]
Co || 0o
WIlIN

NN ~N
wllw =
[ | S ~

NN
wllw
w|IN

NN
wllw
0 || 00

~N
w
(Ye]



9.4.2 Three-Phase, Half-Wave, Brushless DC Motor
9.4.3 Three-Phase, Full-Wave, Brushless DC Motor

9.5 Control of Brushless DC Drives

9.5.1 A Typical Brushless DC Drive

9.6 Other Current Controllers

9.6.1 Ramp Comparison Current Control

9.6.2 Delta Current Control

9.6.3 Space Vector Current Control

9.7 Recent Trends

9.7.1 Materials Used for the Permanent Magnet

9.7.2 Alternative Methods for Rotor Position Sensing
9.7.3 Estimation of Winding Currents

9.8 Brushless DC Motors Compared with other Motors
9.8.1 Brushless DC Motor versus Brush DC Motor
9.8.2 Brushless DC Motor versus Induction Motor
9.8.3 Brushless DC Motor versus Brushless Synchronous Motor
Summary

Exercises

10. Control Circuits for Electronic Equipment

10.1 Introduction

10.2 Pulse Transformers

10.3 Opto-lsolators

10.4 A Typical Scheme for Gate Firing

10.4.1 Firing Pulse Requirements for Inductive Loads

10.5 Zero Crossing Detection

10.5.1 Zero Voltage Detection

10.5.2 Zero Current Detection

10.6 Gate Firing Schemes for a Three-Phase Bridge Converter
10.6.1 Ramp-Comparator Method

10.6.2 Digital Firing Scheme

10.7 Gate Drive Circuits

10.7.1 Pulse Amplifier Circuit for Thyristors

10.7.2 Drive Circuit for Power Transistors

10.7.3 Drive Circuit for GTOs

10.7.4 Drive Circuit for MOSFETs

10.8 Transformer-Isolated Circuits for Driving MOSFETs and IGBTs
10.8.1 Multipurpose Use of the Isolating Transformer

10.8.2 A Circuit with Smooth Duty Ratio Transition

Summary

Exercises

~
N
o

NI NN
I IEIES IR
||| ]IN

~
S
[0

~
N
00

NI NI N
allallallalls
NI I I=IE

~N
(2}
[uiN

NN N NN NN NN N
[ i 1R 1R i ksl vl
Q|| WI|0]|IN]]|N HIWI W]

~
o))
[))]

~N
~
o

<[~~~
SN NS
alla||s]l~

~
~
~

~N
~N
O

NN NN N
0|0 ||Co |0
UV|IB[IN]O]|©

~
[os]
U1

NN
oo || 0o
NN

~
(o]
00



11. Industrial Applications

11.1 Introduction

11.2 Uninterruptible Power Supplies
11.2.1 Batteries

11.2.2 Inverters

11.2.3 Rectifiers

11.3 High-Voltage DC Transmission

11.3.1 Twelve-Pulse Line Frequency Converters

11.3.2 Reactive Power Drawn by Converters in the Rectifier Mode of Operation

11.3.3 Control of HVDC Converters

11.3.4 DC Circuit-Breakers

11.3.5 Advantages of HVDC Transmission

11.4 Induction Heating

11.4.1 Principle of Induction Heating

11.4.2 Voltage Source versus Current Source Inverters
11.4.3 Need for a Current Source Inverter Established
11.4.4 A Practical Circuit for Induction Heating
11.4.5 Choice of Frequency

11.5 Welding

11.5.1 Resistance Welding

11.5.2 Arc Welding

11.6 Static VAR Control

11.6.1 Thyristor Controlled Inductors

11.6.2 Practical Realization of TCI

11.6.3 Control of Bus Voltage Using TCI

11.6.4 Thyristor Switched Capacitors

11.7 Desirable Features of DC Power Supplies

11.7.1 Linear Power Supplies

11.7.2 Comparison of Linear and Switch Mode Power Supplies
11.7.3 Block Diagram of a Switching Regulator
11.7.4 Isolation Transformer

11.7.5 Buck Boost Chopper

11.7.6 Principle of the Flyback Chopper

11.7.7 A Practical Flyback Chopper Circuit

11.7.8 A Typical SMPS Using a Flyback Chopper
11.7.9 Control of SMPSs

11.7.10 Merits and Demerits of the Flyback Chopper
Summary

Worked Examples

Exercises

NN YN
Ol|lV||©O]||VO
|||

~
$=]
~

~
[Ye)
(<)

oo f|oo]|oo]|
(=3l {=1 (=21 I=2 1%}
|||~ ]|©

(0]
o
00

00|00 |00 ||0O0 || OO
= I = =1 =}
WIIN|O]||V]||©

00
==
S

00
N et et

=y

0o
N
N

cofjoco|joo |00
NIINIINTIN
IR

(o]
N
0

(o]
N
(Ye]

Qo ||oof|oo||oo |00
HlWlW[|Wl|w
OO0 ||W]|—

o]
B
w

||
B
SAIESD

o)
S
00

0000|0_‘00000
||| ]|wn

-



12. Microprocessor Fundamentals

12.1 Introduction

12.2 Digital Systems

12.2.1 Latches, Tristate Logic, and Buffers

12.2.2 Flip-Flops[

12.2.3 Registers and Shift Registers

12.2.4 Decoders

12.2.5 Memories

12.2.6 Counters

12.3 Digital Arithmetic

12.3.1 Binary Addition

12.3.2 Octal and Hexadecimal Addition

12.3.3 Subtraction of Binary Numbers

12.3.4 2's Complement Subtraction

12.3.5 Arithmetic and Logic Unit

12.4 Microprocessor Structure and Programming
12.4.1 Salient Features of a Microcomputer/Microprocessor
12.4.2 Architecture of the 8085A Microprocessor
12.4.3 Assembly Language for 8085A

12.4.4 Writing Assembly Language Programs
12.4.5 Stack and Subroutines

12.5 Timing Waveforms

12.6 Interfacing the Microprocessor with Peripherals
12.6.1 Interfacing 1/O Devices

12.6.2 1/0 Ports

12.7 The 8086 Microprocessor

12.7.1 Bus Interface Unit

12.7.2 Execution Unit

12.7.3 Programming on the 8086

12.7.4 Structured Programming

12.7.5 Writing Machine Code for Instructions
12.7.6 Necessity of an Assembler

12.7.7 The 8086 Instruction Set

Summary

Exercises

13. Microcomputer Control of Industrial Equipment

13.1 Introduction
13.2 Closed-Loop Control of DC Drives
13.3 A Microprocessor-Based Induction Motor Drive

oo |00 f|oo |00
[ N FES AN I RSN I oA
ol|lv||lv||wv

goo
S|[&

(oo R | [o B | Kol | [eol | Hoo]
N INIBYIRY I
Al ||W]|~]|O

(o]
~
ul

cofjoco|joo||o0 |00
IIRIIRIIBY I
O[] |N]||O

(o]
[e]
o

|00 f|oo||00 |00
OO ||O]|0[|]|00
KWL ]||O|IN

||
Ol
1155

Ol|lV||lVY
|||

o2 | \e]
[y | = ) s
WIIN

o} Ol|lV||lV]||©
N NN
O Nl

O ||©o
WIIN
!!

Yo
w
N



13.4 Pulse Width Modulation

13.5 Protection Including Fault-Monitoring and Control
13.6 Advantages of Microcomputer-Based Control
13.7 Limitations of Microcomputer-Based Control
Summary

Exercises

14. Field Oriented Control of AC Motors

14.1 Introduction

14.1.1 Torque Production in Electrical Motors

14.1.2 Mechanical Analogies of Electrical Motors

14.1.3 Application of Field Oriented Control Principle to an Induction
Motor/Synchronous Motor

14.2 Mathematical Model of an Induction Motor

14.3 Implementation of Field Oriented Control for a VSI Controlled AC Motor
14.4 Position Control with a Voltage Source PWM Inverter

14.4.1 T, Identification

14.5 Speed Control of an Induction Motor Fed by a Current Source Inverter
14.5.1 Application of Field Oriented Control

14.5.2 Microprocessor-Based Implementation

14.6 Some Special Aspects of Field Oriented Control

14.6.1 Direct and Indirect Field Oriented Control

14.6.2 Implementation Using Stator Currents

14.6.3 VSI-Based versus CSI-Based Drives

14.6.4 Problems Associated with Flux Acquisition

14.6.5 Field Oriented Control of a Synchronous Motor

Summary

Exercises

Appendix A: Fourier Series Expansion of Periodic Quantities
Appendix B: Analysis of Electric Circuits

Appendix C: Choppers for Switch Mode Power Supplies
Appendix D: Resonant Pulse Inverters

Appendix E: 8085/8080A Instruction Summary

Appendix F: Commonly Used Functions

Yo
w
()]

Ollol|lv]|©
WllWllWwllw
Ol|WO[|oo]|

Yo)
w
[Ye)

o|[e]o][e][v olle][v
allallal|lB ]S N N |
O ||| ||oo]]oo wllN|

e}
(O}
e}

(e} O (o} § [Uo} |} (o)
[e)] (o)) [e)R [0 | [e)]
~ Ul WIIN|IN

LDH
NN
| W

Yo}
(o)
(9]

=l O
ol |©
ol |w
[y

[N
o
o
w



Copyrighted Materials

Copyright © 2010 Oxford University Press Retrieved from www.knovel.com|

CHAPTER 1

Thyristor Physics

.1 Introduction

Power electronics is a branch of engineering that combines the fields of electrical
power, electronics, and control. It started with the introduction of the mercury arc
rectifier in 1900. The grid controlled vacuum tube rectifier, ignitron, and thyratron
followed later. These found extensive application in industrial power control till
1950. In the meanwhile the invention of the transistor—a semiconductor device—
in 1948 marked a revolution in the field of electronics. It also paved the way for
the introduction of the silicon controlled rectifier (SCR), which was announced
in 1957 by the General Electric Company. In due course it has come to be named
as the ‘thyristor’.

There is one important difference between the earlier electronic tubes and
their semiconductor successors. On the low-current side the transistor is a base
current controlled device whereas its predecessor, the vacuum tube, is a grid
voltage controlled device. Similarly the thyristor, which is designed to carry high
currents, is a gate current-controlled device; it has succeeded the thyratron, which
is a grid voltage controlled gas tube.

After the inception of the thyristor, which is a p-n-p-n device, many other
devices of its family came into existence. These include the DIAC, TRIAC,
gate turn-off thyristor (GTO), and the MOS-controlled thyristor (MCT) among
others. Subsequently, devices such as the power bipolar junction transistor (BJT),
metal oxide semiconductor field effect transistor (MOSFET), and the IGBT have
evolved as alternative power electronic devices, each of them being superior to
the thyristor in one or more ways.

With its rapid development, power electronic equipment now forms an
important part of modern technology. Power electronic applications can be
broadly divided into the following five categories:

(a) Motor controls: ac (alternating current) and dc (direct current) drives used
in steel, cement, and various other industries

(b) Consumer applications: heat controls, light dimmers, security systems, hand
power tools, food mixers, and other home appliances



2 Thyristor Physics

(c) Vehicle propulsions: electric locomotives used in railways, forklift trucks,
and dc chopper based electric vehicles

(d) Power system applications: applications such as static VAR control, active
harmonic filtering, flexible ac transmission system (FACTS) devices, and
high-voltage dc (HVDC) systems

(e) Other industrial applications: uninterruptible power supplies (UPSs),
switch mode power supplies (SMPSs), battery chargers, industrial heating
and melting, arc welding, electrolysis, HV supplies for electrostatic
precipitators, aerospace applications, electromagnets, etc.

It is important here to note that all the devices employed for power electronic
applications are used in the ‘switch’ mode. The moments of switching on or off are
controlled to fulfil the requirements of the circuit under consideration. Likewise,
the BJT is operated as a switch.

The advantages of power electronic applications are (a) high efficiency because
of low ‘ON state’ conduction losses when the power semiconductor is conducting
and low ‘OFF state’ leakage losses when it is blocking the source voltage, (b)
reduced maintenance, (c) long life, (d) compactness because of the facility of
assembling the thyristors, diodes, and RLC elements in a common package, (e)
faster dynamic response as compared to electromechanical equipment, and (f)
lower acoustic noise as compared to electromagnetic controllers.

Thyristorized power controllers have some disadvantages; important among
them are (i) they generate harmonics which adversely affect the loads connected to
them and also get injected into the supply lines, (ii) controlled rectifiers operate at
low power factors and cause derating of the associated rectifier transformers, and
(iii) they do not have a short-time overload capacity. However, as their advantages
outnumber their demerits, they are widely used in the various applications detailed
above. They have also replaced conventional controllers.

After going through this chapter the reader should

e gain a good understanding of the physical processes that go behind the
switching on of a thyristor,

e know the various methods of triggering a thyristor and different gate turn-on
methods,

e develop a good idea about the turning-off mechanism of a thyristor and get
acquainted with some methods of turning a thyristor off,

e realize the importance of the various ratings of a thyristor,

e understand how the current rating of a thyristor is arrived at, based on the
thermal model of the thyristor,

e get acquainted with methods of protecting thyristors against overvoltages
and overcurrents,

e become familiar with other members of the thyristor family as well as other
power electronic devices which have been recently introduced, and

e get to know the characteristics of different power electronic devices.

This chapter lays a firm foundation for the chapters that follow, namely,
rectifiers, choppers, inverters, and industrial applications of the thyristor.
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1.2 Behaviour of Semiconductor Devices Under
Biased Conditions

The silicon controlled rectifier (SCR) or thyristor comes under the family of
semiconductor devices. Therefore, to understand its behaviour under biased
conditions, it is necessary to recall the behaviour of a semiconductor p-n diode
and a transistor under similar conditions.

p-n diode A p-n junction diode in which the two layers are equally doped is
shown in Fig. 1.1(a). Due to the diffusion of the majority carriers (holes) of
the p-layer towards the right and the majority carriers (electrons) of the n-layer
towards the left, a depletion (or transition) region is formed at the junction. This
depletion region consists of uncompensated negatively charged acceptor ions on
the left side and uncompensated positive donor ions on the right side, as shown
in Fig. 1.1(b). An acceptor ion is indicated by a minus sign because after an atom
releases a hole (or equivalently, accepts an electron) it becomes a negative ion.
Similarly the donor ion is represented by a plus sign because after the impurity
atom donates an electron it becomes a positive ion. These uncompensated ions on
either side constitute a potential barrier as shown in Fig. 1.1(c), which prevents
the further diffusion of holes to the n-side and electrons to the p-side. The device
is then said to be under equilibrium.
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Fig. 1.1 p-njunction under the no bias condition: (a) schematic diagram, (b) density
of uncompensated acceptor and donor ions, (c) built-in potential
distribution

If a battery is now connected across the p-n junction as shown in Fig. 1.2(a),
the device is said to be subjected to a forward bias. The battery potential disturbs
the equilibrium and causes the holes to move to the right and the electrons to the
left. This movement of the carriers under external bias conditions of the diode is
known as the drift. It is to be noted that an electrical field of magnitude, say, £
(volts/metre) must exist along the length of the device so as to initiate the drift
current; as a result, electrons tend to move towards the anode and holes towards
the cathode.

The movement of the charged carriers leads to neutralization of the originally
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uncompensated ions on either side; consequently the width of the depletion layer
is reduced as shown in Fig. 1.2(b). Further, the potential barrier across the junction
is reduced to the extent of the applied positive bias voltage, as shown in Fig. 1.2(c).
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Fig. 1.2 p-njunction under the forward bias condition: (a) circuit diagram, (b) den-
sity of ions, (c) potential distribution

Figures 1.3(a) and (b), respectively, show the reverse bias condition of a p-n
junction diode and the density of the ions. The reverse polarity of the external
connection causes both the holes on the p-side as well as the electrons on the
n-side to move away from the junction. As a result of this, the dense region of the
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Fig. 1.3 p-n junction under the reverse bias condition: (a) circuit diagram,
(b) density of ions, (c) potential distribution
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negatively charged acceptor ions shifts to the left and that of the positively charged
donor ions to the right. In other words, the depletion layer gets widened. In this
condition the holes that are supplied from the n-side move across the junction
to the left and get attracted to the negative terminal of the battery. Likewise the
electrons from the p-side move to the right and go to the positive terminal of the
battery. These two charge carrier currents crossing the junctions constitute the
total current, which is called the reverse saturation current of the diode. Reverse
bias causes widening of the potential batrier to the extent of the applied reverse
voltage, as shown in Fig. 1.3(c), and prevents further drift of the charge carriers
in either direction. Thus a new equilibrium condition is reached.
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Fig. 1.4 (2) Schematic diagram of ap-n-p transistor, (b) forward bias of the emitter—
base junction and reverse bias of the collector-base junction. Potential
distributions under the (c) unbiased and (d) biased conditions.

Junction transistor The physical structure as well as the schematic diagram of a
p-n-p transistor are shown in Fig. 1.4(a) and the bias condition of the junctions in
Fig. 1.4(b). The three layers are, respectively, the emitter, base, and collector. Such
a device consists of a very thin n-layer sandwiched between two wide p-layers.
Under the equilibrium or no bias condition the variation of potential through
the device will be as shown in Fig. 1.4(c). For transistor action to take place,
the emitter—base junction, which is just a p-n junction, is forward-biased and
the collector—base junction is reverse-biased. Under this condition the potential
barrier at the emitter—base junction is reduced and that at the collector-base
junction is augmented, as shown in Fig. 1.4(d). This causes more holes to be
injected from the emitter layer to the base region. As the width of the centrally
situated base (n) layer is small, a large fraction of the holes that are injected
into the base region are sucked away by the collector due to the reverse bias
action of the collector—base p-n junction. A very small fraction of these holes
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recombine in the base region to form a fraction of the base current which flows in
the emitter—base circuit. The collector current constitutes 90-99 per cent of the
emitter current.

1.2.1 Behaviour of a Thyristor Under Biased Conditions

The operation of the thyristor is now dealt with. The thyristor is a four-layer
(p1, n1, p2, ny) semiconductor device as shown in Fig. 1.5(a) and has three p-n
junctions, namely, p;-n1,n1-p;, and pp-n,. Hence there is considerable difference
in its action as compared to that of the transistor. However, the basic principles
that apply to a biased semiconductor diode hold good for its three p-n junctions.

When the switch Sw in Fig. 1.5(a) is kept open, no voltage gets applied across
the thyristor, and it is said to be under a zero bias or equilibrium condition. Space
charge regions are developed at each of the junctions, thus contributing to the
built-in potential of the p-n-p-n device as a whole. Under this condition, the
concentrations of the holes and electrons in the four layers are determined by the
impurity doping levels, the ambient temperature, and the physical dimensions of
the device. The voltage gradient profile shown in Fig. 1.5(b) confirms the earlier
observation that the thyristor is just a cascaded combination of p;-ny, n;-p,, and
P2-h7 junctions.
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Fig. 1.5 Thyristor under forward bias condition: (a) circuit; potential diagrams
under the (b) equilibrium, (c) forward blocking, and (d) forward
conducting conditions

Now, if the switch Sw in Fig. 1.5(a) is closed, the p;-layer is connected to the
positive terminal of a battery and the n,-layer is connected to its negative terminal
through a resistor. Under this condition, called the forward bias condition of the
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thyristor, junctions J, and J,. are forward-biased and junction Jj, is reverse-biased.
In order to understand the flow of the charge carriers prior to sudden conduction or
‘“firing’ of the thyristor, it is first essential that the forward bias voltage be slightly
less than that required to cause such conduction. In this condition, called the
forward blocking condition, junction J, is reverse-biased. The voltage gradient
along the length of the device will be as shown in Fig. 1.5(c). However, the forward
bias causes movement of the charge carriers in the device in three different ways
as follows:

(a)

(b)

©

The reverse-biased condition of junction J, causes a widening of its space
charge layer. A high electric field is created in it and a potential barrier is set
up against the external bias. This barrier prevents the flow of electrons from
the n;-layer to the p,-side and holes from the p,-layer to the n;-side. On the
other hand holes, which are minority carriers in the n-region, tend to travel
towards junction J, and accumulate on its left side. Similarly electrons,
which are minority carriers in the p,-layer, move towards J, and accumulate
on its right side.

Reverse-biasing of J, leads to the movement of electrons in the n;-layer
towards junction J, and causes them to cross this junction to the p;-layer
and traverse through it to the anode of the battery. Consequently, positively
charged donor ions are left behind on the left side of the space charge region
of J,. These electrons increase the forward bias of J,,, narrow down its space
charge region, and cause more holes in p; to cross J, and go towards J;. In
a similar manner holes in the p,-layer cross J. into n, and through it to the
cathode of the battery, thus increasing the forward bias of J.. In so doing
they release more electrons from n,, which move to the left, cross J,, and
travel towards J;,. The net effects of all these actions are

(i) the space charge region of J,, is widened and

(ii) the accumulation of holes to the left of junction J;, and electrons to its

right as discussed in (a) is augmented.

Due to thermal agitation, hole—electron pairs are generated in and around
the space charge layer of J,. Thus more holes are thermally generated in
the n;-layer and move towards J, and get accumulated to the left of J,.
Similarly thermally generated electrons in the n,-layer move towards J;
and get accumulated on its right side. This action further strengthens the
action discussed in (a) and (b).

Now, if the forward bias is increased to a value known as the forward breakover
voltage rating of the thyristor, the following movements, which are a continuation
of those discussed in (a), (b), and (c) above, respectively, take place.

(a’) The holes which are minority carriers in the n;-layer and which are

accumulated on the left side of J, gain enough energy to cross junction Jp,
go to its right side, and move towards junction J.. This increases the forward
bias of J. and causes its space charge layer to narrow down. Similarly the
electrons which are accumulated on the right side of J; gain enough energy
to cross it, go to its left side, and move towards the anode. This action
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increases the forward bias of J, and causes its space charge layer to narrow
down.

(b’) The action mentioned in (b) is further strengthened. The forward bias of J,
is further increased, releasing more holes from p; to the right to cross J,
and move toward the cathode. Similarly more holes in the p,-layer go to the
right, cross J;, and release more electrons from the nj-layer, which move
to the left to cross J, and J, and go to the anode.

(c/) The thermally generated holes on the left of J, and electrons on its right
side cross it in either direction.

The actions in (a"), (b"), and (c¢’) aid each other causing copious movement
of holes to the cathode and electrons to the anode. As a consequence, a large
quantity of donor (positive) impurities which are on the left side of J, and
another large quality of acceptor (negative) impurities which are on the right
side of J, get neutralized by electrons and holes, respectively. Junction J, no
longer supports the blocking voltage and the device suddenly switches into the
conduction state. Under this condition J, becomes forward-biased and the device
as a whole attains a low-impedance condition. Consequently, the voltage barriers
at the three junctions get reduced considerably. The total resistance of the device
as well as the voltage drop across it drop down to low values. Figure 1.5(d) shows
the voltage gradient diagram under this condition.

A quantitative analysis of the flow of the electron and hole currents in the
thyristor can be made at this stage. The currents flowing from anode to cathode
consist of holes proceeding from the left side of junction J; to the cathode and
that of electrons moving from its right side towards the anode. A large portion
of the current flowing from the anode terminal through the device to the cathode
terminal is due to the combined movement of holes and electrons as detailed in
(b") above. These currents are shown as «; I and a; Ik in Fig. 1.6. Only a small
portion of this current is contributed by the reverse saturation current discussed
in (a’) on the one hand and the thermal current mentioned in (¢’) on the other. The
sum of the reverse saturation and thermal currents due to holes is denoted as 1,
and that due to electrons as 7, . It is also shown in Fig. 1.6 that a small fraction of
the holes proceeding from p; into n; recombine in ny; this is given by (1—a)1,.
Likewise, a small fraction of the electrons moving from 7, into p, recombine in
P2, this current being given by (1 —ay)Ik.

The expression for the total current flowing from the anode to the cathode can
be written as

I = oylpn + ax(—Ix) + Iy + (—1)) (1.1)
Recognizing that
Ixk = —Ia
and
I'o = — I

where I,,; has the same direction as /1, the total current / becomes

I = (Ol] + WZ)IA + Ips + Ins (12)
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Fig. 1.6 Hole and electron currents in a forward-biased thyristor

Writing the total reverse saturation current as
I = Ips + Iy
and noting that I = I, Eqn (1.2) can be written as
In = (a1 + a)ls + I (1.3)
Solving Eqn (1.3) for I, gives

I & (1.4)

P+ ) ‘
Equation (1.4) can be interpreted as follows. As long as the thyristor is in
the forward blocking state, the sum (o) 4 ;) will be much less than unity.
Accordingly I5 will be very small in magnitude. When a voltage greater than
or equal to the forward breakover voltage of the thyristor is applied across the
thyristor, sudden switching takes place due to the regenerative action occurring
in the thyristor. This can be interpreted as («; + o) approaching unity, causing
I to shoot up, and the thyristor suddenly switches on. The device is then said to
‘fire’. The large current that flows through the external circuit should be limited
to a value less than the current rating of the thyristor by connecting an external
series resistance in the circuit; the device will otherwise get damaged due to the
heating effect consequent to the flow of this large current. In the absence of an
external resistor this current will be large even when the external supply voltage
is small, say, a few volts. It can be inferred from the above discussion that the
thyristor acts like a closed switch when it gets fired and offers very little resistance
to the flow of current. The drop across the thyristor in the conducting state will
be of the order of 1-2 V.

1.2.2 Gate Firing of the Thyristor

In the above discussion, the gate terminal G of the thyristor or any current fed
through it from an external source was not mentioned. Such a current has a
catalytic effect on the firing of the thyristor as follows. If a small current, called
the triggering current, is fed into this terminal, then the thyristor will switch onto
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the conducting state even though the forward bias voltage across it is less than
the forward breakover voltage (Vggo).

Figure 1.7 shows a thyristor with current injected at its gate, the gate potential
being positive with respect to the cathode. This forward bias voltage may have
a value anywhere between 2 V and Vggp. The mechanism of gate firing can be
explained as follows. The injection of triggering current into the gate terminal
disturbs the equilibrium conditions attained during the forward blocking state.
As the conventional current enters the pj-layer, it causes more holes from the
pa-layer to drift to the nj-side, increasing the forward bias of junction J, and
reducing its voltage barrier. This increases the movement of charge carriers of
either polarity, the electrons moving into the space charge region of J, crossing
it, and moving into pj, thus increasing the forward bias of J,. The rest of the
action takes place exactly as discussed above with a forward bias voltage equal to
or greater than Vpgo applied across the thyristor, in the absence of the gate signal.
Avalanche multiplication takes place and the thyristor switches to the ON state.
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Fig. 1.7 Thyristor with a forward bias of Vak volts and a gate current of Ig amperes

The switching action with a finite gate current may also be explained
mathematically as follows. Equation (1.1) is modified as

I = ajla + oo(—Ix) + I, + (—1)) (1.5)
WithIx = —(Ia + Ig)and I, = — I, Eqn (1.5) becomes
I = (Oll + 052)IA + ozl + Ips + s (16)

Defining I; = I,; + I, and noting that the current through the thyristor is
I = I, Eqn (1.6) becomes

IA = (Ol] + Otg)IA + O[zIG + IS (17)
Equation (1.7) can be solved for I, as
I I
Iy = ol + L5 (1.8)

I —(a; + o)
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The regenerative action of the thyristor can be interpreted from Eqn (1.8) as
follows: As I, increases, oy increases; as Ix and Ig increase, o, increases. At a
certain stage of this cumulative process, the sum («; 4 o) approaches unity and
the thyristor switches to the ON state.

1.2.3 Two-transistor Analogy of the Thyristor

The switching action that takes place with gate current injection can also be
explained with the help of the two-transistor analogy. Figures 1.8(a) and (b),
respectively, show the back-to-back connection of n-p-n and p-n-p transistors
as well as their equivalent circuits. The base current and collector current,
respectively, of the p-n-p and n-p-n transistors can be expressed as

Iy, = (1 —aply — Icg, (1.9
and

ICZ = Olz(—l]() + 1(:]32 (110)

Cathode
(a) (b)

Cathode

Fig. 1.8 Two-transistor analogy of a thyristor: (a) schematic diagram, (b) equivalent
circuit

Here Icp, and Icp, are, respectively, the reverse saturation currents of p-n-p
and n-p-n transistors. Recognizing that Iy, = Ic, and Ix = —(Ia + Ig), Eqns
(1.9) and (1.10) can be combined as

(I —aDla — Icp, = o(la + Ic) + Ics, (1.11)
Solving Eqn (1.11) for 14 gives
oarlc + Ics, + Ics,

Ixn =
A 1 — (a1 + o)

(1.12)
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Defining I; = Icg, + Ics,, Eqn (1.12) becomes

arlg + 1
Iy = 26T & (1.13)
1 — (1 + a2)
If the sum o + o, approaches unity, then /o will increase to a very large value
and the thyristor will switch to the conduction state. If the derivation is started
with expressions for I, and Ic, instead of I, and Ic,, it can be shown that it

leads to the same final result as in Eqn (1.13).

1.3 Methods for Triggering

It is stated above that with the slow increase of the positive bias voltage, the
thyristor suddenly gets triggered at a certain value of the voltage called the forward
breakover voltage (Vepo). Though this is one way of triggering the thyristor, it
is seldom resorted to. Other methods of triggering are described below, gate
triggering being the most commonly used one.

1.3.1 Thermal Triggering

In Section 1.1 the current I; was stated to be a combination of the hole current
thermally generated in n, the electron current generated in p,, and also the
electron—hole pairs generated in the vicinity of J,. As the temperature increases,
more electron—hole pairs are generated, thus increasing /, and this may even lead
to the turning on of the thyristor. This can be explained with the help of Eqn (1.4),
which is reproduced below:

I =1 Is (1.14)

= A= ——————— .
I — (a1 + )

It is seen that the anode current /4 increases with I. This process is regenerative,
causing (o + ap) to tend to unity; eventually the thyristor may get triggered. This
type of turn-on may cause thermal runaway and is normally avoided.

1.3.2 Triggering due to Light Radiation

Light focused near junction J. on the p,-layer causes the creation of holes and
electrons, thus disturbing the equilibrium condition of the thyristor. The forward
bias on J, increases, and if the production of the charge carriers is sufficiently
high, the device switches into conduction.

1.3.3 Gate Triggering

Asstated in Section 1.2.2, a currentinjected into the p,-layer with the gate terminal
having positive polarity with respect to the cathode triggers the thyristor with a
forward bias less than Vgpo. Different methods for such gate triggering exist and
are named according to the auxiliary device that is employed; the more important
among these are saturable core reactor triggering and unijunction transistor (UJT)
triggering. These methods are described later.

Figure 1.9 gives a set of forward characteristics of a thyristor for various
values of the gate current. Considering the characteristic with zero gate current,
the portion OA is known as the forward blocking region and is a stable one. In the
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region A B the process of increased flow of charge carriers through J;, is initiated.
The abscissa of point B gives the value of the forward breakover voltage.

E

lg2>lg1>Igo=0

<o~ IGO |
PRV les :
| A1 Ry
, 1 0 vy VEBO
o \%,_ - VaAK —
Ei

lg2<lg1<lgo =0 ,
le2

G

Fig. 1.9 Forward and reverse characteristics of a thyristor

The portion BC, which is shown dotted, is unstable and is a quick transition
region from the OFF to the ON state. The characteristic CDE is the conducting
region, which is also a stable one. It is seen from Fig. 1.9 that the breakover voltage
decreases as the gate current is increased; this implies that with a fairly large gate
current the thyristor gets fired even with negligible breakover voltage. The figure
also shows that the forward characteristic of the thyristor then approaches that of
a semiconductor diode. The relationship between the breakover voltage and the
gate current shown in Fig. 1.10 confirms the fact that the forward voltage required
to trigger the thyristor is negligibly small for a value of gate current equal to or
exceeding /g, this being the maximum allowable gate current rating.

VAK

IGm

iG I
Fig. 1.10 Variation of breakover voltage with gate current

In the conducting state the current has to be limited by an external resistance
connected in series with the thyristor, failing which, a very large current, which
exceeds the continuous carrying capacity of the thyristor, flows. The device then
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gets damaged due to the excessive heating effect of this current. In Fig. 1.11(b)
current /4 flowing through the device becomes V/ R, with the conducting thyristor
acting like a closed switch.
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Fig. I.11 (2) A series circuit with a thyristor; (b) a conducting thyristor shown as a
short-circuited switch

Two current specifications of the thyristor, namely, the latching current and
the holding current, can be determined as follows. The thyristor in Fig. 1.11(a)
is assumed to have just fired with the current through it not having attained the
latching value. However, when the resistance R is slowly decreased, at some stage
the current through the thyristor reaches the latching value; that is, the device
attains a stable conduction state at this value of current. The significance of the
latching current can be further explained as follows. If the gate triggering current
is removed before the thyristor current attains a value equal to I, the device will
go back to the OFF state. This will not happen if the current exceeds the latching
value /;; on the other hand, the gate triggering signal loses its control over the
device after the current attains the latching current value. It follows that the gate
triggering signal is needed only till the thyristor current attains the latching value.
The time taken to attain /;, is ordinarily of the order of a few microseconds,
provided the load resistance is of appropriate value. If the thyristor current is
initially above the latching value, the gate signal is disconnected and the thyristor
current is slowly reduced, the thyristor will not turn off when the current is brought
down to I, ; instead it turns off only at a value Iy (holding value) which is below
I;.. This shows that the thyristor exhibits the property of hysteresis. The holding
current / is the minimum value of current below which the thyristor turns off. In
Fig. 1.9 this value is shown to occur at C whereas the latching value is at D. The
property of the thyristor in turning off below its holding current value is utilized
for designing its turn-off circuits.

Like all semiconductor devices the thyristor is temperature-dependent. All
the characteristics mentioned above are studied at a normal temperature of, say,
25°C. It is stated in Section 1.3.1 that under high temperatures the thyristor may
get inadvertently triggered; this eventuality is normally prevented. Section 1.6
deals with a related topic, namely, the provision of an appropriate heat sink to the
thyristor in order to limit the maximum junction temperature to 125 °C.

The height and duration of the gate current pulse required for firing a thyristor
are decided by keeping in mind that the thyristor is a charge operated device.
Unless sufficient charge is injected into the vicinity of junction J,, no triggering
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takes place. If the current pulse is of height / and its duration /4, then the charge
injected into the p,-layer will be Ih. This charge should be sufficient to fire
the thyristors; sharp fronted gate pulses, called trigger pulses, are also found to
successfully fire the thyristor. For injecting the same charge with such a narrow
pulse, its height should be increased so that the area under it is the same as that
for a rectangular pulse that successfully fires the thyristor.

Figure 1.12 shows the variation with time of the current i » through the thyristor
and the voltage v, across it, as functions of time, during the turn-on process. The
turn-on time foy is constituted of three components, namely, the delay time #p,
the rise time g, and the settling time #g. Thus

fon = tp + tg + ts (1.15)
VA iA
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Fig. 1.12 Thyristor voltage and current during the turn-on process

The delay time ¢p is the time required for the minority carriers (electrons) of
P2 to go to junction J,, plus the time required for the holes released from p; to
diffuse across n; and impinge into the space charge region of J,. It is also equal
to the time required for the minority carriers (holes) of n; to go to junction J, plus
that required for the electrons released from n; to diffuse through p, and finally to
impinge on the space charge region of J,. These two actions will simultaneously
initiate the decrease of the voltage across the device, and the rise of the current
through the device. The rise time ¢ is governed by the time taken for the junction
Jp to become forward-biased, this being due to the freely moving holes towards
the cathode and the freely moving electrons towards the anode. The rise time 7
depends upon three quantities, namely, the gate current, the device temperature,
and the elements (R, L, C) contained in the external circuit. A higher gate current
leads to a lower rise time; again, a high temperature leads to copious production
of charge carriers, which in turn leads to the reduction of rise time. The settling
time #g is the time taken for the conduction to spread over the entire area of cross
section of the crystal. It depends upon this cross section as well as the dimensions
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of the electrodes. As the conduction reaches the equilibrium state, the voltage
also settles down to the steady-state value, which is usually of the order of 1-2 V.

The turn-on time of the thyristor may range from 1 ps to a few hundred
microseconds depending on the application for which the thyristor used. As it
takes some time for the equilibrium condition of conduction to be attained, the
device should not be subjected to a high rate of rise of the anode current (di, /dt).
This is because prior to reaching the equilibrium state, the voltage across the
device is high and if it is also subjected to high dia/dt it will be forced to
carry large current in a short time. As a result of this, a hot spot develops due
to current crowding, a large amount of heat dissipation occurs in the device, and
temperatures approaching the melting point of the semiconductor device may be
attained, thus leading to its damage. It can be inferred from the above that with
a non-inductive load circuit, it is necessary to deliberately include an inductor
of appropriate size to protect the thyristor from high dis /dt values. The usual
values of maximum allowable di /dt range from 5 to 200 A/ps.

1.3.4 Effect of Load Parameters on Current Rise

If the series circuit in Fig. 1.11(a) were to have an inductance (L) in addition
to the resistance (R), the rise time would increase with an increase in dis/dt.
This can be attributed to the inherent property of an inductor to oppose any rise of
current. With R and C elements, on the other hand, the initial rate of rise of current
will be high and the corresponding time will be small. Thereafter the current will
decrease in an exponential manner, eventually going below the holding value and
turning off the thyristor.

1.3.5 dv/dt Triggering

If an alternating voltage v of high frequency and equal to E sin(2x f't) is applied
to a circuit containing a capacitance and high resistance as shown in Fig. 1.13,
the current flowing through the capacitor can be written as

. dv
it)y=C (E) (1.16)
=CE2nf cos(2nr ft) (1.17)

C

||

R

@v = E sin (2nft)

Fig. 1.13 dv/dt triggering
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The RMS value of this current, given by (C E27 f)/ V2, increases with frequency,
that is, increases with a high dv/dt. In a thyristor the space charge region of each
of the forward-biased junctions, namely, J, and J,., may be represented by a low
resistance shunted by a capacitance, whereas that of the reverse-biased junction
J» may be represented by a high resistance shunted by a capacitance. Accordingly,
in the high-frequency model of the thyristor shown in Fig. 1.14, the resistances
R;, and R;, will be low and R, will be high.

CJa CJb CJC
Ry, Ry, Ry,

QY

Fig. 1.14 High-frequency model of a thyristor

When a rapidly varying voltage is applied across the terminals of the thyristor
for which junction J,, is initially biased, the current through its capacitance, given
by C,,(dv/dt), will be high and thus junction J, almost becomes a short circuit.
It is this current which initiates the turning on of the thyristor and plays the same
part as (i) the application of a forward bias equal to or greater than Vggp or
(ii) the application of a triggering current at the gate, together with an appropriate
forward bias voltage less than Vpgo. Regenerative action takes place as follows. I,
increases with o; and the sum (o) + «;) approaches unity, further increasing /, as
can be seen from Eqn (1.4). This cumulative process finally leads to the turning
on of the thyristor. This type of switching on of the thyristor, being known as
dv/dt triggering, evidently is an undesirable type of triggering. Section 1.7 deals
with the design of circuits that prevent such high dv/dt.

An alternative interpretation of dv/dt triggering is as follows. If a rapidly
varying voltage is applied across the terminals of a thyristor, the reverse-biased
junction J, experiences a rapid change in the charge contained in it. The resulting
current through the junction is given by
_d(qy,) d(Cy,v) dv dcy,

= = C —_—
dt dt o dr T dt

The variation of the junction capacitance is usually very small; hence the second
term can be neglected. Equation (1.18) now simplifies to

ib (1.18)

. dv
iy, = Cjbz (1.19)
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The current i, now initiates regenerative action, finally leading to the firing of the
thyristor.

1.3.6 Reverse Characteristic

Figure 1.15(a) shows areverse-biased thyristor; here the cathode is given a positive
polarity with respect to that of the anode. As in the case of a reverse-biased diode,
reverse saturation (or leakage) current flows through a reverse-biased thyristor.
The junctions J, and J, therefore become reverse-biased and J;, becomes forward-
biased.

PRV

p1| M| P2 | N2

(a) (b)

Fig. 1.15 A reverse-biased thyristor: (a) circuit, (b) characteristic curve showing
the peak reverse voltage (PRV)

The holes in p; and the electrons in n, get attracted to the anode and the cathode,
respectively. This leaves widened regions of negative acceptor ions to the left of J,
and positive donor ions to the right of J... Similarly the built-in potentials at these
two reverse-biased junctions increase. Simultaneously the space charge region of
the forward-biased junction J, gets narrowed down. When the reverse voltage is
increased, the junction J, attains an avalanche breakdown condition because its
built-in voltage is much small compared to that of J,. The latter, however, does
not attain the avalanche condition until the reverse voltage is increased to a high
value called the peak reverse voltage (PRV) or peak inverse voltage (PIV) rating.
This is one of the voltage specifications of a thyristor which are dealt with in
Section 1.5. Figure 1.15(b) shows this feature on the SCR characteristic.

The PRV is a function of the maximum electric field intensity in junction
J, and also the punch-through across the n;-layer. This in turn depends upon
the width and doping level of this layer. The greater the width of this layer and
the higher the doping level, the higher will be the value of the PRV. Punch-
through occurs because the free carriers in the space charge region attain highly
accelerated speeds, colliding with the lattice structure, thus releasing high-speed
electron—hole pairs. This process multiplies and ultimately leads to the avalanche
breakdown of J, and the consequent sudden conduction (punch-through) of the
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thyristor. Another interpretation for the phenomenon of punch-through is that
the space charge region of J, extends and finally reaches that of J,, making
the thyristor a three-layered device. From Eqn (1.4) the equation for the reverse
current I/ can be inferred to be

I

Ir =
R 1—0[1

(1.20)

where [ is the reverse saturation (or leakage) current of junction J, and «; is
the current gain parameter of the open base transistor pi-n;-p,. With a small
increase of the reverse voltage beyond the PRV, the charge carriers multiply,
causing o to approach unity. Thus the reverse characteristic beyond the PRV is
very steep. In Fig. 1.9, OF is the reverse blocking region and F'G is the avalanche
conduction region.

1.4 Gate turn-on Methods

It is evident from the above discussion that injecting current through the gate
terminal, which is called gate triggering, is the most appropriate method for
turning a thyristor on. It also provides the means for controlling the forward
breakover voltage, for the reason that this voltage decreases as the gate current
increases. Figures 1.16(a) and (b), respectively, show the gate—cathode circuit
and the vg-ig characteristics. The latter shows the region of successful turn-on
in the ig-vg plane provided the anode current and the anode-to-cathode voltage,
respectively, exceed the holding current and holding voltage values. The shaded
portion is a region of points which will not turn on the thyristor under normal
temperature conditions. If, however, the ambient temperature is increased, the
thyristor gets triggered even for (ig, vg) points that lie in the shaded portion. The
rectangular hyperbola on the right of this figure is the limitation imposed by the
heat dissipation at the gate (Pgmax) = iGVG)-

Ze]
VG(max) 777777777777777777777777777
(10V)
100°C Pa(max) = icVe
VG(min)
2Vv)
PG(max)
. (10% duty cycle)
lG(max) i —>
I (min) G
(100 “A) PG(max) (2 A)

@ ) (100% duty cycle)

Fig. 1.16 (a) Gate—cathode circuit of a thyristor; (b) vg-ig characteristics
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The three commonly used methods for gate triggering a thyristor are (a) ac
triggering, (b) dc triggering, and (c) pulse triggering. Dc triggering and pulse
triggering are adopted in chopper and inverter circuits whereas ac triggering is
employed only in some single-phase rectifier circuits. Typical circuits for the
above triggering methods are given below. The nature of the circuit depends
upon the purpose for which the thyristor is used and the availability of direct or
alternating voltage.

1.4.1 Dc Triggering

Dc triggering is adopted when the input supply to the thyristor is of the direct
current type, as in the case of inverters and choppers; it is also used when the load
is of an inductive nature. Three types of dc triggering are illustrated in Fig. 1.17
and these are described below.

R
v— =V AL P S
XY 2
Rig D Rig o
Load Load Ry
Lig Lig
A
(a) (b)
Load
Rig Lig
\2Q2000090009000000Q)
(BE000808880000880800)
B

SZThg

j\/ Clock pulse

O

(c)

Fig. 1.17 Direct current triggering: (a) resistive circuit, (b) RC circuit, (c) trigger
circuit with a bistable multivibrator



Gate turn-on Methods 21

Figure 1.17(a) shows a thyristor feeding an inductive load, the gate signal being
obtained through R. If the switch Sw is closed, the thyristor gets turned on by a
dc signal. The diode D protects the gate from negative signals. This circuit may
be made to work as a dc chopper if the switch Sw is alternately switched on and
off; however, it does not incorporate a mechanism for turning off.

Figure 1.17(b) gives a circuit that can also be used as a dc chopper and is an
improvement over that given in Fig. 1.17(a). When the thyristor is triggered and the
switch is at position 1, the capacitor C is charged with the X-plate positive; with
the switch at position 2, the capacitor discharges through the thyristor, thereby
applying a reverse voltage to it and turning it off.

Figure 1.17(c) is a parallel capacitor inverter circuit in which the thyristors
Th; and Th; are alternately triggered by the output pulses obtained from the
multivibrator at each clock pulse. The duration of the dc pulses of the bistable
multivibrator depends upon the frequency of the clock pulses. Other members of
the multivibrator family can also be used for triggering purposes with suitable
alterations in the circuitry.

In Fig. 1.18(a) anode current versus time characteristics are drawn for both
resistive and inductive type of loads; the required lengths of time for the gate
pulse in the two cases are shown in Fig. 1.18(b) as #; and #,. It is evident from
these figures that the gate current switch should be kept closed for a sufficiently
long time so as to cause successful turn-on, this duration being longer for inductive
loads.

A

in vak| o>~ 7 T Resistive load

Inductive load

vrh(res)

: Lo

Yoo bt

Fig. 1.18 (a) Anode current and vak vs time for a thyristor at turn-on, (b) gate
triggering current vs time for resistive and inductive loads

1.42 Ac Triggering

Ac triggering is used where the source of supply is of the single- or three-phase
ac type. Four methods of ac triggering are described below: (a) resistive, (b) RC,
(c) saturated reactor, and (d) pulse triggering using a transistor as well as a UJT.

1.4.2.1 Resistance triggering Figure 1.19 shows a resistance triggering
circuit for a single-phase, half-wave circuit, the firing angle being varied only
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during the positive half-cycle. The gate circuit consists of a fixed resistance
Ry and a variable resistance R,. Increasing R, decreases the gate current and
increases the angle of firing, the angle of firing being varied by this method in the
range 0°-90°. The resistor R; serves the purpose of giving a negative bias to the
gate in the negative half-cycle of the ac and also of keeping the thyristor in the
stable OFF state, when high temperatures are attained or when undesirable anode
voltage transients occur. The input and load voltage waveforms for this circuit
are given, respectively, in Figs 1.20(a) and (b).

Rig
+ —
—— V| >
Ry
ac @ v = Vpsinot Th §7 Ry
supply
D
Rp
Fig. 1.19 Resistance triggering circuit
\/ o
? (a)
Vid 0° < < 90°
/ﬂ /
Vi
>0~ (b) ot ——

Fig. 1.20 Waveforms for the circuit of Fig. 1.19: (a) input ac voltage v, (b) load
voltage viy

1.4.2.2 RC triggering Figure 1.21(a) shows a circuit in which the
combination of a resistor and a capacitor is used to trigger the thyristor. Figure
1.21(b) shows that the capacitor voltage v, lags the applied voltage V by an angle
¢, which in turn varies with the value of R. The equivalent of the gate—cathode
portion of the circuit given in Fig. 1.21(c) shows that the gate—cathode resistance
Rgk 1s non-linear; its parallel connection with C helps in varying the triggering
angle in the range 0°-180°.

The capacitor charges through Ry and D, only after the ac voltage attains
its negative maximum. This is because, in the duration ##; the supply voltage is
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Thyristor on from t3 to #4
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Fig. 1.21 RC triggering scheme: (a) circuit diagram, (b) phasor diagram, (c) equiv-
alent gate—cathode circuit from t; to t3, (d) Equivalent anode—cathode
circuit from t| to t3, (e) waveform showing the firing angle

negative, the current through the capacitor, C(dv/dt), is also negative, and the Y -
plate of the capacitor is positive. From time ¢, onwards the slope dv/dt and also the
capacitor current are positive and the X -plate of the capacitor charges from — Vp,x
towards + Vi.«. From time #, onwards the equivalent circuit in Fig. 1.21(c) holds
good. At a certain point in the duration of the positive half-cycle, the capacitor
voltage v, crosses zero towards the positive direction, but the thyristor fires only
when its value exceeds that of the drop of the diode D, the firing angle being
controlled by varying R. The SCR will conduct when the capacitor voltage v,
equals vgr + vp,. The firing angle « is a non-linear function of R and C, thus
being expressed as « = f(wRC). In the following derivation, it is assumed that
the load resistance R4 is negligible compared to the resistance R, which consists
of Ry (the fixed part) and R, (the variable part, not shown in the figure). The
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product RC can be empirically related to the angular frequency w as

T 4
RC > 13— ~ — (1.21)
2 w

where T = 1/f is the period of the ac line frequency and w =27 f. The maximum
value of R is obtained from the relation

v > igrR + v. = igrR + vgr + Up, (1.22)
This gives
R < (m) (1.23)
IGT

1.4.2.3 Saturable reactor trigger pulse generation A saturable reactor
(SR) is an inductor with its core material obeying the property of hysteresis. The
reactor and the related B-H diagram are, respectively, shown in Figs 1.22(a) and
(b). The hysteresis curve of the reactor is like a parallelogram whose sides are
slightly inclined with respect to the vertical axis. The variable B represents the
flux ¢; likewise the variable H is proportional to the current ;. When an external
voltage v is applied to the circuit, the voltage induced in such an inductor can be

written as
di do
= Lan— = N~ [ 1.24
UsR SR G <dt) (1.24)

= BT(rp) /Z e Y
(\J v = Vpsinot Vid Rig
H(i) —
; A 0)
- X P, Q4

(a) (b)

Fig. 1.22 (a) A saturable reactor connected in series with load; (b) B-H diagram
(same as the ¢-I diagram)

Here, Lsg and Ng are, respectively, the inductance of the saturable reactor and
the number of turns of the winding in the load circuit. Also, N¢ is the number of
turns of the control winding. Equation (1.24) can be solved for Lgg as

d

Lsg = Ng (—¢) (1.25)

di
Thus the inductance of the saturable reactor is obtained at any point on the ¢-
I curve as its slope at that point. It can be seen from Fig. 1.22(a) that in the
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unsaturated portions QR and PS, d¢/di is very high whereas in the flat portions
SR and PQ, d¢/di = 0. If the current were to be slowly increased, the reactor
enters the saturated region after a certain value, the inductance collapses from a
high value to zero. In the circuit of Fig. 1.22(b) this property is utilized to control
the load voltage as follows. When the magnetizing current i. of the reactor is
zero, its voltage drop is high, leaving very little voltage at the load. When the
reactor is saturated, the drop across it becomes zero and the load voltage equals
the supply voltage. The waveforms of v, 74, and ¢ given in Fig. 1.23 illustrate
this phenomenon.

VSR V=VsrtVvpt vy
T ~«—Vid
v
A (a)
bt
Iq /_/\—\ /_/\:_\
S : b
to E t—> (b)

ZE NIV

Fig. 1.23 Waveforms for the circuit of Fig. 1.22(a): (a) load voltage, (b) load current,
(c) flux

At time ty = 0, a current /. is assumed to pass through the control winding
of the reactor causing a steady flux ¢, in the core. In the positive half-cycle,
the voltage across, as well as the current in, the series circuit increase. At ¢, the
core attains saturation and the potential across the reactor becomes zero, this
condition continuing till #,, at which point the supply voltage reverses. Though
the load current ij4 is still positive, the exciting current is zero. This current,
which is equal to the sum of N¢ 14/ N and an instantaneous current (depending
upon the instantaneous flux value), passes through the gate winding. At time #,
the ¢-i curve enters the high sloped region and remains so till #3. The diode D is
forward-biased as long as current flows into the load. At t53 the load current, which
lags the voltage, becomes zero. During the interval #5 to t4 the diode gets reverse-
biased and its drop equals the full supply voltage. At 4 the initial condition that
occurs at 1y is attained and a current equal to (E I /vsg) flows in the gate winding,
the flux now having a negative value. From #4 onwards the cycle repeats. The
angle of lag is seen to be equal to w(, — t3). The average load voltage v at the
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load can be written as

Vin 1 [
Ve = — — — vsrdt (1.26)
b4 T Ji
Using Eqn (1.24), vg4. can be expressed as
Vo 1 ¢s
Ve = — — — Ngdg (1.27)
T T ba
Evaluating the integral in Eqn (1.27) gives
Vin N¢
Vae = — — —(¢s — ¢pa) (1.28)
b4 T

where V,, is the maximum value of the ac voltage as given by
v = V,sinwt

A typical saturable reactor trigger pulse generator is shown in Fig. 1.24; its
operation can be understood with the help of the waveforms illustrated in Fig. 1.25.
Initially a dc current /.. is assumed to flow in the control winding of the reactor.
When the supply voltage v, is impressed across the circuit, the circuits R, SR,
R, on the one hand and R;, C on the other come into operation. The voltage v,
across C lags the supply voltage v, and that across the reactor SR (not shown)
leads it. The value of R, is made much greater than R, so that even if the reactor
were to be saturated the voltage across R; is insufficient to trigger the thyristor
Th. v, becomes positive at time #;; at #, the reactor becomes saturated and its
inductive reactance collapses to zero. Simultaneously, the capacitor voltage is
quickly discharged through R,, giving a pulse at the gate of the thyristor. It is
seen from the waveforms shown in Fig. 1.25 that the current through R; (that is,
ig,) is initially small, but once the reactor gets saturated at ¢, it shoots up to a high
value. At #3 the supply voltage as well as the reactor voltage become negative,
and the reactor once again attains the unsaturated condition. The current being a
lagging one, continues to flow through the diode D till #4. During the interval #4 to
t5 the diode gets reverse-biased. At s the supply voltage waveform crosses zero to
become positive and the cycle repeats. The net effect is that trigger pulses, which
are synchronized with the supply voltage waveform, are generated periodically.

ac
supply

Fig. 1.24 Saturable reactor trigger pulse generator



Gate turn-on Methods 27

The time instant at which firing takes place can be controlled by varying the
resistance R;.

? —»Aﬂ«

iekkk

f! ‘\t A

Fig. 1.25 Waveforms for the pulse generator circuit of Fig. 1.24

Figure 1.26 shows a transistorized circuit that generates rectangular pulses. The
power and control circuits are fed from the same ac supply through the centre-
tapped transformers S and 7. The circuit operation is as follows. In the positive
half-cycle, the secondary winding of the transformer 7' has its upper terminal
positive with respect to the centre point ny. Thus v, the voltage of the upper
half of the secondary winding, is positive as shown in Fig. 1.27. Consequently,
D, gets forward-biased and Q) turns off. The voltage v, of the capacitor C gets
charged to a negative values, with its upper plate having negative polarity. When
v, goes below the control voltage V., (at the emitter terminal of 05), Q> conducts
and v, remains constant at a value slightly below V,,, till the end of the positive
half-cycle. Q3 also switches on, giving a pulse at each of the two secondaries
of the pulse transformers. Just when v,, passes through zero to the negative side,
the emitter—base junction of O becomes forward-biased and Q; conducts, thus
discharging the capacitor. Simultaneously, O, and Q3 switch off. In the negative
half-cycle v,, becomes positive with respect to ny; D, conducts, reducing the
bias of the emitter—base junction of O and turning it off. The cycle repeats from
this moment onwards. The magnitude of V.o, controls the width of the pulses
obtained at the secondary of the pulse transformer. It is seen from Fig. 1.27 that
the width of the dc pulse obtained at the pulse transformer is 7 — «. Such a
rectangular pulse is suitable for firing a thyristor that supplies an inductive load.
Using the same primary for both the power and the control circuit as in Fig. 1.26
helps in the production of firing pulses that have a definite delay with respect to
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the positive-going zero crossing of the ac supply waveform. This is termed as
synchronization of pulses with respect to the input supply.

™~
i LA
Moy >
z z
y
t
1
T D, Pulse transformer

with two secondaries

Fig. 1.26 Transistorized pulse generating circuit for a single-phase, centre-tapped
type of full-wave rectifier

1.4.2.4 Pulse triggering Turning athyristor off with the help of trigger pulses
at the gate is the most economical method because (a) it is the charge that triggers
the thyristor through the gate and (b) the gate loses its control once the thyristor
anode current attains the latching value. A typical pulse generating circuit rigged
up with transistor-based multivibrators and a unijunction transistor are described
below.

A pulse generator circuit with multivibrators Figure 1.28 illustrates a pulse
generating circuit employing multivibrators constituted of p-n-p and n-p-n
transistors. Rectangular pulses are generated by an astable multivibrator or a
Schmitt trigger and passed through a differentiating circuit; a diode rectifier then
filters off the negative pulses. Synchronization is achieved by passing the ac
waveform through a zero crossing detector whose output triggers a monostable
multivibrator. The rectangular output pulse of the latter acts as a gate for the
output pulses of the differentiator; that is, the output pulses of the differentiator
are allowed only as long as the output of the monostable multivibrator exists. The
firing angle is controlled by varying the period T of the astable multivibrator. A
typical zero voltage-crossing detector circuit is described in Section 10.5.

1.4.3 Unijunction Transistor Trigger Pulse Generator

All devices having negative resistance characteristics are useful in oscillator
circuits; the unijunction transistor (UJT) is one such device. It is eminently useful
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Fig. 1.27 Pulse voltage v with different control voltages
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Fig. 1.28 Typical pulse generator circuit using multivibrators

for the production of trigger pulses for the gate firing of thyristors because of its
simplicity and flexibility. The latter quality can be attributed to its compatibility
with both ac and dc sources.

Figure 1.29(a) shows a UJT made of an n-type semiconductor bar with two
base leads B; and B, at the two ends. At a point between the ends of this bar,
a p-type emitter is developed by alloying. The circuit symbol for the device is
shown in Fig. 1.29(b). Figure 1.30(a) shows a circuit for determining the emitter
voltage versus emitter current characteristics of a UJT; Fig. 1.30(b) shows these
characteristics.

Initially, as the resistance R, is decreased, both ig as well as vg will increase;
this state is indicated by the region O Py in Fig. 1.30(b). In this state the inequality
vg < 1V + Vp holds good, where 7 is the intrinsic stand-off ratio of the UJT.
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Fig. 1.29 Unijunction transistor: (a) schematic diagram, (b) equivalent circuit
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Fig. 1.30 (a) Circuit for determining the vg-ig characteristics of a UJT; (b) charac-
teristic curves

It is related to the base resistances as

R R

n = —2 = il (1.29)

Rgp Rp, + Rg,
vg is the diode drop of the E-B; junction and vgp is the voltage drop across Rgp,
the interbase resistance. But once a typical peak point Py, given by (ip, vp), is
reached and vg equals (Vg + Vp), the E-B; junction of the UJT breaks down
and the operating pointing (i, v) follows the negative resistance region as indicated
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by the region P; V. (k =1, 2, or 3) of the characteristic. After the valley point Vj,
the device regains its positive-resistance property. The value of Vg can be varied
by varying Rj3, and a different characteristic is obtained for each value of Vpg.

Figures 1.31(a) and (b), respectively, show a UJT oscillator circuit without and
with a pulse transformer at the base point B;. When a battery of voltage V; is
connected to the circuit consisting of Ry, R,, and C, the capacitor C gets charged
with its X-plate positive. When the capacitor voltage v, attains the value Vp,
the E-B; junction breaks down causing a gush of current through base B; and
resistance Ry. In this short duration of the discharge, a voltage spike is obtained
at the upper end of R4 and this pulse may be utilized for the gate firing of the
thyristor. The resistance Rg,, which is of the order of a few kilo-ohms prior to
the breakdown of the E-B; junction, collapses to a few tens of ohms after the
breakdown. This latter value of Rg, is termed as Rg,(con)- Vp is known as the peak
point voltage and is expressed as

Vp = nVes + Vp (1.30)
where

Ve = IgRpB (1.31)

oF-
supply
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Fig. 1.31 UJT oscillator circuits: (a) pulse taken from the top terminal of R4, (b) pulse
taken from the secondary of the pulse transformer
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Also,
Iy = Vs (1.32)
B R3 + Rpp + Ry '

As will be explained later, R; and R4 will be much smaller than Rgg, and hence
V, can be approximated as

Vy ~ IgRgp = VgB (1.33)

The diode drop Vp in Eqn (1.30) is usually small and can be neglected. Using
this approximation and combining Eqns (1.30) and (1.33) gives Vp as

Ve = Vs (1.34)
Considering the RC circuit, the capacitor voltage v, is given by
ve = Vi (1 — e "/RaC) (1.35)

where Ry = R| + R,. When the E-B; junction breaks down at t = 7, v, in Eqn
(1.35) equals Vp. With this condition for v., the combination of Eqns (1.34) and
(1.35) yields

Vs (1 - e_T/Rm‘C) = nVs (136)

where 7 is the time period of the generated pulses. Cancelling Vi and rearranging
gives

T = RCln (1.37)

1—n
With R, written as R+ R,, where R, and R, are the fixed and variable resistances,
the time period becomes

T = (R +R)CIn

(1.38)
I—n

The pulse frequencies at the two limits are the reciprocals of the corresponding

time periods. Thus,

1
max — 1.39
/ R,CIn[1/(1 —n)] (139)
and
1
fmin = (140)

(Ri + Ry)CIn[1/(1 — )]

The waveforms of the capacitor voltage v. and also the pulse voltages vg, and vg,
are given, respectively, in Figs 1.32(a), (b), and (c). During the time at which the
terminal B experiences a sudden rise in voltage, the voltage at B, experiences a
corresponding sudden drop; this is a consequence of the collapsing of the base-1
resistance to Rg, (con)-
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Fig. 1.32 Voltage waveforms of a UJT: (a) v, (b) vs,, () v,

The pulse height can be obtained from Fig. 1.33, which gives the E-B; circuit
in the conducting state as
Ry

_ (141
R4 + RBl(con)

Upulse = VR, = Vp

E

emitter
( ) RB1(con)

+ B4 Vpulse = VR

Ry

Fig. 1.33 Emitter-based circuit during conduction

Design of a UJT oscillator The values for the various circuit elements of a
UJT relaxation oscillator can be chosen to obtain (i) a specified range of pulse
frequencies and (ii) a given pulse height. The following data for the UJT can be
obtained from its data sheets:

(@) Vpand Ip
(b) VV and IV
(c) nand Rgp

The output quantities required are (i) the frequency range and (ii) the pulse height.
Using this data, it is required to determine
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(a) the value of the battery voltage V; and
(b) the values of C, Ry, R;, R3, and R4.

Step 1 Determination of Ry, Ry, and C The vg versus ig characteristics of Fig.
1.34 are used to determine the lower and upper limits of the resistance in series
with the capacitance. The point P given by the coordinates (vp, ip) is the peak
point of this characteristic and the point V with coordinates (vy, iy) is the valley
point. The load lines LL;, LL;, and LL; are drawn through P, Q, and V as
shown in the figure, where Q is a general point on LL,. For the UJT to work as a
relaxation oscillator a load line should have a slope which is between the slopes
of LL; and LLj. LL; is such a typical load line that intersects the characteristic
at Q and has (vg, ig) as its coordinates.

Vs

(vp, ip) (Peak point)

(vy, iy) (Valley point)

iE —
Fig. 1.34 Load lines (LLs) drawn on a UJT characteristic

The equations for the two load lines LL; and LL3; may be written as

Vg = —(v —vp) i + V. (1.42)
Ip

and
[ _(vs - UV) i

ly

VE = ig + Vs (1.43)

As the slope represents the resistance in the RC circuit, the resistance Ry obeys
the inequality
Vg — Vy Vg — Up

; < Rt =< ;
ly Lp

(1.44)

With R, as the fixed resistance and R; as the variable one, the inequality in
Eqn (1.44) can be split up as

R >vx_UV
2 =

- (1.45)
ly
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and

Vg — U
(Ri+ Ry < —FL

(1.46)
lp

The value of C may be chosen to be between 0.01 and 0.5 pF. The procedure

for design is to first fix up C and then determine R; and R, from the Eqns (1.45)

and (1.46).

Step 2 Determination of R3 and R4 R3 should be low enough such that Vg is
sufficiently high. This is to ensure a pulse of the required height. At the same
time, R3 should be high enough such that the permitted value of the interbase
voltage Vpp is not exceeded. This means that /g in Eqn (1.31) should not exceed
acertain limit. A value in the range 0.4—1.0 k2 is usually employed. As seen from
Eqn (1.4) the value of R4 depends upon Rg, (con) and the required pulse height. Its
value usually ranges from 40 to 100 €.

Step 3 Choice of the dc supply voltage V; The pulse height depends on vp, which
is approximately equal to nVpp, which in turn is nearly equal to nV;. Vi should
be large enough to give a pulse of appropriate height as per the gate requirements
[Fig. 1.16(b)]. This fixes its lower limit. On the high side, V; should be so chosen
that the maximum allowable interbase voltage Vgp is not exceeded. A value of
10-30 V is usually adopted for commonly available thyristors. A practical method
for obtaining the required dc power for the UJT oscillator is to drop a part of the
output voltage of a single-phase, half- or full-wave bridge rectifier in a resistor
and connect a zener diode to truncate it, as shown in the circuit and the waveforms
of the oscillator given in Figs 1.35(a) and (b). This method has the advantage that
the trigger pulses are synchronized with the ac waveform. The thyristor rectifies
the positive half-cycle during the period of conduction, which occurs from « to
m. It is seen from Fig. 1.35(a) that the ac voltage is dropped in R4 and Rs and
then truncated by the zener diode D, so that a reduced voltage is fed to the UJT
circuit. This is because the RMS magnitude of the ac supply voltage is usually

' /N
N

S

i
@ N
ac t
supply
i
t——

(a) (b)

Fig. 1.35 Single-phase, half-wave controlled converter using a UJT: (a) circuit
diagram, (b) waveforms
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220 V whereas a voltage less than 30 V (dc) is required for the UJT oscillator.
The frequency of the pulse obtained at the upper terminal of R4 can be controlled
by varying R;, and hence a potentiometer can be used as R;.

The UJT triggering circuit is inexpensive and is convenient as a gate triggering
pulse generator. Butits use is limited only to single-phase, half-wave and full-wave
circuits. For more complicated circuits, namely, a single-phase bridge rectifier or
a three-phase, half- or full-wave rectifier, digital circuits giving as many trigger
outputs as the thyristors used in the rectifier are required. For instance, in a three-
phase, full-wave fully controlled converter, six trigger pulses are needed; the
digital electronic circuits are designed and optimized using Karnaugh maps for
such circuits. Microprocessors are finding wide application in this regard because
of their compactness and flexibility.

1.5 Thyristor Turn-off

The word ‘turn-off” implies the sequence of events taking place from a forward
conducting state to a forward blocking state. In the blocking state the thyristor
will not fire without a gate triggering signal when an anode voltage less than Vggo
is applied.

The turn-off time is defined as the time interval between the moment the
thyristor current attains a zero value and the moment the thyristor attains a forward
blocking condition. The typical turn-off time of a thyristor varies from 5 us for
low-rated thyristors to about 200 ps for high-rated ones. For a fully conducting
thyristor to be brought back to the forward blocking state it is necessary to sweep
out the excess charge carriers in the device either by decay or recombination.
The appropriate technique for turning off a thyristor in an electrical circuit is to
reduce its current below the holding current value /. This may be accomplished
by diverting the current through a low-resistance shunt or by any other means.
Applying areverse voltage across the thyristor for a sufficiently long time, namely,
the turn-off time, also forces the current to become zero and leads to the turn-off
of the thyristor. For thyristors fed by ac circuits (e.g., converter circuits) a reverse
voltage is applied in a natural fashion and no special turn-off circuits are necessary.
On the other hand, dc-fed thyristors need special turn-off means called forced
commutation circuits, a typical one consists of a capacitor which is charged to the
required voltage when the thyristor is turned on. Just at the moment the thyristor
is switched off, this capacitor voltage is applied in a reverse manner against it,
thus bringing down its current below [ ; thus the thyristor commutes and turns
off. Typical commutation circuits are described later.

The frequency of the ac supply to which a thyristor is connected is limited
by the turn-off time of the thyristor. If f is the frequency in hertz, then the
half-cycle time is equal to 1/2 f and at least during this time interval a reverse
voltage has to be applied across the thyristor. This implies that the condition
(1/2f) > topg has to be ensured, failing which the thyristor may conduct without
a gate signal when a positive voltage is applied across it. For example, if the
turn-off time of a particular thyristor is 80 ps this time is the minimum half-cycle
time of the ac supply. Therefore the frequency of the ac supply should not exceed
1/(2 x 80 x 107%) = 6250 Hz.
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The turn-off time consists of two components:

(a) the time required for attaining the reverse blocking property (#,) and
(b) the time required for attaining the forward blocking property (forr).

To demonstrate the mechanism of turn-off, the thyristor is first subjected to a
reverse voltage for sometime and then to a forward voltage. The waveforms in
Figs 1.36(a) and (b) are drawn, respectively, for the voltage across the thyristor
and the current through it. In Fig. 1.36(a) the dotted line represents the external
voltage impressed across the thyristor; the continuous line shows the actual drop.
The sequence of events that finally ends up in the turning off of the thyristor is
given below.

Epooe N
T 3 dva < <dvA>
f Tdt at Jcritical
A t . (a)
0 1 e
t.: Reverse recovery time
In torr: Forward recovery time
ia
‘ (b)
fo: t———
.~
~— topF —>

Fig. 1.36 Turn-off mechanism of a thyristor that supplies a resistive load: (a) voltage
across the thyristor (va), (b) current through the thyristor (is)

When a thyristor is conducting, a large number of mobile charge carriers,
namely, holes and electrons, exist in the device. The thyristor turn-off starts
at fy, when the forward voltage applied across it is reduced and then reversed.
Simultaneously, the current in the device starts to decrease. This entails a decrease
of the charge carriers across the junctions J, and J., which are initially in a
forward-biased condition. At #; the voltage drops to zero; the current also goes to
zero at the same instant provided the load is resistive. On the other hand, with an
inductive (R + L) load, there will be a time lag between the voltage zero and the
current zero. Though some of the charge carriers are absorbed by recombination,
current continues to flow in the reverse direction. At t, the charge carriers in the
vicinity of J, start decreasing and go to zero at #3; at this moment J, regains its
reverse blocking capability. The reverse current decreases in the interval (3 — )
but again increases till the instant #4. From #, onwards till #s the junction J, also
regains its reverse blocking capability and the current through it attains a zero
value. The duration #, to #5 is called the reverse recovery time. If a forward voltage
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is applied at 5 across the thyristor, it will conduct again due to the fact that a large
number of charge carriers in the vicinity of J, still need some time to recombine
and only then (say, at #;) can the forward blocking capability of the thyristor
be attained. The duration #, to f is called the forward recovery time or simply
recovery time and is denoted by fopg. If a positive voltage is applied across the
thyristor after #g, it will not fire unless a gate signal is applied. However, if the
rate of increase of the anode voltage (dvpa /dt) exceeds a critical value, namely,
(dva /dt)critical, the thyristor sets triggered again as explained before, even in the
absence of a gate signal.

The recovery time fopr is an important specification of the thyristor and depends
on the following factors.

(a) Itincreases with the junction temperature. This is because the charge carriers
have a higher lifetime at higher temperatures and recombination takes more
time.

(b) The larger the current carried prior to turn-off, the higher will be the density
of the charge carriers and the greater will be the turn-off time.

(c) The higher the reverse voltage applied after ¢,, the lower will be the turn-off
time; such a reverse voltage helps in sucking off more charge carriers. It
also helps in increasing the critical dva /dt.

A reverse voltage applied in the gate—cathode circuit also reduces foggr but this
method is not advisable from the point of view of gate protection.

Turn-off methods Turn-off methods are classified as

(a) current reduction,
(b) dc line commutation, and
(¢) forced commutation.

1.5.1 Current Reduction

The current reduction method consists in directly applying the principle of
bringing down the current below the holding current /5. An on—off switch may
be connected in series with the thyristor and load, as shown in Fig. 1.37(a). The
switch has to be closed again only after a lapse of time equal to the recovery
time of the thyristor, provided (dva /dt)critical 18 ot exceeded. This method leads
to heavy sparking and is used only for low-current thyristors. An alternative is
to bypass the thyristor current through a transistor [Fig. 1.37(b)]. A pulse whose
duration is greater than the recovery time of the thyristor is applied at the base
of the transistor, thus turning off the thyristor, which remains so till another gate
firing pulse is applied.

These two methods may be applied to thyristors used in dc choppers with
low current ratings. However, for choppers with higher ratings as well as
inverters, easily realizable circuits coming under the third category, namely, forced
commutation, are available.
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Fig. 1.37 Methods for current reduction: (a) series switch, (b) transistor connected
in shunt
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1.5.2 Ac Line Commutation

Ac line commutation is used in single- as well as three-phase converter circuits.
The thyristor conducts during a portion of the positive half-cycle of the ac
voltage waveform. As the voltage crosses zero towards the negative side, the
thyristor current also goes to zero either at the same instant or after a certain lag,
depending on whether the load is resistive or inductive. This feature together with
the application of negative voltage across the thyristor in the negative half-cycle
turns off the thyristor in a natural fashion. With the prevailing power frequencies
(say, 50 Hz or 60 Hz) the duration for which reverse voltage is applied across the
thyristor is many times greater than the turn-off time of any thyristor, thus making
the thyristor a natural choice for use in single- or three-phase rectifier circuits and
also in ac choppers.

1.5.3 Forced Commutation Circuits

As stated earlier, the method of forced commutation consists in charging a
capacitor to the dc supply voltage when the thyristor is conducting, and applying
this capacitor voltage in a reverse manner across the thyristor to facilitate its
turn-off. The size of the capacitor is so chosen that its discharge time is much in
excess of the topr of the thyristor. Another method is that of passing a reverse
current of magnitude greater than that of the thyristor current. Resonant circuits are
commonly used for this purpose. The following four types of forced commutation
are described here:

(i) parallel capacitor turn-off,
(i1) auxiliary resonant turn-off, and

(iii) self-commutation by resonance; two circuits are available under this
category, namely, (a) the series circuit and (b) the parallel circuit.

1.5.3.1 Parallel capacitor turn-off The circuit for parallel capacitor turn-
off is given in Fig. 1.38(a). Th; is the load thyristor and Th; is the auxiliary
thyristor. R is an auxiliary resistance whose value has to be properly determined
as explained below. The operation of the circuit is initiated by firing Th;, thus
passing current through the load. Simultaneously, the capacitor C charges towards
E (with its Y -plate positive) through the circuit, i.e., the battery, R, C, and Th;.
When Th; is triggered after a lapse of time, the capacitor voltage is impressed
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across Th; in a reverse fashion, thus turning it off. The capacitor C now charges
in the reverse direction (with the X-plate positive) through the path consisting
of the battery, R)y, C, and Th;. In this process, the time taken by the Y -plate to
attain zero voltage is the duration for which reverse voltage is applied across Th;.
The waveforms for the various voltages and currents of the circuit are shown in
Fig. 1.38(b).

Riq Ry

N
1 Ly ! -
RN e |
e

:'T*A 3 N 2A i t1 = togg of Thy

’?c %2A ‘/ t—
yam

P -
Thy r —
ijhz r\—‘ H t

(b)

Fig. 1.38 Parallel capacitor turn-off schemes: (a) circuit and (b) waveforms

The auxiliary resistance R; should be large enough to ensure that the power
loss in it is minimized during the conduction time of Th,. At the same time it
should be small enough to ensure that the current through it exceeds the leakage
current of Thy, which, being very small, flows through Th; in its OFF state. If
this precaution is not taken, some current may leak through this thyristor and the



Thyristor Turn-off 41

current through the capacitor will not be sufficient to charge it to the value E in
the other direction.

The value of capacitance that will cause successful turn-off of Th; can be
determined as follows. Let the moment at which Th, is turned on be taken as
t = 0. The equation of the circuit constituting the battery, Rjq, C, and Th, can
now be written as

1 1
—FE + Ryi + —/ idt =0 (1.47)
CJo

with the initial condition v.(0) = —E or g(0) = —EC. Equation (1.47) can be
rewritten in terms of the charge g as

dq q
Ry— + — = E 1.48
e + c (1.48)

From Appendix B, the solution of Eqn (1.48) with the initial condition g(0) =
—EC is given by Eqn (B.11a), in which V; should be taken equal to E. Thus,
q(t) becomes

q(t) = CE (1 —2¢7"/RuC) (1.49)
Also,
. dq 2E —t
i = — = —exp (1.50)
dt R4 Ry C

It is required to determine the circuit time taken to forward bias Thy, after Th,
has been turned on. This can be obtained by writing the expression for v, and
determining the time taken by it to just become forward-biased:

vth, = E — iRy (1.51)
Substitution for i from Eqn (1.50) gives
vth, = E — Ry |:2—Eexp( ! )} (1.52)
R RiaC

- E[l - 2exp(R_’C>] (1.53)
1d

Let ¢, be the time taken by vy, to just become zero:
0 = E[1 — 271/RaO] (1.54)
Equation (1.54) can be solved for #; to get
t1 = 0.7CRy (1.55)
This time should at least be equal to zopg. That is,
fy = IoFF
or

0.7CRi4 > forr
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The capacitance value is now obtained as

TOFF
~ 0.7Ry4

A practical method is to use a value of capacitance which is slightly more than
that given by Eqn (1.56). Its value can also be experimentally found, by slowly
increasing C from a very small value to a value slightly greater than that for which
commutation just fails.

(1.56)

1.5.3.2 Auxiliary resonant turn-off The circuit of a voltage commutated
chopper is given in Fig. 1.39(a). In addition to the main thyristor Th; it consists
of an auxiliary thyristor Thy, inductor L, capacitor C, and a diode D. Its operation
with a purely resistive load is dealt with here and that with an inductive load is
described in Chapter 3. The waveforms pertaining to the various voltages and
currents of this circuit are given in Fig. 1.39(b).

It is assumed that initially the capacitor C is charged to the battery voltage E
with the Y-plate having positive polarity. When Th; is turned on at 7, the load
current flows in the circuit consisting of the battery, Th;, and Rj4. Simultaneously,
an LC oscillation occurs in the closed circuit consisting of Thy, C, L, and D. Thus,
Th; has to carry the sum total of the load current i)y and the oscillatory current
i., whose peak value is i.,. At f], one half-cycle of the oscillatory current is
completed. At this moment, the current tries to reverse, but is prevented by the
diode D. The capacitor is now charged to voltage E with the X-plate positive
and remains so till #,. When Th; is fired at #, the capacitor voltage is applied in a
reverse manner across Th; and it turns off. Current now flows through the circuit
consisting of the battery, Th,, C, and R)q, which is only an RC circuit; when this
current goes below the holding current of Thy, it turns off. The capacitor now
charges back to the voltage E with the Y -plate positive. t3 marks the time when
the capacitor voltage just becomes zero, and hence the circuit time available for
commutation of Thy is (f3 — ;). During the interval #3 to #4, V. rises exponentially
to the battery voltage E and remains at that value. The cycle repeats when the
firing signal is given to Th; at #4.

The analysis of the circuit aims at determining the expressions for the values
of L and C required to successfully commutate Th;. The known quantities are the
battery voltage E, load resistance R4, and the turn-off time ¢ogg. For the purpose
of analysis, #, is taken as the starting moment in time and accordingly the time

Thi
L c Ix
Thapy Ty
X
E ; Load [] Rig
D L

(@)
Fig. 1.39(a)
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Fig. 1.39 Auxiliary resonant turn-off scheme: (a) circuit diagram, (b) waveforms

variable is taken as ¢’ = t — 1,, where ¢ is the actual time. The equation governing
the circuit is that of an RC circuit charged through the thyristor Th, and is written
as

(IS
E = E/ idt' + iRyg (1.57)

with the Y -plate of the capacitor assumed to be of positive polarity (the capacitor
is initially charged to the voltage —E). Hence

1 0
—/ idt' = —E (1.58)
CJ
Equation (1.57) can be rewritten as
1"
E = —FE + —/ idt' + iRy (1.59)
C Jo
With i = dq/dt’, Eqn (1.59) becomes
dq q 2E

= — 1.60
dr’ + RyC R4 ( )
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The initial condition in Eqn (1.58) now becomes

qt)li=0 = —CE
The solution of Eqn (1.60) after using this initial condition is obtained as
q(t) = CE[2 — 3e7"/RuC] (1.61)
The current i(¢') is now obtained as
d 3E )
i) = d—tq/ = (R_ld> g1/ RuC (1.62)
The expression for the voltage across Th; is given as
v, = E — iRy = E[1 — 3¢7"/RuC] (1.63)

The circuit time ¢ available for turn-off is #3 — f,, with v, becoming zero at f3.
Thus

0 = E[1 — 3¢7"/RuC] (1.64)
This gives
t. = RyC In3 (1.65)
By imposing the condition
fe > IoFF (1.66)

the capacitor value required for turn-off is given by the inequality

TOFF
- Rld In3

The value of the inductor L can be obtained from the fact that the current rating
of the thyristor must be at least equal to /., + I14, Where I.p, is the peak value of
the LC oscillatory current. I, can be written as

C
Ion = wCE = E\/; (1.68)

The maximum current capacity Ity m of the thyristor can now be expressed as

(1.67)

I > E < + E (1.69)
ThM = i3 Ru .
This gives the value of L as
C
L > (1.70)

Imv 1 :
E Ry

For a resistive load, the load voltage vi4 and the load current i}y are seen to have
the same shape. It is shown in Chapter 3 that for a large inductive load, the load
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current will be nearly constant whereas the load voltage waveform remains the
same as that given in Fig. 1.39(b).

1.5.3.3 Self-commutation by resonance Self-commutation by resonance
for series and parallel circuits is explained below.

Series circuit Figure 1.40(a) gives a series resonance circuit consisting of the
elements Th, C, and L in series with the supply (Ramshaw 1975). It is assumed
that the load is purely resistive and that the value of the load resistance is negligible
compared to the inductive and capacitive reactances in the series circuit. When
the thyristor is switched on, the circuit equation for this condition, assuming it to
be lossless, can be written as

P I/t idt = E (1.71)
dt ~ C ,ml B ’

with initial conditions

0
q(0)=/ idt =0 and i(0) =0
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Fig. 1.40 Series resonant turn-off scheme: (a) circuit diagram, (b) waveforms

Splitting the integral as [*_ i dt = fi)oo i dt + [y i dt, making use of the given
initial condition, and using the equalities i = dq/dt and fO’ idt = q gives

d’q ¢
L— - = E 1.72
dr? + C ( )
or
dzq q E
—_— —_— = — 1.73
dr? + LC L (1.73)
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This is the equation of a forced LC oscillator. After using the initial condition,
its solution becomes

q = CE(l —coswt) (1.74)
Also, the voltage across the capacitor becomes
v = % = E(1 —coswt) (1.75)

Asacheck, it can be seen that Eqn (1.74) satisfies both the above initial conditions.
The current i, voltage across the thyristor vy, and the voltage across the capacitor
v. are shown in Fig. 1.40(b). After the half-period 7+/LC, the X-plate of the
capacitor attains a voltage 2E at the thyristor cathode and X-plate junction,
whereas the thyristor anode is at the battery voltage E. This implies that a reverse
voltage E is applied across the thyristor at # = 7 +/LC. At this moment the current
crosses zero to the negative side and the thyristor gets turned off. Assuming C
and L to be lossless, the reverse voltage remains for sufficient time to commutate
the thyristor.

Parallel circuit The parallel resonance circuit, circuit variations, and waveforms
are all shown in Figs 1.41(a), (b) and (c), and (d), respectively. The load is assumed
to consist of a pure resistance R, and prior to the firing of the thyristor Th, the
capacitor is assumed to be charged to the voltage E with the X-plate positive.
The circuit for this condition is shown in Fig. 1.41(b). When the thyristor Th is
triggered at fg, the circuit topology will be that shown in Fig. 1.41(c). The load
current then starts to flow through the circuit consisting of the battery, Th, and
Ryq; simultaneously, an LC oscillatory current starts to flow through C, Th, and
L, that is, in the same direction as the load current for a duration equal to half the
period of the LC oscillation. At ¢, the oscillatory current reverses and flows in a
reverse direction through Th. At #, the oscillatory current equals the load current
L4, and Th turns off. The circuit condition now reverts back to that shown in Fig.
1.41(b). With the current flowing through the battery, C, L, and Ryq4, the capacitor
charges to a voltage of +E V and the current eventually dies down to zero. The
sequence is repeated at #4 when Th is triggered again. Since the thyristor has to
carry both the load as well as the LC oscillatory currents during the interval (7,
t1), its current rating should at least be equal to the sum of the load current and
the peak of the oscillatory current.

The turn-off time available for the thyristor is the duration from #, to #3
because in this interval the load voltage exceeds E and the voltage across the
thyristor becomes negative as shown by the waveform of vy, given in Fig. 1.41(d).
The magnitude of the negative peak depends upon the values of the R, L,
and C elements. As the reverse oscillatory current causes reduction of the
thyristor current to zero, this circuit comes under the category of forced current
commutation. For successful turn-off, the amplitude /., of the oscillatory current
should exceed the load current /4, that is, the inequality

E E

>
l/a)C o R]d

should hold good. Usually I, is kept at a value of 1.5-2 times I)q. Assuming Iy,
= 214 the circuit elements L and C can be designed in the following manner. The

(1.76)
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Fig. 1.41 Parallel resonant turn-off scheme: (a) circuit diagram, (b) circuit for
charging of the capacitor, (c) circuit for the LC oscillation and load current
condition, (d) waveforms

assumed relationship can be written as

E
EoC = 2(—)
Ryg

¢ = 2 (1.77)
L Ry
A second condition can be derived by specifying the duration of the current pulse
in the load. The value of #,,, the duration of the current pulse, can be seen to be the
sum total of the entire negative half-cycle plus the time between ¢, and ¢;, which
in this case becomes 7/6. t, can therefore be expressed as

or

IC 7
t, = TIC + = — = ?” LC (1.78)
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Equation (1.78) can be solved for ~/LC as

6t
JLC = ﬁ (1.79)

Knowing the value of Ryy, Eqns (1.77) and (1.79) can be solved for the value of
L and C as

3t,R
A — (1.80)
Wk
and
12t
C = P (1.81)
77TR1d

Four of the commonly used commutation circuits have been discussed here. Some
other commutation circuits are dealt with in Chapter 3.

1.6 Ratings of a Thyristor

Like all semiconductor devices, the thyristor also has limitations of voltage,
current, and power dissipation, which implies that the device has to be connected
in such a way that the specified limits are not exceeded. Thyristor manufacturers
provide data sheets wherein the ratings are given both as numerical data as well as
graphs. Thyristor current ratings are related with the heat dissipated in the devices.
A knowledge of the various ratings is essential for designing appropriate circuits
to protect thyristors against high voltages and currents, the latter causing heat
generation. Most of the voltage and current ratings are specified for the worst
operation condition, namely, for a maximum permissible junction temperature
of 125°C.

1.6.1 Voltage Ratings

While considering protection of thyristors against overvoltages, a distinction has
to be made between slowly varying overvoltages and short-time surges. With the
former type of overvoltages the thyristor will fire when the voltage exceeds the
forward voltage rating Vrgo. Hence these voltages get reflected as overcurrents,
which can be limited by external resistances. On the other hand, short-duration
surges may cause permanent damage to the thyristor, and hence the device has
to be safeguarded against them using proper protective circuits called snubber
circuits. These are discussed in Section 1.9, which deals with protection of
thyristors.

A thyristor may be subject to constant or repetitive overvoltage both in the
forward as well as reverse directions. Direct overvoltages occur when the thyristor
is used in the dc chopper and inverter circuits whose input is a direct voltage.
Repetitive overvoltages may occur when it is connected in converter circuits
which are supplied from an ac source. The following voltage ratings are usually
given in the data sheets and are shown in Fig. 1.42; the nature of the overvoltages
is evident from their nomenclature.
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Forward voltage (or breakover voltage) (Vggo)  This is the forward voltage
at which the thyristor will turn on with no gate triggering signal. As explained
in Section 1.1, applying a voltage equal to this rating is one of the methods for
triggering a thyristor.

Maximum repetitive peak forward blocking voltage (Vrg or Vpry) This
is the peak repetitive voltage, occurring under ac circuit conditions, which the
thyristor can block in the forward direction.

Maximum non-repetitive transient forward voltage (Vygr or PFV) This is
the limiting anode-to-cathode voltage above which the thyristor may get damaged.
As shown in Fig. 1.42, PFV is greater than Vgpo.

Maximum repetitive reverse voltage (Vgg or PRV or Vgrm) This is the peak
repetitive voltage, occurring under ac circuit conditions, which the thyristor can
block in the reverse direction. If this rating is exceeded, a very large reverse current
may flow through the thyristor and damage it.

Maximum non-repetitive reverse voltage (Vggr or Vrsm) This is the peak

value of the transient reverse voltage which can be safely blocked by the thyristor.
VrswM is larger than Vggy as shown in Fig. 1.42.

N~ — — — —
< ~

|
VRSM VRRM ! 1 P!:V
‘ ‘ Vbrm VEBO
VAK —>

Fig. 1.42 Thyristor characteristics with various voltage ratings indicated thereon

1.6.2 Current Ratings

All semiconductor devices need to be guarded against high temperature by
limiting their currents, the maximum temperature for which a device is designed
being normally higher than the IﬁRdt heating, where I, is the rated forward
current, R; is the resistance of the device, and ¢ is the conduction time.
Though this provides some factor of safety to the device, the thyristor is a
unique semiconductor device for which the temperature attained may exceed
the designed maximum under certain special conditions. In order to understand
these contingencies and the phenomena underlying them, it is necessary to have a
knowledge of the following aspects: (a) the heat dissipation under steady as well
as transient states, (b) heating and cooling parameters of the junctions, (c) the
nature of the fault current waveforms, and (d) the ambient temperature.
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Heat dissipation in a thyristor is of five kinds, namely, forward dissipation,
reverse dissipation, turn-on dissipation, turn-off dissipation, and dissipation at
the gate. The first two kinds of dissipation are due to flow of forward current and
reverse current, respectively. Turn-on dissipation is due to incomplete spread of
the conduction in the cross section of the device and occurs when a device is
frequently turned on and off. Turn-off dissipation is also associated with frequent
switching. Out of these five losses, forward dissipation constitutes a major fraction
and is discussed below in detail.

1.6.3 Average Forward Current (/5 or Ir)

The thyristor, being a controlled rectifier, conducts current either in a continuous
or in an intermittent fashion. In the former case there may be ripples in the
current waveform and in the latter it is necessary to know the conduction angle
for computing the heat dissipation. It is the average current which is of interest in
both the cases. The current rating is related to the heat (or power) dissipation in
the device and is usually limited by a maximum junction temperature of 125 °C.

The detailed procedure adopted for arriving at the proper value of I,y for a
thyristor under a particular set of operating conditions is now described.

Figures 1.43(a) and (b) illustrate how the junction temperature of a thyristor
varies when a single pulse of current / flows through it. At the initiation of the
pulse, the temperature starts rising in an exponential manner, this rise continuing
till the pulse lasts; it then starts going down from the moment of termination of
the pulse. In power electronic circuits, the thyristor has to conduct a series of
current pulses. The sequence of pulses, shown in Fig. 1.44(a), will result in a
cyclic variation of the junction temperature [Fig. 1.44(b)] in the steady state. The
lower and upper limits of the junction temperature are, respectively, denoted by
0 1(min) and 61(max)-
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Fig. 1.43 (a) A typical current pulse; (b) curve showing the variation of junction
temperature with time

If the duration of the pulse is reduced from ¢, to t, keeping the average current
Ir(av) constant, the pulse height has to be increased to I, as shown in Fig. 1.45(a).
But in the latter case the steady-state variation of the junction temperature will be



Ratings of a Thyristor 51

b
9]‘1(max)

6j1(min)

(b) t—

Fig. 1.44 (a) A typical current pulse with a sequence of duration 7, and period T;
(b) curve showing the variation of junction temperature with time

different, as shown in Fig. 1.45(b); the new minimum and maximum temperature
limits are denoted as 0 >min) and 6;5max), respectively. This difference in limits
can be explained due to the fact that a higher pulse magnitude will give rise to
higher heat dissipation, this in turn leading to a higher 6 (in). It can now be
concluded that if the pulse duration is reduced, with constant pulse frequency, the
I F(ay) rating has to be reduced so as to limit the maximum temperature attained by
the thyristor. This is called the derating of the thyristor for a reduced conduction
angle.

T 7, less than 7, of Fig 1.44

6
9j2(max)

6j2(min)

Fig. 1.45 (a) A typical current pulse with a sequence of duration 7, and period T;
(b) curve showing variation of junction temperature

Due to a rapid increase of the junction temperature 6;, when ir begins to flow,
the average value of ip for a sequence of rectangular pulses that will just cause
0; toreach 125 °C is less than the value of the constant direct current that would
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lead to the same rise in 6;. It is therefore necessary that the thyristor be rated at a
lower value of the average forward current /) when it is conducting a sequence
of rectangular pulses than when it is carrying a constant direct current.

In controlled converter circuits, the input is an ac sinusoid, and hence the
output is in the shape of sinusoidal pulses. It can be shown that for the same
heating effect, the /r(,y) rating in the case of sinusoidal pulses is low compared to
that with rectangular pulses. This can explained with the help of the form factor,
which is defined as the ratio Irms/IF(y), Where Irms is a measure of the heating
effect.

Considering the duration of the rectangular pulse to be 7/2 or 180°, Irms) =
L,/ V2, where I, is the pulse height. Also, Iri@y) = I,»/2 and the form factor =
Irmsi/Iriay) = V2. Now considering a sinusoidal pulse with a conduction angle
of 180° (that is, a half-wave), Irms2 = 1,,/2 and Ipy@ay) = I, /7, where I, is the
peak of the sinusoid. If the heating effect were to be the same in both the cases,
then Irms1 = Irms:.

The ratio of the average values can be expressed as

Ip2ay  Irmsi | Irvis2

IFiav) Iriay  Iraay

2 2.828
= J2xZ = 2222
b4 b4

This can be explained as follows. Due to the fact that, for the same Irys, the
peak value is greater in the case of a sinusoidal pulse, the maximum junction
temperature attained will also be higher. Therefore the average forward current
will be smaller for a sinusoidal pulse. The set of curves in Fig. 1.46 shows the
variation of the maximum power loss P,, in a thyristor which is subjected to
sinusoidal pulses, with respect to the average forward current /p(,), with the
conduction angle as a parameter. P,, represents the heat dissipation occurring in
the thyristor with a maximum junction temperature of 125 °C. These curves are
useful for arriving at the proper forward current rating /(,y), given the conduction
angle and the power dissipation P,y, and for selecting an appropriate heat sink for
the thyristor so as to limit its maximum junction temperature to 125 °C. However,
for arriving at the Iy rating, it is necessary to develop the thermal circuit
of the thyristor including the heat sink. The maximum power dissipation P,,
corresponding to a maximum junction temperature of 125 °C is arrived at with
the help of this thermal circuit as well as the curves in Fig. 1.46. The Iry)
rating can then be determined for a given conduction angle. Figure 1.47(a) shows
a thermal circuit constituting the thermal resistances and thermal capacitances
through which the heat dissipation P,, flows. This circuit bears analogy with an

electrical network consisting of resistors and capacitors.

The quantity P,, can be shown to play the same part as a current source in
an electrical circuit. The notations for the various terms are as follows: 6; is the
junction temperature, 0. is the temperature of the casing, 6; is the temperature of
the heat sink, and 6, is the ambient temperature. The thermal resistance between
the junction and the casing is defined as
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Fig. 1.46 Py, vs Ir(,y) curves for various conduction angles

6, — 6,
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where P,, is the heat loss occurring at the junction and getting dissipated at the
various resistances. The units of ;. are °C/W. B, and By, are similarly defined,
and B is the thermal resistance offered by a thin film of air surrounding the
sink. Cy(j) is the thermal capacitance at the junction, its units being W s/°C. Ciy(c),
Cins)> and Cyy(q) are the thermal capacitances, respectively, of the casing, sink, and
a thin film of air surrounding the sink. The circuit in Fig. 1.47(a) can be simplified
to that in Fig. 1.47(b) with the understanding that the capacitances act as open
circuits for the thermal current under steady-state conditions. The equation for
this simplified circuit is written as

Bie = (1.82)

0, — 6, = Py(Bjc + Bes + Bsa) (1.83)

where 0; is usually taken as 125°C. The thermal resistances ;. and B are
provided in the data sheet of the thyristor. The sink-to-ambient thermal resistance
Bsa 1s supplied by heat sink manufacturers in the shape of curves drawn between
0y — 6, and P,. A typical set of such curves is shown in Fig. 1.47(c). These
curves are drawn for heat sinks made with different metals with or without a
black coating. A particular heat sink, say, curve ¢, may be selected and, guessing
a value of P,, the corresponding thermal resistance of the metal corresponding
to curve c is
(9\' - 0(1)

ﬂsa = T (184)

This value of B, and the given ;. and B, are substituted in Eqn (1.83), which
is then solved for P,,. If the P,, so obtained tallies with the P,, estimated in the
beginning, /v is read off from Fig. 1.46, corresponding to the heat loss P,, and
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Fig. 1.47 (a2) Thermal equivalent circuit of a thyristor; (b) simplified thermal circuit;
(c) heat sink characteristics A6 vs Py,

to the appropriate conduction angle. Otherwise the above procedure is repeated
till both the values of P,, are very nearly equal.

The Iy arrived at as above is the average current rating of the thyristor which
is required to limit the maximum junction temperature to 125 °C for the given
conduction angle and with the heat sink c fitted on the thyristor.

1.6.4 RMS Current Rating (It or Irums)

This is the specified maximum RMS forward current required to limit excessive
heating in the resistive elements in the thyristor circuit, which includes leads,
metallic junctions, and other such interfaces.

1.6.5 Peak Repetitive Forward Current Rating (/1rm)

This is the maximum repetitive instantaneous forward current permitted under
stated conditions. This rating becomes relevant when the thyristor is used to
supply a condenser load for which the ratio of the peak to average current is high.
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1.6.6 Surge Current Rating (Itsm or Ipy)

This is the maximum current that can be permitted under fault conditions so
that the junction temperature does not exceed 125 °C. Such abnormal conditions
occur only a few times during the life of the thyristor. These surge currents are
assumed to be sinusoidal with a frequency of 50 or 60 Hz and are categorized as
half-cycle, three-cycle, or 10-cycle surge currents. The longer the duration, the
lesser will be the value of this current rating. This phenomenon is now explained
with the help of the thermal equivalent circuit of the thyristor shown in Fig. 1.47(a).
The capacitances Cin(), Cines)» and Cp(q) act as short circuits for a very short
duration from the moment of application of a current surge, thereby conducting
the heat to the surrounding air. The current through the resistances and the heat
dissipation under such conditions will be minimum. Hence, very high half-cycle
currents can be permitted. If the duration of the current is large, more and more of
the capacitance comes into play, the capacitive impedance becomes appreciable,
and more current passes through the resistances, thus increasing the resistive
dissipation. This implies that the three-cycle current rating has to be less than the
half-cycle rating, and in turn the 10-cycle current rating has to be smaller than
the three-cycle rating.

1.6.7 [*t Rating

The I?t rating is specified for overloads of duration less than a half-cycle. It is
useful in selecting a fast acting fuse or circuit-breaker that is employed to protect
the thyristor.

1.6.8 Other Ratings

Some other ratings which are usually provided in the data sheet are as follows:

(a) dv/dt rating

(b) di/dt rating

(¢) Turn-on time

(d) Turn-off time

(e) Gate current (average and maximum)
(f) Latching current

(g) Holding current

A detailed discussion of these ratings is given in the earlier sections.

1.7 Protection of Thyristors

The transient overvoltages occurring in a thyristorized circuit may be 5 to 10 times
the normal forward and reverse voltages applied to the thyristor. These voltages
cause permanent damage to the thyristor if means are not provided to absorb the
energy associated with them. These surges can be broadly categorized into two
types: (a) switching voltage surges and (b) atmospheric surges. As already stated,
the thyristor has got an inherent protection against slowly increasing voltages
because it turns on if the voltage exceeds Vrpo. Therefore the overvoltage problem



56 Thyristor Physics

gets converted into an overcurrent problem. This implies that the thyristor has to
be mainly protected from switching and atmospheric surges.
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Fig. 1.48 Thyristor protection circuits against high voltages: (a) diode rectifier
bridge, (b) selenium rectifier cells, (c) snubber circuits across each of
the thyristors

1.7.1 Protection Against Voltage Surges

Voltage transients may be caused by any of the following conditions (Gentry et
al. 1964).

(a) Sudden disconnection of circuits which have inductances and capacitances.
This disconnection is caused by (i) blowing out of fuses, (ii) switching
done on the primary side of a transformer, or (iii) the action of fast turn-off
thyristors.

(b) Voltage surges due to causes external to the circuits, namely, atmospheric
surges or those due to switching off of transformers under no load, where
there is no low-impedance path for the surges; such switchings result in
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the occurrence of surges larger than those occurring in loaded transformers.
The duration of occurrence of voltage surges may range from a fraction of
a microsecond to a few milliseconds. The overvoltages that occur within
the circuitry can be countered by using thyristors with voltage ratings of
1.5 to 2 times the voltages handled by them; alternatively surge absorbing
circuits can be connected across the thyristors. A typical surge absorbing
circuit consists of a diode rectifier bridge, selenium rectifier cells, or a
resistance—capacitance combination known as a snubber circuit; these are
shown respectively in Figs 1.48(a), (b), and (c). Figure 1.49 shows a
full-wave fully controlled bridge converter protected by surge absorbing
circuits. The protective circuit consists of a capacitor C, in series with a
resistor R;. If a switching action occurs in the transformer, the magnetic
energy in the transformer core and the (1/2)Li? energy in the transformer
winding are initially absorbed by C; and eventually dissipated in the R;; the
leakage inductance of the transformer, the capacitor C,, and the resistor R,
constitute a damped oscillatory circuit.

su?)(;:)ly @

Ry

Fig. 1.49 Circuit showing surge absorbing elements and snubbers

The required value of the capacitor to absorb the surges may be calculated by the
equation

1
ECZ(VRZSM — V) = -L,I? (1.85)

where Vs is the peak non-repetitive reverse voltage of the thyristor and V,, is
the peak value of the voltage handled by it; L, is the magnetizing inductance of
the transformer and /I, is the peak value of the magnetizing current, both these
quantities being referred to the secondary of the transformer.

The series combination of the capacitor C,; and the resistor R; across each of
the thyristors in Fig. 1.49 constitutes the snubber circuit and its action is explained
below with the help of Fig. 1.50.

C; is required to prevent the unwanted dv/dt triggering of the thyristor. When
the switch is closed, a sudden voltage appears across the circuit. C, then acts like
a short circuit, and in the absence of R; the voltage across the thyristor will be
zero. The voltage of the capacitor builds up at a slow rate and this helps in keeping
down the dv/dt across the capacitor C; as well as across the thyristor, to a value
which is less than (dv/dt)y.x of the device. Eventually the voltage across Cy will
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Fig. 1.50 Circuit explaining snubber action

become equal to the supply voltage E. The necessity of R, can be explained
as follows. When the thyristor is turned on with only C connected across it,
C,, which was charged earlier, discharges through it. The initial current will be
equal to V/(Rty + R.s), where Rty and R, are the resistances of the conducting
thyristor and the capacitor Cy, respectively. As this combined resistance is quite
low, the turn-on current through the thyristor may be excessive and may lead to
damage of the thyristor; the snubber resistance R; is therefore necessary to limit
this current.

At turn-off When the thyristor suddenly switches off, the snubber circuit
provides a path for the oscillatory current (that occurs during the commutation
of the thyristor) due to the presence of L and C elements. C; charges to the
supply voltage E with the Y-plate positive during the forward blocking state of
the thyristor.

The snubber circuit acts like a shock absorber for the high-voltage transients,
which otherwise would cause damage to the thyristor. Figure 1.50 is redrawn as
Fig. 1.51 with the extra element, namely, the inductance L connected in series
with the thyristor. This circuit is useful in determining both the (di/dt)m.x and
(dv/dt)max ratings of the thyristor. The approximate values of L, Ry, and C;
that will limit the actual di/dt and dv/dt can be determined with the help of
these ratings, which are provided in the thyristor data sheet. In the following
derivation it is assumed that the initial voltage on the capacitor (V,) remains
constant throughout and that the capacitor acts as a short circuit for a very short
duration between the moment of closing of the switch Sw and the moment of
firing of the thyristor. The thyristor remains in the forward blocking state during
this interval.

The equation describing the circuit can be written as

P
Ld—; + (R, + R)i = E—V,

With the initial condition i(0) = 0 and defining R to be equal to R;+R\q, this
equation becomes

di
L—+4+Ri = E-YV, 1.86
T + Ri (1.86)
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Fig. 1.51 Circuit for determining (dv/dt) m.x and (di/dt) .« ratings

The solution of this first-order differential equation can be written as

E—-V.(0
i(t) = (—())(1 — e Ry (1.87)
R
The differentiation of Eqn (1.87) gives
di E — V.0
di- _ (E = VO ke (1.88)
dt L
di/dt has its maximum at t = 0. Thus
di di E — V.(0)
— = (— = — (1.89)
dt ) ox dt),_, L
The voltage across the thyristor can be written as
di
v = (E — V,) — Ld—; — Rui = Rii (1.90)
Hence
dUTh di
= R;— 1.91
dt dt (1.91)

Hence the maximum values on both sides are related as

d di
<_”Th> — R <_’> (1.92)
dt max dt max

It is evident from Eqn (1.92) that (di/dt)max and, hence, (dvry/dt)max Occur at

t = 0. Thus,
d d E — V.(0
UTh = (& _ g EZ VO (1.93)
dt max dt =0 L

The (dv/dt)max rating of the thyristor can be experimentally determined as
follows. The value of L is kept fixed and R; varied till the thyristor fires without
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any gate current. The value of the inductance L required to yield (dv/df)max 18
then determined from Eqn (1.89) as

E — V.0
= —() (1.94)
(di/dt)max
The value of R; can now be obtained from Eqns (1.89) and (1.92) as
d L
R, = ( vTh) (1.95)
dt ) .« E — Ve(0)

It should be noted that the equality between (dv/dt)max and dv/dt att = 0 holds
good provided the thyristor gets triggered. The value of C; is obtained as follows.
Prior to the firing of the thyristor the circuit of Fig. 1.51 functions as a forced
RLC circuit. For such a circuit, the value of R, for optimum damping (Csaki et
al. 1975) is given as

L
R, = |— 1.96
C. (1.96)
Equation (1.96) can be solved for Cy as
L
C, = = (1.97)

The following worked example explains the procedure for designing the values
of L, Ry, and Cy, given the values of E, V., Ry4, (di/dt)max, and (dv/dt)max-

Worked Example

For the protective circuit given in Fig. 1.51, determine suitable values for L, C;
and R, given the following data: £ = 130V, V.(0) =30V, Rig =20 2, (dv/dt)max
=300 V/us, and (di/dt)max = 10 A/ps.

Solution
From Eqn (1.94) the inductance L can be obtained as
130 — 30 6
> ———— x107°H
10
This gives
L > 10uH

L is initially taken as 10 uH and R; is obtained from Eqn (1.95) as
300 10 x 107¢ 300 x 10 x 1076

Rs < X =
10-¢ 130 — 30 100 x 10—°
<30Q
Let R, be taken as 30 Q2. C; is obtained from Eqn (1.97) as
e, = 1010 ok
S T

The initial values of L, R, and C, determined as above need to be modified in
view of the following considerations (Bimbhra 1991).
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When the thyristor is turned on, a total current £/Ryy + E /R flows through
the device. The waveform of E /R, has the shape of a spike superimposed over
the load current. It should be ensured that this total current is less than the peak
repetitive forward current rating Itry of the thyristor.

Thus R; has to be taken to be greater than that required to limit dv/dt. On the
other hand the value of C; has to be reduced so as to ensure that the discharge
of the snubber does not harm the thyristor when it is turned on. Let the Itrym
rating in this case be 9 A. Thus R, should be such that E/R; =9 — (E/Ry) =
9 — (130/20), which works out to 2.5 A. With R; taken as 60 2, L has also to
be recomputed to keep down the di/dt of the circuit. L is recomputed using Eqn
(1.95) as

o R(E-V) _ 60 x 100 x 107°
(dv/dDmax 300

Let L be taken as 25 pH. The actual (di/dt)max that is possible with this value of
L is obtained from Eqn (1.89) as

di 130 — 30 1A
—_— = ——— = S
i) 25 H

This value of di/dt is well within the rated (di/dt)m.x- Finally, C, is obtained
from Eqn (1.97) as

25
60 x 60

It is seen that this final value of C; is less compared to the initially designed value.
The final design values are L =25 uH, R, = 60 2, C; = 0.007 uF.

pF = 0.007 pF

s

1.7.2 Protection Against Direct Overcurrents

Overcurrents occur in thyristorized circuits due to (a) negligence, (b) failure of
components on the load side, (c) short-circuiting of motor windings, and (d)
failures due to the non-blocking (that is, not turning off) of the thyristors. An
example of (d) is that of the parallel capacitor inverter shown in Fig. 1.52. The
purpose of this circuit is to convert the dc of the battery into ac in the load, by
alternately switching on the thyristors Th; and Th;. It is to be ensured in this
process that with one thyristor on, the other should be off, failing which there is a
risk of damage to the battery. If, for example, Th; fails to turn off when Th; is on,
the battery will get shorted through one half of the transformer primary winding,
L, and Th; or Th,.

The transient current ratings of the thyristor may be characterized as a one
to three-cycle surge current rating and a half-cycle surge current rating, the
former being much less than the latter. Overcurrents may also be categorized
accordingly. The one to three-cycle overcurrents occur in circuits where the fault
current is limited due to the presence of some amount of impedance, whereas
half-cycle overcurrents are practically unlimited because of the presence of
very little impedance. The lower fault current may be protected by fuses and
circuit-breakers as in an ordinary power circuit, taking care to ensure that the
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Load

Fig. 1.52 A parallel capacitor type of inverter in which failure of blocking may occur

It rating of the fuse is less than that of the series thyristor which is protected;
also the short-circuit kilovolt-ampere rating of the circuit-breaker should be less
than that of the thyristor protected by it. A scheme which is of particular interest
in protecting the thyristor from such overloads is that of feeding back a signal
proportional to the load current into the gate circuit, so as to increase the firing
angle o and reduce the average load current.

For overcurrents exceeding the higher rating, namely, the half-cycle surge
rating, all the schemes discussed above are too slow for satisfactory protection.

Figure 1.53 gives the curve for the overcurrent occurring in the case of a fault;
the point P of the dashed curve is the peak value of the current that occurs in
case no fuse is provided. On the other hand, the point B is the maximum value
attained when the fuse is connected. The time taken from A to B is called the
melting time. Once point B is reached, the fuse starts melting and, as a result,
current flows through the fuse in the shape of an arc. This also introduces a
high arcing resistance, which brings down the current. Finally, when the fuse
completely melts, the arcing resistance becomes infinite and the current becomes

Ale— tmelting — tarcing 4"‘ c
! i ! f—

1 ! 1
~ tclearing ]

Fig. 1.53 Plot of i vs t illustrating the action of a current limiter
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zero. This is represented by point C. The time taken from B to C is called the
arcing time, and the total time, which is the sum of the melting and arcing times,
is called the clearing time.

A problem with fast acting fuses is that of di/dt, which occurs due to the abrupt
interruption of current during arcing. This leads to the production of overvoltage
transients due to the presence of inductance in the circuit. Hence this protection
scheme is to be accompanied by suitable overvoltage protection features, for
limiting these surges to values less than the thyristor ratings.

As protective features normally cause interruptions to the supply, sometimes
the overloading problem is solved by providing adequate redundancy in the circuit.
As aresult, when a fault occurs, the faulty section is isolated, and the load current
is diverted through the healthy section. Though this ensures continuity of supply
to the load, the cost of the additional thyristors and associated circuitry should be
justified by other economic factors.

A third way of protecting thyristors from overcurrents is to provide circuits
employing auxiliary thyristors as shown in Fig. 1.54. This circuit is a slight
modification of the parallel capacitor commutation shown in Fig. 1.38(a). The
action of the circuit is explained below.

— C
E I
Th §/ / Th,
(Main) Firing (Auxiliary)
circuitry

Ra

D4 D,

Fig. 1.54 Fast acting current limiter circuit using an auxiliary thyristor

Normally the circuit may be made to operate as a chopper by alternately firing
the two thyristors. When the main thyristor Th; is conducting, the load is supplied
through it and the load current flows through a low resistance (R;). At normal
load currents, the voltage across R, is negligible. But when abnormal current
flows through the load, this voltage causes an avalanche breakdown of the zener
diode D,, fires the thyristor Th;, and turns off Th;. The fault current is interrupted
and the diode D helps in providing reverse current protection to the gate of Th;.
The diode D, serves to provide a free path for the inductive [(1/2)Li?] energy
of the load when Th; is blocked either during the chopper action or due to the
emergency action caused by the switching of Th.

1.7.3 Protection Against Alternating Overcurrents

Protection may be provided by means of a resonant circuit to limit the ac load
current when it exceeds its normal value. A typical circuit is shown in Fig. 1.55.
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The series LC elements provide a path here, with the saturable reactor in the
shunt path offering very high impedance to the normally occurring alternating
currents. Under heavy fault currents, the saturable reactor saturates and offers
zero impedance, thus causing resonance between the parallel L and C elements.
By forming an infinite impedance path, the LC combination provides protection
to the thyristors from these fault currents.

L C

||
IR 1 Th, Th,

L SR
ac <§>v=vmsmwt
supply g
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Fig. 1.55 Circuit for alternating overcurrent protection

1.7.4 Gate Protection Circuits

The gate has to be protected against voltages and currents falling outside the
safe region of the (ig, vg) plane shown in Fig. 1.16(b). It also needs protection
against reverse overvoltages and overcurrents. In this connection, the peak reverse
gate voltage VgryM is defined as the rated maximum instantaneous reverse bias
voltage to which the gate—cathode junction is subjected. This bears similarity to
the peak reverse voltage of the diode, and is usually of the order of 5 to 10 V. The
positive gate signal should also be attenuated when the anode is negative with
respect to the cathode. Similar to its function in Fig. 1.19, a resistor R, connected
between the gate and the cathode helps in keeping the thyristor in the stable OFF
state when either high temperatures are attained or undesirable anode voltage
transients occur.

The zener diode pair shown in Fig. 1.56(a) helps in clipping both the positive
and negative overvoltage signals at the gate. In Fig. 1.56(b) the circuit consisting
of Dy, R, and D, helps in attenuating positive gate signals when the anode is
negative with respect to the cathode and also when the gate voltage is negative
with respect to the cathode. Figure 1.56(c) shows a diode D commonly used to
protect the gate from reverse currents.

1.8 Other Members of the Thyristor Family

The development of the silicon controlled rectifier (thyristor) in 1957 caused a
revolution in power-control circuitry. It has replaced gas tube devices such as the
thyratron and ignitron because of its operational superiority and compactness.
However, continued research in device technology led to the development of a
number of other p-n-p-n devices since 1970. Some of the important devices are
the (i) DIAC, (ii) TRIAC, (iii) inverter grade thyristor, (iv) gate turn-off thyristor,
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Fig. 1.56 Gate protection circuits: (a) against positive and negative gate-to-cathode
voltages, (b) attenuation of gate overvoltage signals, (c) against reverse
currents

(v) programmable unijunction transistor, (vi) reverse-conducting thyristor or
asymmetrical thyristor, (vii) static induction thyristor, (viii) light-activated SCR,
and the (ix) MOS-controlled thyristor. Each of these devices has one or more
features that are either not present in the conventional thyristor or, if present, are
superior to those of the thyristor. These are described below.

1.8.1 DIAC

The DIAC is a bidirectional diode switch. Its circuit symbol and schematic
construction are given, respectively, in Figs 1.57(a) and (b). It consists of a p-n
layer pair connected to each of the terminals 1 and 2, the pairs being located
adjacent to each other. Its characteristic, shown in Fig. 1.57(c), consists of two
parts, one in the first quadrant and the other in the third quadrant. The curve drawn
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Fig. 1.57 DIAC: (a) circuit symbol, (b) schematic diagram, (c) characteristics
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in the first quadrant is similar to that of the SCR characteristic obtained without
any gate signal. The DIAC switches on when the forward voltage exceeds Vrpo
or when the reverse voltage exceeds Vrpo. Another condition for its switching is
high dv/dt in either direction. If terminal 1 is positive with respect to terminal
2, then the left-hand array (that is, pj-n;-p;-n;) will start conduction; similarly
the right-hand array (that is, py-n;-p;-n3) will conduct current when terminal 2
is positive with respect to terminal 1.

The DIAC finds application in the firing circuit for an ac load whose waveform
is controlled with the help of a TRIAC and a bidirectional controlled switch as
shownin Fig. 1.58(a). The RC combination in this circuit serves as a phase shifting
network. Here the function of the DIAC is twofold. It acts like a switch, i.e., it
conducts only when the voltage exceeds a value given by either Vrgo or Vrgpo.
The sudden conduction of the DIAC, when its breakdown voltage is exceeded,
leads to sudden discharge of the capacitor causing a voltage pulse at the gate of
the TRIAC. Power dissipation during turn-on is minimized, as it does not switch
on for a lower voltage. It provides a positive- or negative-capacitance voltage at
the gate depending on whether terminal 1 is positive with respect to terminal 2
or vice versa. The DIAC is also used in the speed control scheme of a universal
motor.

1.8.2 TRIAC

The operation of the TRIAC is equivalent to that of a combination of two thyristors
connected antiparallelly, as given in Fig. 1.58(b). Whereas it is possible to control
the TRIAC with the help of a single gate [Fig. 1.58(a)], both the thyristor gates
are required to be fired in the circuit of Fig. 1.58(b).

TRIAC

ac @ v = Vysinot Thy Thy
supply

|¢n< > 4

(a) (b)

Fig. 1.58 (a) Circuit showing an ac load fed by a TRIAC; (b) equivalent circuit of a
TRIAC

The TRIAC is a three-terminal device which can conduct in either direction.
The invention of the TRIAC was necessitated because of the need for controlling
power fed to ac loads. The circuit symbol and schematic construction of one such
device are shown, respectively, in Figs 1.59(a) and (b). Figure 1.59(c) shows the
characteristics.

Flexibility of operation in such a device consists of turning it on in any of the
four modes given below.
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Mode 1 The main terminal MT, is positive with respect to the main terminal
MT, and the gate triggering signal is positive. The gate plays the part of the
normal gate of a thyristor formed by the p{-n{-p,-n, combination.

Iy| le2>/let > g0 =0
MT, loa35
G1 /GO
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Fig. 1.59 (a) TRIAC: (a) circuit symbol, (b) schematic diagram, (c) characteristics

Mode 2 MT, is negative with respect to MT; and the gate triggering signal is
positive. In this case the p,-n-p;-n4 combination forms a thyristor and the p,-n,
combination forms an indirect gate, initiating electrons from n; to p,, from p; to
ny, and finally from n; to p;. Thus the combination n;- p;-n- p; fires the thyristor
P2-ny-pi-ny.

Mode 3 MT; is positive with respect to MT; and the gate triggering signal is
negative. The gate G forms the igniting cathode through the ns-layer and the
Pp1-n1-pa-ny combination acts as the thyristor.

Mode 4 MT, is negative with respect to MT; and the gate triggering signal
is negative. In this condition the gate G forms the indirect gate to the thyristor
p2-ni-pi-ng through the ns layer.

It can be seen that the gate connections to p, and ns facilitate firing,
respectively, in the first and second modes.

The above discussion shows that the turn-on of the TRIAC is easier than that
of the thyristor. Modes 1 and 4 can be classified as primary modes because in
the one case both MT, and G are positive and in the other case both of them
are negative. From this point of view, modes 2 and 3 are considered secondary
modes. The sensitivity of triggering differs in the four modes, implying thereby
that the charge required for firing varies from mode to mode. The TRIAC has the
property that mode 4 is most sensitive, thus requiring least charge. Figure 1.58(a)
is an example of a circuit in which the TRIAC works in the two primary modes. In
case the RC circuitis connected as a phase shifting network as shown in Fig. 1.60,
the TRIAC works in mode 1 (primary mode) in the positive half-cycle of the ac
and in mode 2 (secondary mode) in the negative half-cycle.

It follows that the primary modes 1 and 4 are obtained naturally in an ac circuit
but, for operating in the secondary modes, a separate supply is needed for the gate
circuit.
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Fig. 1.60 An ac load controlled by a TRIAC in modes | and 2

The RC combination in Fig. 1.60 helps in varying the firing angle. The phasor
diagram of Fig. 1.61(a) drawn for this circuit shows that the angle o, by which the
gate—cathode voltage V7 lags the supply voltage, can be controlled in the range
0°-180° by the variation of R.

As the voltage V; in Fig. 1.60 is derived from the same ac source, there is an
inherent synchronization of the gate triggering pulse with the ac supply waveform.
Thus the firing angle of the TRIAC can be varied in both half-cycles as indicated
in Fig. 1.61(b).
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Fig. 1.61 (a) Phasordiagram for the RC circuit of Fig. 1.60; (b) load voltage waveform
for the controlled ac circuit of Fig. 1.60

The turn-off of a TRIAC is more difficult relative to that of the thyristor because,
if a negative voltage is applied across a TRIAC which is conducting with MT,
positive with respect to MTj, it will start conducting in the opposite direction.
Other methods available for turn-off of a TRIAC are (i) current starvation or
switching off the load current and (ii) ac line commutation. In both these cases,
the current becomes zero and the TRIAC recovers its blocking state. The gate
signal can then be used to turn it on in the other direction. However, in the case of
an R 4+ L load, turn-off is not easy because the current attains a zero value only
¢ (power factor angle) electrical degrees after the voltage becomes zero, and the
TRIAC tends to turn off. But in this short time the voltage attains a negative value
and this amounts to the application of high dv/dt in the reverse direction and the
TRIAC turns on. To prevent this undesirable turn on, an RC (snubber) circuit has
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to be connected across the TRIAC to absorb the energy accompanied with the
high dv/dt.

The TRIAC finds the following applications: as an electronic switch, in spot
and seam welding equipment, in light controlling circuits, single-phase ac series
motors or universal motors, and in consumer appliances such as food mixers,
portable drills, etc.

The limitation of the TRIAC is its low (dv/dt)max as compared to thyristors.
This feature limits its use to only low-frequency circuits.

1.8.3 Inverter Grade Thyristor

The inverter grade thyristor is a conventional reverse blocking thyristor with
enhanced dynamic characteristics to give improved performance in forced
commutated inverter circuits. Rectifier circuits use conventional thyristors that
are naturally commutated by the normal reversal of the ac supply voltage. The
frequency of the ac supply should not exceed 1/2¢opg, where togg is the turn-off
time of the thyristor. The turn-off time is usually less than 100 ps and hence
the frequency of the ac supply should not exceed 5000 Hz. The power supply
frequency being usually 50-60 Hz, an adequate factor of safety is available and
the turn-off time is not critical in these applications. These conventional thyristors
called converter grade thyristors work satisfactorily in rectifier applications.
However, choppers and inverters have a dc supply as their input, and hence the
thyristors used with them must be turned off by forced commutation circuits which
make use of the energy stored in a charged capacitor. Forced commutation involves
the discharging and recharging of the capacitor with a consequent energy loss,
this being prohibitively high at high switching frequencies. In these applications
torr 1S a critical parameter that must be minimized in order to limit the size and
weight of the commutating capacitor, thereby reducing the commutation losses.
The inverter grade thyristor has been developed to meet this requirement. In this
device the silicon crystal is doped with gold atoms to reduce the lifetime of
charge carriers in the n-base region. By accelerating the recombination of the
electron—hole pairs during the turn-off, fopr is reduced to the range 5-50 ps,
depending on the voltage rating.

Another method for achieving this accelerated recombination and reduced
turn-off time is the electron irradiation of the crystal.

In high-frequency applications the turn-on time of the thyristor has also to
be reduced. This is achieved by incorporating a high di/dt capability, which
helps in eliminating a di/dt limiting inductor and reducing turn-on dissipation.
However, this is accompanied by (a) low-voltage blocking capability, (b) low
dv/dt rating, and (c) increased on-state voltage drop; the last feature results in
higher conduction losses.

1.8.4 Gate turn-off Thyristor

Like the conventional thyristor, the gate turn-off thyristor (GTO) can be triggered
into the conducting state by a pulse of positive gate current. However, unlike the
ordinary thyristor a pulse of negative current at the gate terminal can cause its
turn-off. This feature simplifies the commutation circuitry of a GTO and facilitates
the construction of more compact inverter and chopper circuits using the GTO.
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The operation of the GTO can be explained with the help of the two-transistor
analogy shown in Fig. 1.62 and by comparison of its features with those of
thyristors. As the current gains of the p-n- p and n- p-n transistors in a conventional
thyristor are high, the device latches into conduction with a small gate current
signal. But due to the same reason, it cannot be turned off by negative gate current
pulses. The GTO differs from the thyristor in that the gain of the p-n-p transistor
is at a low value, facilitating turn-off of the device with a negative gate current
signal. A negative current at the terminal G reduces the base current of the n-p-n
transistor as well as the collector current of the p-n-p transistor to zero. This
explains the quick turn-off of the GTO. The reduced gain of the p-n-p transistor
is obtained for large-current GTOs by constructing some anode-to-n-base short-
circuiting spots as shown in Fig. 1.63(a).
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Fig. 1.62 Two-transistor analogy of a GTO
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Fig. 1.63 (a) Schematic of a GTO showing n-base short-circuiting spots; (b) circuit
symbol of a GTO

On the cathode side, a few cathode terminals constructed and interconnected
to form a parallel combination of cathodes connected to n-type fingers in p-type
regions. This type of construction for the p-n-p-n device helps in simultaneous
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turn-on or turn-off of the whole active area of the chip. Alternatively, gold or any
other heavy metal can be diffused to reduce the carrier lifetime and consequently
reduces the gain of p-n-p part of the GTO. The circuit symbol of a GTO is shown
in Fig. 1.63(b).

Characteristics of a GTO The turn-off mechanism of a GTO can be explained
with the help of the chopper circuit and its waveforms given, respectively, in
Figs 1.64(a) and (b). In the former figure, a battery of voltage E; supplies
an inductive load through a GTO. The diode D; across the load serves as a
freewheeling diode for circulating the load current at the turn-off of the GTO. The
snubber circuit consisting of the elements Ry, D;, and C; helps in reducing the
forward dv/dt during turn-off, thus improving the current interrupting capability
of the GTO.
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Fig. 1.64 (a) Circuit for turn-off of GTO; (b) plots of ix and vgro during turn-off;
(c) plot of ig during turn-off

The turn-off mechanism can be understood by assuming that the circuit is
initially in an ON state and that the GTO conducts a steady-state current I,
through the load. In this condition, the crystal is filled with plasma consisting of
electron—hole pairs. The turn-off is initiated by passing a negative current pulse
of amplitude /g, [Fig. 1.64(c)] through the gate—cathode circuit by turning on the
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switch Swj. During the interval called the storage time (t,), excess holes in the
plasma can be removed by this reverse gate current pulse, but the anode current
remains constant at /. In this state the anode current is pinched through the narrow
filaments which are formed under the cathode terminals. During the time period
called the fall time (ts), these current filaments quickly collapse and the anode
current rapidly decreases to a value called the tail current. During this interval the
load current is diverted through the snubber capacitor C; and its voltage increases
at a rate given by

dv 1, d

dt — C,
The tail current of the anode then decays to zero. A current rating known as the
turn-off gain of a GTO gives an idea of the gate current pulse required to turn it
off. It is defined as the ratio of the anode current prior to turn-off to the magnitude
of the peak of the negative gate pulse required to turn it off; its value is usually
in the range 3-5. Thus the gate current signal needed to turn off a GTO is larger
than that required for an SCR. This is not a disadvantage because the gate current
pulse duration is of the order of only a few microseconds.

(1.98)

1.8.4.1 Disadvantages of a GTO As stated earlier the gate turn-off
capability is a result of the low internal regeneration in the crystal. However,
for the same reason, its latching current and holding current are higher than those
of the thyristor. Further, there is a large voltage drop across the GTO and this
results in a higher ON state power loss. In a GTO with a shorted anode emitter
the PRV rating is appreciably less than the forward blocking voltage, but many
GTO-based inverters do not need the inverse voltage capability. In spite of the
drawbacks mentioned above, the GTO retains many of the advantages of the
thyristor, some of its features being even superior to those of the thyristor.

1.8.4.2 Advantages of a GTO The advantages of a GTO are as follows.

(a) Its surge current capability is comparable to that of the thyristor and thus it
can be protected with a fast semiconductor fuse. The di/dt limitation is not
so acute because of the parallel cathode and gate structures.

(b) Like the thyristor, the GTO has a higher forward blocking voltage and a
larger current capability than the power transistor.

(c) Though the turn-off gain is low, of the order of 4, the turn-off loss is small
as compared to that of the conventional thyristor. This is due to the very
short gate pulse duration, of the order of a few microseconds. As against
this, the conventional thyristor requires a reverse current pulse of about 1.6
times the anode current with a duration of two to three times the thyristor
turn-off time.

(d) The GTO has a faster switching speed than a conventional thyristor and in
devices like converters this facilitates a smaller filter size. This is one of the
reasons for its improved performance.

(e) The firing circuit of the GTO can be rigged up so as to generate both
the turn-on and turn-off current pulses at the gate, and hence no separate
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commutation circuit is necessary. This is illustrated in Fig. 1.65, in which
separate batteries are shown for turn-on and turn-off. Here, the transistor
0 is an auxiliary device used for turn-on purposes whereas an auxiliary
thyristor Th; is included for facilitating turn-off. The presence of the
inductor L helps in the turn-off process.

(f) A GTO circuit is smaller in size and lower in weight than a thyristor circuit.
Moreover, it has a higher efficiency, because the increase in the gate drive
power and ON state power loss is more than compensated by the elimination
of the forced commutation losses.
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Fig. 1.65 Gate-drive circuit of a GTO for turn-on and turn-off

1.8.5 Programmable Unijunction Transistor

The programmable unijunction transistor (PUT) is a three-terminal planar p-n-
p-n device like the SCR. Its terminals are also designated as anode, cathode, and
gate. However, in the PUT the gate is connected to the n-type material near the
anode as shown in Fig. 1.66(a). The circuit symbol is given in Fig. 1.66(b), the
V-1 characteristic in Fig. 1.66(d), and a typical relaxation oscillator circuit in
Fig. 1.66(c). Its operation is somewhat similar to that of the conventional UJT.

The gate voltage Vs, which is variable, is obtained by the potential division of
the supply voltage by the resistors R4 and Rs. Vi determines the peak voltage Vp,
whereas in a conventional UJT, Vp is fixed for a device by the dc supply voltage.
If the anode voltage V, is less than the gate voltage Vi the PUT remains in its
OFF state. On the other hand, if V, obeys the inequality

Va > Vg +0.7 (1.99)

(where 0.7 V is the voltage drop across a conducting diode), the peak point is
reached and the upper p-n junction starts conduction and the device turns on.
The peak and valley currents /p and Iy depend on the equivalent impedance
Req = R4Rs5/(R4 + Rs) and the supply voltage Ve, Req is usually kept at a value
below 500 k€.
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Fig. 1.66 Programmable unijunction transistor: (a) schematic diagram, (b) circuit
symbol, (c) typical relaxation oscillator circuit, (d) va-ia characteristics

Vp = — 15y (1.100)
Ry + Rs
The intrinsic stand-off ratio is now obtained as
VP R5

= — (1.101)
Vee Ry + Rs
Equation (1.101) shows that the factor 1 can be varied at will by varying R4 and
Rs. The frequency of the output pulse is controlled by Ry, R;, C, R4, and Rs. The
period of oscillation is given approximately by

T]:

Vee

1
T = —=(R + R)Cln———
T Ve — Vi)

R
=(R, + R)Cln (1 T R—5> (1.102)
4

The gate current /g at the valley point is given by

Vee
Req

Ic =1 —n) (1.103)
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where R, is as given above. R, and Rs can be obtained as

R4 = Req and R5 = &
n l—n
The advantage of the PUT can be seen with the help of the relaxation oscillator
circuit of Fig. 1.66(c), where R; and R, can be chosen to get any desired UJT
characteristic such as Rgg, Ip, and Iy. The following inequalities have also to be
satisfied for bringing the PUT into the ON and OFF states:

Ip > Ip for turning on (1.104)
Ipn < Iy for turning off (1.105)
Va=Vs+0.7 (1.106)

For the circuit given in Fig. 1.66(d), typical values of Vi, Va, and I4 are calculated
as below for a Ve of 20 V:

s _20Rs _20x033 o
T R,+Rs 224033

Va = 03+07 = 1.0V

20-03-0.7 19

Ri+R  Ri+R

The potentiometer R; can be varied to give the required anode current. Similar
to the UJT, if the conducting resistance R, of the device is given for the PUT,
the pulse height can be determined by the equation

Iy =

VpR3
Upulse = ————— 1.107
pulse Rcon T R3 ( )
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Fig. 1.67 Construction of an RCT
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1.8.6 Reverse Conducting Thyristor

The reverse blocking capability of the reverse conducting thyristor (RCT) is much
less than that of the SCR, of the order of 20—40 V. This makes it cheaper than the
ordinary SCR. It can be used in inverter and dc chopper circuits in which a high
reverse blocking capability is not needed. As shown in Fig. 1.67, its construction is
equivalent to that of a thyristor with a built-in antiparallel diode connected across
it. This feature clamps the reverse voltage to 1-2 V. Under steady-state conditions
the diode helps in eliminating unwanted voltage transients. The forward blocking
capability of an RCT is, however, comparable to that of a thyristor. The low
reverse blocking voltage permits a reduction in the turn-off time of the RCT. This
in turn reduces the cost of the commutation circuitry. The RCT is also called an
asymmetrical thyristor.

1.8.7 Static Induction Thyristor

The static induction thyristor (SITH) is a minority carrier device that has the same
characteristics as the metal oxide semiconductor field effect transistor (MOSFET),
which is described in Section 1.9.2. It is turned on by applying a positive gate
voltage like the enhancement-type MOSFET and is turned off by a negative gate
voltage. It has a low resistance during conduction. Its voltage and current ratings
are, respectively, limited to 2500 V and 500 A. It has fast switching speeds which
are of the order of hundreds of kilohertz, typical switching times ranging from 1
to 6 ps. Its dv/dt and di/dt ratings are high and its characteristics are sensitive
to the load conditions.

1.8.8 Light-activated SCR

The circuit symbol of the light-activated silicon controlled rectifier (LASCR) is
given in Fig. 1.68(a) and its construction in Fig. 1.68(b). Electron-hole pairs
are regenerated due to light radiation on the silicon wafer, and this produces a
triggering current in the presence of an electric field. In order to obtain high
dv/dt, high di/dt, and high gate sensitivity, the gate structure is designed to
have good sensitivity to light. It finds application in high-voltage, high-current
power systems such as the HVDC transmission and static reactive volt-ampere
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Fig. 1.68 LASCR: (a) circuit symbol, (b) schematic diagram
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(VAR) compensation. It provides isolation between the light source, which is a
low-voltage device (such as an LED), and the power circuitry operating at a few
kilovolts (of the order of 4 kV).

1.8.9 MOS-controlled Thyristor

The construction of a MOS-controlled thyristor (MCT) is a blend of MOS and
thyristor technologies. Like the conventional thyristor it is a four-layered device
but has a MOS-type gate structure. A typical MCT cell and also the schematic
diagram of its two-MOSFET-two-transistor analogy are shown, respectively,
in Figs 1.69(a) and (b). Its equivalent circuit and circuit symbol are given in
Figs 1.69(c) and (d), respectively.

Ithas an n-p-n-p structure as against the p-n-p-n structure of the conventional
thyristor, and thus the gate voltage has to be measured with its anode as the
reference. Assuming that the MCT is in its forward blocking state, a negative
gate-to-anode voltage will turn it on as explained below. This is equivalent to a
negative Vgisi, and a p-channel is formed in the p-channel MOSFET M,,. The
flow of conventional current (hole current) is from the emitter E, of transistor
(0> to D and then through the p-channel to the source S;, which is connected to
base B, of the transistor Q. This provides the hole current for the base—emitter
junction of Q;, which then emits electrons from E; to C; through B;. As C; and
B, are at the same potential, this electron current from B, to E, forward-biases
0. E; in turn injects holes into C, through D,, thus turning it on and latching
the MCT into conduction.

If the MCT is in the conducting state, it can be turned off with the help of a
positive gate-to-anode voltage as explained below. This voltage is equivalent to a
positive Vgosz, and an n-channel is formed in the n-channel MOSFET M,,.
Electrons will flow from D, through the n-channel, through S, and B, back to

Gate o————m [ oGate
n-channel p-channel
MOSFET M, D1 | mOSFET M,

(a)
Fig. 1.69(a)
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Fig. 1.69 MOS-controlled thyristor: (a) schematic diagram, (b) detailed analogous
circuit diagram, (c) equivalent circuit, (d) circuit symbol

E|, which is the same as D,. This electron current will negative-bias Q and turn it
off. Turning off Q| leads to the absence of electron current from B, to E;, and Q> is
also turned off. Finally non-conduction of both Q| and 0, amounts to turning off
of the MCT. The strength of the positive gate-to-anode voltage pulse for turning
the MCT off depends upon the current conducted by it, provided this is within the
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rated value. Thus, larger currents need a wider pulse width. However, for turning
off currents greater than the rated current of the MCT, forced commutation circuits
are needed as in the case of the ordinary thyristor.

The MCT has many advantages over the conventional thyristor, namely, a low
forward voltage drop, very small turn-on and turn-off times, less switching losses,
and a high gate input impedance. Two or more devices can be paralleled when
larger currents have to be conducted. Its switching frequency can be as high as
20 kHz.

1.9 Other Power Electronic Devices

Apart from the thyristor and other members of its family, high-power versions
of some other electronic devices have been developed during the past 20 to 25
years. The power transistor and power MOSFET are two such semiconductor
devices. The insulated gate bipolar transistor (IGBT) is a recent addition to this
non-thyristor family of devices. This last device has the combined merits of the
transistor and the MOSFET. A detailed discussion of these three power-control
devices follows.

1.9.1 The Power Transistor

The power transistor, which is a magnified version of the bipolar junction
transistor (BJT), can be advantageously used as a semiconductor switch in all
power conversion circuits in place of the conventional thyristor. However, unlike
the thyristor, it has to be kept in a conducting state by continuous current in the
base—emitter circuit. The BJT is so called because holes and electrons flow in
either direction, its two versions being the p-n-p and n-p-n transistors. Likewise
there are two versions of the power transistor, the n-p-n type finding wider use
in high-voltage, high-current applications because of the ease in its manufacture
and lower cost. The circuit for this n-p-n type of power transistor is given in
Fig. 1.70.

Fig. 1.70 Common-emitter connection of an n-p-n transistor
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As in the case of other power electronic devices, the switching performance
and associated losses are of importance for a power transistor.

1.9.1.1 Characteristics The characteristics of a power transistor are similar
to the conventional BJT. In Fig. 1.71 the characteristics of an n-p-n type of the
device are drawn on the ic-vcg plane.

Igs>1g,> e3> Ig,> Ig; > Ig, =0
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Fig. 1.71 ic-vcg characteristics of an n-p-n transistor in the common-emitter
connection

For linear operation, the operating point lies anywhere between A and B; for
switching operations, it lies at A or B. In practice, when a large base current
is passed through the emitter—base circuit, the transistor gets saturated and the
operating point lies at A’. The Vg at this point is less than 1 V and the transistor
is in a fully conducting state. It is then said to be under hard saturation, the
losses in this condition being minimum. However, the ideal point is A, where
Ic = Ve /Ryg- For attaining this condition an excess of base current is driven
through the base—emitter circuit. The transistor is then said to be overdriven. The
Icsary under this condition becomes equal to Vcc/Ryq, and Ig, which is equal to
Icsan/ hiee, has no influence on this value. Here, hgg is the dc current gain I/ Ip.
In the saturated state, Upgsa) 1S larger than Vegay. The relationship between the
various voltages can be written as

UCE = VUcB + UBE (1.108)

or
UcB = UCE — VUBE (1.109)

Equation (1.108) shows that in the saturated state, the E-B and B-C junctions are
forward-biased.

When the base current is reduced to zero, the transistor attains its cut-off state
and the operating point will be located at B’, which is the intersection point of
the load line and the Iz = 0 characteristic. In this case a small reverse current
I, flows in the base—collector circuit. It can be reduced to a negligible value by
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applying a reverse bias in the base—emitter junction. In this condition both the
junctions are reverse-biased and the operating point moves to a location very close
to the point B.

When the transistor is used for switching operations, the operating point lies at
A or B. When the switching condition changes from ON to OFF and vice versa,
the operating point moves from A to B and back. Thus it passes through the
active region between A and B, implying a high instantaneous power dissipation.
This dissipation can be minimized (a) if the switching frequencies used for the
transistor are fairly high and (b) if the points A’ and B’ lie below the dashed curve
of Fig. 1.71, which signifies the limit for maximum allowable dissipation.

1.9.1.2 Switching performance The switching behaviour of the power
transistor can be understood with the help of the waveforms of ig, ic, and vcg
shown in Fig. 1.72 for a resistive load. It is assumed that prior to ¢t = 0O the device
is in an OFF condition. That is, ig = 0, ic is very small, and vcg = Vc. At
t = 0, a current that saturates the transistor is passed through the base. But the
collector current does not immediately attain its full value; instead it takes time
t. for attaining it. This is called the rise time. During ?., vcg falls down to its
conducting state value (about 0.7 V). When ip is removed at time #;, ic does not
fall down to zero but remains at its maximum value till the end of time ¢, called
the storage time. At the end of ¢, ic starts falling and reaches its cut-off value
after a time ¢ called the fall time, with a small reverse current /., flowing in the
base—collector circuit in this condition. The net effect of all these time delays is
to limit the switching frequency to which the transistor is subjected.
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Fig. 1.72 Switching waveforms of a transistor with resistive load

Under the saturated state of the transistor, excess minority carriers exist in the
base and collector regions. The storage time £, is the time taken for these excess
carriers to recombine, thus enabling the transistor to cross the boundary region
between the active and saturated states. This suggests that 7, can be reduced if ig is
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adjusted to the minimum value that just makes the transistor cross this boundary.
In this state the transistor is said to be in a quasi-saturation condition. Another
method of reducing f; and also ¢y is to apply a negative bias to the transistor, but
this may lead to a breakdown of the transistor especially when it is supplying an
inductive load.

The rise time can be reduced by overdriving the transistor, that is, by passing
more base current than that required to saturate the transistor.

Phenomenon of secondary breakdown In a power transistor, two types
of breakdowns occur: (a) the avalanche breakdown, also known as the first
breakdown, and (b) the breakdown when the collector current is non-uniformly
distributed over the emitter cross section and has high density in small areas,
causing the development of hot spots—this is known as the second breakdown
and can occur during turn-on as well as turn-off conditions.

During turn-on the base—emitter junction is forward-biased, and due to the
uneven distribution of current, the emitter periphery is more positive than the
centre. Any current entering the base region from the collector is focused towards
a small area at the emitter periphery. Localized heating takes place in this region,
leading to arise in temperature. Due to the negative temperature coefficient of the
ON state resistance of the transistor, there is a cumulative increase in the current
concentration in the small area and this leads to a second breakdown.

During turn-off, the base potential is negative with respect to that of the emitter
(that is, the base—emitter junction is reverse-biased) and the emitter centre more
positive than its periphery. If any current crosses the collector—base junction,
it gets directed to the small area at the emitter centre. Normally, the reverse-
biased base—emitter junction opposes the flow of this collector current. But if the
collector load is inductive, the energy gets stored in the load inductance during
the conducting period and gets released during the reverse bias. As a result, the
collector current continues to flow and gets focused towards the emitter centre. A
hot spot is developed and a second breakdown occurs exactly as explained above
for the second breakdown at turn-on.

The power transistor can be safeguarded from a second breakdown by using
snubber circuits as described below.

Snubber circuits Snubber circuits are useful in bringing down the currents and
voltages during switching operations. Figures 1.73(a) and (b), respectively, show
an n-p-n transistor with turn-on and turn-off snubbers. As shown in Fig. 1.73(a)
a small inductance L in the collector limits the turn-on losses by limiting di /dt,
thus acting as a turn-on snubber. The resistance Ry in the freewheeling circuit
helps in dissipating the energy stored in L( during the OFF condition of the
transistor and also in limiting the voltage overshoots. The diode D; ensures that
no current flows through the turn-on snubber resistance R at turn-on.

At turn-off, the load current is diverted through D, and Cj, the latter helping
in limiting the dv/dt applied to the device [Fig. 1.73(b)]. A large C; also helps in
keeping down Vg and the turn-off losses. Just before turn-on, however, C, charges
to the dc supply voltage Vi, and at turn-on it discharges through the snubber
resistor R, and the transistor. The resistance R, serves to limit the discharge
current of the capacitor at turn-on. Since the presence of R;, however, is harmful
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at turn-off, it is shunted by a diode D,. In a typical power electronic application,
the transistor is protected by both turn-on and turn-off snubbers. They are also
called polarized snubber circuits because of the inclusion of diodes.

Dy

Lo Ro Rs D,

(a) (b)

Fig. 1.73 Transistor with (a) a turn-on snubber and (b) a turn-off snubber

The above discussion shows that the snubbers keep down the switching losses.
The switching performance is depicted in the form of a load line that indicates
the locus of the operating point. For instance, the effect of the turn-off snubber
on the load lines (Fig. 1.74) is that the overvoltage at turn-off is suppressed
by this polarized snubber, the switching loss being substantially decreased as a
consequence.

——— Without snubber

With
T snubber

D VCE —>
Fig. 1.74 Typical transistor load lines with an inductive load

In a typical switching cycle, energy is stored in the snubber inductance L and
the snubber capacitance C, and then discharged. The switching power losses are
therefore proportional to the switching frequency and are necessarily transferred
to the snubber resistors. Hence the loss in a circuit protected by a snubber can be
lower than that in an unprotected circuit.

Figure 1.74 also shows that excess currents and voltages that occur during
switching operations can be assessed by means of load lines, thus helping their
correction by appropriate snubbers. This technique of reduction of currents and
voltages is known as load shaping. It is clear from Fig. 1.75 that the load changes
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are along the line CD for a resistive load, with the points C and D, respectively,
depicting fully on and fully off conditions. The instantaneous power dissipation
at these points is zero because either the voltage or the current is zero, but it has
a finite value between C and D.

(a) (b)

D VCE ——
Fig. 1.75 |Ideal transistor load lines with (a) a purely resistive load and (b) an
inductive load

The dynamic load line will be different from that in Fig. 1.75 and may enter the
region of high power dissipation when the power transistor caters to an inductive
load. At turn-on, the current increases from D to E with a constant voltage
characteristic (Vcc). The freewheeling diode across the load inductance recovers
and vcg decreases to Ucgsay at C. Again, at turn-off, the current remains constant
till E is reached and vcg increases from zero to Vc. The ic then decreases to
the cut-off value point D along ED. Thus, at turn-off also, the path is rectangular
and is just opposite to that at turn-on. It is evident that the point E is a point
of maximum instantaneous dissipation. This confirms the statement made above
that appropriate snubber circuits have to be designed to reshape the load line and
reduce the switching losses.

1.9.1.3 Safe operating area curves Safe operating area curves are supplied
by the manufacturers for turn-on and turn-off, taking into account the various
limitations of the transistor, including the second breakdown. The turn-on and
turn-off characteristics are chosen to be within the safe operating area (SOA) so
as to minimize the associated power losses. A typical safe operating curve called
the reverse bias safe operating area (RBSOA) curve is shown in Fig. 1.76 from
which it is seen that the overvoltage surge at turn-off is suppressed by a polarized
turn-off snubber and the switching loss is drastically reduced.

1.9.1.4 Advantages of power transistors The advantages of power
transistors are as follows.

(1) (a) Power transistors have a considerably higher switching frequency than
thyristors; thus transistorized dc choppers and inverters have improved and
more efficient operation. (b) Current limit protection can be provided by
them through the base drive circuit. (c) There is a saving on the losses as
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Fig. 1.76 Transistor turn-off load lines with and without snubber protection

well as the cost because of the absence of forced commutated circuitry.
(d) They also have a low conduction drop.

(i) Advantages (a) and (b) given above hold good even in comparison to
GTOs. Like power transistors, GTOs do not require forced commutation
circuits. Finally, these devices (power transistors and GTOs) are efficient,
respectively, for short and long duty cycles.

1.9.1.5 Disadvantages of power transistors The disadvantages of power
transistors are as follows.

(1) Ascompared to thyristors: (a) They require large and continuous base drives.
(b) They cannot withstand reverse voltage. (c) The ratio of maximum to
continuous current is low. (d) They have a negative temperature coefficient of
resistance thus making the paralleling of the transistor-based drives difficult.

(i) As compared to GTOs: In the case of a short circuit or a fault leading to
overcurrent, transistors may fail due to the second breakdown. The chances
of a GTO failing due to such a fault are less because the magnitude of the
controllable current is much higher, a typical range being two to six times
the rated rms current.

1.9.2 Power MOSFET

The power MOSFET is a FET in which MOS technology has been incorporated.
Figures 1.77(a) and (b) give the schematic diagrams, respectively, of the
conventional and power MOSFETs. The conventional MOSFET shown in Fig.
1.77(a) has a planar structure with three external terminals, namely, the source,
drain, and gate. It consists of a p-type silicon substrate with two n*-regions being
diffused into it. An SiO; layer is spread on the top and serves as an insulator. The
source, drain, and gate terminals are metallic in nature and are located on this
layer. With zero gate-to-source bias, no current flows from the drain to the source.
On the other hand, with a positive bias, the induced electronic field draws free
electrons to the top of the p-layer, thus leading to the formation of an n-channel
and causing flow of electrons from the source terminal to the drain terminal. This
causes a lateral current to flow from the drain to the source. With increase of the
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positive voltage between the gate and the source, a deeper conducting channel
of electrons is formed, leading to an increased flow of current. This is known as
an n-channel enhancement mode planar MOSFET and is a voltage controlled,
current-conducting device. A p-channel device can also be constructed. As the
current is conducted by majority carriers only, the delay caused for removal or
recombination is avoided. This facilitates the switching on of the device in the
megahertz range. Second, the gate terminal is electrically isolated. Due to this
feature, it draws negligible current or, equivalently, has a high input impedance.
The input capacitance charges and discharges during switching operations. The
planar structure has a long conducting channel between the drain and the source,
thus leading to a large ON state resistance and voltage drop in the conducting
state and also high ON state heat dissipation. Such a MOSFET is used for powers
up to 1 W.
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Fig. 1.77 (a) Schematic diagram of an n-channel planar MOSFET, (b) schematic
diagram of a vertical channel diffused MOS power MOSFET, (c) circuit
symbol of a MOSFET
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The construction of an n-channel power MOSFET, which is a double diffused
MOS device, is shown in Fig. 1.77(b). An n™-layer is epitaxially spread on a
substrate of n™. The resistivity and thickness of this n™-layer determines the
blocking voltage capability. Next, a p~-layer is diffused on this n~-layer. Finally,
the n™-fingers are diffused on top of this p~-layer. The power MOSFET has
a cellular construction, which means that several layers of such diffused MOS
cells are placed one on top of the other. The conducting layer of electrons is
formed in the p~-layer situated under the gate oxide layer. The current first
flows in a vertical direction and then in a horizontal direction towards the source
terminals. The ON state resistance depends on the channel length. This length is
suitably adjusted by means of diffusion so as to reduce both this resistance and
the ON state dissipation. The normal operation is with a positive drain-to-source
voltage, in which the device behaves like a normal p-n junction with a negative
drain-to-source voltage. The circuit symbol given in Fig. 1.77(c) shows the three
terminals; the insulation of the gate terminal is highlighted by not having any
electrical contact between the gate and the other two terminals.

1.9.2.1 MOSFET characteristics Similar to the characteristics of the n-p-n
transistor given in Fig. 1.71, the static characteristics of the power MOSFET are
drawn by plotting vpg versus ip with a fixed Vgs by means of the circuit shown in
Fig. 1.78. Figure 1.79(a) shows several such characteristics drawn with Vg as a
parameter. A load line can be drawn on these characteristics similar to that drawn
on the ic-vcg characteristic of the n- p-n transistor. The MOSFET permits a rapid
changeover from the ON state to the OFF state, thus permitting the employment

of high switching frequencies.
Load % lID
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Fig. 1.78 Circuit for obtaining power MOSFET characteristics

The ip-vgs characteristic, called the transfer characteristic, of the MOSFET is
givenin Fig. 1.79(b). Itis seen that Ip remains zero until a threshold voltage of 2-3
V is reached, the characteristic being nearly linear above this value. Vg has to be
nearly 10V for attaining the ON condition. The switching frequency is determined
by the following factors: (a) the RC time constant, where R is the source resistance
and C is the input capacitance, (b) the time required for the threshold value
of Vs to be reached, (c) the time needed for the full conduction state to be
reached, and (d) the discharge rate of the capacitance through the drive circuit.
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The above discussion implies that the time delay can be reduced and the switching
frequency can be increased by minimizing the source resistance and keeping the
charging current of the capacitance at a few amperes. Typical switching times are
of the order of 100 ns for high-current MOSFETSs. The power MOSFET can be
conveniently driven by complementary MOS or transistor—transistor logic circuits
because of negligible gate power requirement.

1.9.2.2 Advantages of MOSFETs MOSFETs are preferred to power tran-
sistors because the fast switching times obtainable with them vary little
with temperature. Second, because of the high input impedance of the device
the drive circuitry can be of low power, and also compact and simple. Two
or more MOSFETs can be connected in parallel to supply high-power loads
because of the positive temperature coefficient of the device. This shows that the
second breakdown phenomenon that occurs in transistors is absent in a MOSFET,
thus permitting a wider safe operating area. Under high-frequency switching
conditions the MOSFET proves to be more efficient because of lower losses
compared to the transistor.
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Fig. 1.79 Power MOSFET: (a) output characteristics, (b) transfer characteristic



Other Power Electronic Devices 89

1.9.2.3 Disadvantages of MOSFETs Under low-frequency switching con-
ditions the losses in a conducting MOSFET are high, the performance of the
transistor being superior under these conditions. The ON state drain-to-source
resistance Rpgon) at 150 °Cis twice that at 25 °C. Third, the ON state voltage drop
increases with its voltage rating irrespective of the current rating. For instance,
for a 100-V, 30-A MOSFET, the ON state voltage drop is about 3 V, but this
drop goes up to 8 V for a device with ratings of 500 V and 10 A. In spite of
these disadvantages, the MOSFET proves to be the best high-frequency switching
device for voltages below 500 V.

1.9.3 Insulated Gate Bipolar Transistor

The schematic diagram of an insulated gate bipolar transistor (IGBT), its
equivalent circuit, simplified equivalent circuit, and circuit symbol are shown,
respectively, in Figs 1.80(a), (b), (c), and (d). Its construction is identical to that
of a MOSFET except for the p*-substrate. Its equivalent circuit is similar to
that of a combination of a thyristor and a MOSFET. Its performance features are
nearer to that of a transistor but with no secondary breakdown phenomenon. It
has a high input impedance like the MOSFET and a low saturation voltage like
the transistor. For the same current rating the size of an IGBT is smaller than that
of a MOSFET.

The IGBT can be turned on by applying a positive voltage between the gate
and the emitter (source) and, similar to a MOSFET, it can be turned off by making
the gate voltage zero or negative. It has much lower ON state resistance than the
MOSFET.
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Fig. 1.80 IGBT: (a) cross section, (b) equivalent circuit, (c) simplified equivalent
circuit, (d) circuit symbol
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Once the IGBT has been latched up, the gate will have no control over the
collector (drain) current. Like the thyristor, the only way to turn off a conducting
IGBT is by forced commutation circuits. The ON state voltage of the IGBT
depends on the gate voltage; also, a sufficiently high gate voltage is necessary to
reduce the ON state voltage. The voltage across the conducting IGBT increases
with temperature.

Though the secondary breakdown feature is absent in the IGBT, it is necessary
to keep below the maximum power dissipation and also the specified maximum
junction temperature of the device, so as to ensure its reliable operation under all
conditions. The bipolar action in the IGBT slows down the speed of the device, its
switching frequency being smaller than that of the MOSFET. It can be subjected to
switching frequencies up to 20 kHz, and its maximum current and voltage ratings
are, respectively, 400 A and 1200 V. IGBTs cannot be easily paralleled like the
MOSFETs. The factors that prevent current sharing during parallel operation are:
(a) the ON state current unbalance caused by the Vig(sar) distribution and the main
circuit wiring resistance distribution and (b) the current imbalance at turn-on and
turn-off caused by the switching time difference between the parallel connected
devices, and the circuit wiring inductance distribution.

Two IGBT ratings that are provided by manufacturers are (i) the peak
allowable drain current that can flow before the latch-up of the device and (ii) the
corresponding gate-to-source voltage that permits this current to flow and which
should not be exceeded. IGBTs find use in medium-power applications such as dc
and ac motor drives, power supplies, solid-state relays, and solid-state contactors,
UPS systems, FACTS devices, custom power products, etc.

1.10 Applications

Thyristors are employed in high-power converters with ratings of 4000 V, 1500 A
(av) and 1200 V, 3000 A (av). Like thyristors, GTOs have the features of high
forward breakover voltage and large current capability. Thus, both these devices
find application in medium- and low-power controlled rectifiers and ac voltage
controllers having voltage ratings of 460 V and above. Because of their advantages
over thyristors, GTOs are finding increased use as switching elements in inverter
drives.

Bipolar power transistors are widely used in medium- and low-power inverter
and chopper drives that have voltage ratings of 230 V and less. The voltage
and current ratings of these devices have steadily increased with the help of
modern design and processing technology. Thus, voltage ratings up to 1200 V
and continuous current ratings up to 300 A are possible. However, their use is
confined to voltage ratings below 1000 V because of the steep rise of their ON
state resistance with the voltage rating. Even here, the GTOs are proving to be
the best choice because they retain many advantageous features of thyristors and,
in addition, have faster switching speeds.

For high-frequency switching applications with voltages below 500 V, the
power MOSFET has proved to be superior to the power transistor, its main
drawback being the increase of the ON state voltage drop with the voltage rating.
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Summary

The characteristics of a thyristor indicate that the voltage at which it fires can be
controlled by varying the gate current. The turn-off of a thyristor needs a circuitry
for either reducing the thyristor current below its holding current value or applying
a reverse voltage across it. Like other semiconductor devices, the thyristor is
sensitive to temperature and hence needs protection against high temperatures.
The thyristor has to be safeguarded (a) against overvoltages and high dv/dt by
connecting a snubber circuit across it and (b) against overcurrents and high di/dt
by connecting an inductor in series with it.

A knowledge of the gate characteristics is necessary to know the strength of
the gate pulse that can successfully fire a thyristor. The UJT relaxation oscillator
can be designed to generate trigger pulses of appropriate strength; transistorized
circuits can also used for this purpose. Digital ICs and microprocessors are proving
to be convenient for producing firing sequences in the case of multiphase rectifiers
and inverters.

Forced commutation circuits are necessary for the operation of thyristors in
inverters, dc and ac choppers, and cycloconverters. A careful analysis is necessary
to arrive at appropriate values of the commutation elements (L and C) which
constitute the heart of such circuits.

The TRIAC is a bidirectional device which serves the same purpose as a
thyristor pair connected antiparallel. Whereas the turn-on of the TRIAC is simple,
its turn-off circuit needs careful design. The GTO has a faster switching capability
than the thyristor and its commutation circuitry is quite simple. Though its
latching current and holding current are high, it is replacing the thyristor for
control of medium-power equipment because of the simplicity of its commutating
circuit. The PUT serves the same purpose as the UJT but is flexible because of
characteristics that allow alteration to suit particular needs. The MCT has a lower
forward voltage drop, smaller turn-on and turn-off times, and smaller switching
losses as compared to the thyristor.

The power transistor has of late become a strong contender for circuits that need
high switching speeds. The pulse width modulation inverter is an example of such
a circuit. It does not need separate forced commutation circuits and has a low ON
state drop. However, it suffers from the phenomenon of secondary breakdown.
Its other disadvantages are as follows: (i) it needs continuous base drive, (ii) it
cannot withstand reverse voltages, and (iii) it does not permit paralleling with
other transistors.

High switching frequencies are possible with a power MOSFET. Its drive
circuitry is also simple. Paralleling of MOSFETs is permitted because of the
positive temperature coefficient of the device. Its demerits are as follows: (a) its
low-frequency switching losses are more than those of the power transistor and
(b) its ON state voltage drop increases with the voltage rating.

The IGBT has performance features which approximate those of a power
transistor, but it does not have the second breakdown phenomenon. Its switching
frequency is smaller than that of the MOSFET, but unlike MOSFETs, IGBTs
cannot be easily paralleled.
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Worked Examples

1. The parallel resonance turn-off circuit of Fig. 1.81(a) has the following data:
E =180V, Rig =580 2, pulse width ¢, = 1.3 ms. The load current is 0.7 times
I¢(max). Determine the values of L and C.

olLC
— 1 |-
i ~— ILC —> |

R

Fig. 1.81

Solution
The waveform is given in Fig. 1.81(b). The thyristor turns off in the negative
half-cycle at an angle
I
0 = sin~! d
cm

=sin"'0.7
=44.42°
=0.775 rad

The pulse duration is given as
tp = (m+6)VLC = 3917VLC
Therefore
3917VLC = 1.3 x107°

or

1.3 %1073
VLC = —— — = 03319 x 1073
3917 x

The inequality in Eqn (1.76) can be written as an equality. Thus,

E C
— = 0.7E,/ =
Ru L
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or

\/?_ 1
L 07Rgq 0.7 x580

/C 0.3319 x 107 3
= vLC F
L~ 07x580

=0.817pF

L
L = «/LC\/;=O.3319 x 1073 x 0.7 x 580
=0.135H
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2. The series resonance turn-off circuit of Fig. 1.82 has the following data: E =
160 V, L = 8 mH, resistance of inductor coil r;, = 0.2 @, Rg = 0.6 , and C
= 65 pF. (a) Derive an expression for the current i(¢). Determine (b) the pulse
width and (c) the time required for the capacitor voltage to attain a voltage equal

to 1.7E.
Rig
1 \/ Th
— c
L
Fig. 1.82
Solution

(@) Ry +r. =0.6+0.2=0.8 Q. From Eqn (1.74),
g =CE(l —coswt)

. dq .
i=— = CEwsinwt
dt

CE E C . .
=——— = E,/—sinw
/LC sin wt L

Substitution of values gives

. 65 x 10~ .
i(t) = 160 ———— | sinwt
8 x 103

= 14.42 sin wt

where

1 1
w = = = 1386.8 rad/s
VLC V8 x 65 x 109 /
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The assumption made in Section 1.5.3.3 is realized in this circuit. That is, the
total resistance in the circuit (0.8 €2) is negligible when compared to the inductive
or capacitive reactance, both of which have a value of 11.09 Q.

(b) Pulse width = 7+/LC = 7+/8 x 65 x 1072 = 2.27 ms. The capacitor
voltage can be expressed as

v, = % = E(1 — coswt)

Let #; be the time at which v, attains the value 1.7E. This gives
1.7E = E(1 — cos wty)

1.7=1—coswt

This gives
coswty =1—17 = —0.7
or
wt; = cos™'(—0.7) = 2.346 rad
Finally,
2.346
Hh=—— = 2346/ LC
w
=2.346/8 x 65 x 10—°
=1.69 ms

3. Design the various elements of a UJT relaxation oscillator, given the following
data for the UJT: Vp =24V, Ip =48 yA, Vy =075V, Iy = 5.1 mA, n =0.72,
Rpp = 6.5 k2, and Rg,(con) = 60 Q2. Also compute (a) the maximum frequency
range and (b) the pulse height obtained as per the design.

Solution

From Eqns (1.45) and (1.46) the values of the lower and higher values of resistance
are

Ve —Vy

R, >
2 = Iy

Ve —Vp
Ip

Ri+ Ry <

Also from Eqn (1.29)
Vp = nVi+ Vp
Vp can be expressed approximately as

Vp = nV
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or
Vo = Vp/n = 24/0.72 = 33.3V

Vs can be taken as 30 V. Substitution of values in the above inequalities give the
marginal values as

30 — 0.750
R = — = 574kQ =~ 6kQ
5.1 x 103
30 —24
Ri+R = —— =1 — 125kQ
48 x 10-°

Hence R; = 125 — 6 = 119 kQ. A potentiometer of 100 k€2 can be chosen for
R;. R3 is selected as 0.8 k€2 and R4 as 70 2. From Eqns (1.34) and (1.41),

nVsR4
RB, (con) + R4
_0.72 x 30 x 70
60470

Let the capacitor C be chosen to have a capacitance of 0.1 uF. Now fi,ax and finin
are computed using Eqns (1.39) and (1.40), respectively. Thus

1

Pulse height =

= 11.6V

Jmax = o C /(0 = )]
_ 1
T 6x 103 x0.1 x 106 In[1/(1 — 0.72)]
10*

~ 6 1In[1/(1 —0.72)]
= 1309 pulses per second

1
(Ry + Ro)CIn[1/(1 — n)]
1
T 125 x 10° x 0.1 x 10-61n[1/(1 — 0.72)]

= 63 pulses per second

fmin =

4. For the protective circuit shown in Fig. 1.83, determine the values of V', L, and
C. Data: maximum load current is 1.2 A, frequency of ac supply is 50 Hz, Ry =
200 2. The Q-factor of the combination of the inductance and load resistance is
0.38. The resistance of the inductor is negligible.

Solution

Q_O38_a)L_2nx50xL_314L
7 Ra Ru 200
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L C
oo {l
XZ\TN ZX/Thz
L SR
@ v=J2V,, sinot

id

Rig
Fig. 1.83
This gives L ~ 0.24 H.
. Vmax
Maximum load current =
1d
! 314
w = —]/}/}3 —
vLC
or
1
VLC =—
314
1
LC=—
(314)2
1 10°
0.25 x (314)? 0.25 x (314)?
=40.6 uF
Maximum load current
Vmax
I max) —
ld(max) R
Substitution of values gives
2V
12 = Y2V
200
or
200 x 1.2 240
X T 697V
V2 V2

5. The circuit of Fig. 1.84 is used to determine the (di/dt)max and (dv/dt)max
ratings of the thyristor. R, is increased in steps and the switch Sw is closed to
trigger the thyristor. In this process, at a value of R, = 12 , the thyristor gets
triggered. Determine the values of (di/dt)max and (dv/dt)max given the following
data: E =120V, L=10pH, V.(0) =0V, and Ry = 18 .
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Th

Rig

Fig. 1.84

Solution
From Eqn (1.88)

di _ E-V.(0)
dt ) L

Substitution of the values gives

di 1200
—_— = —-—-= S
dr). .~ 10x 10 !

Also, from Eqn (1.90)

dv R di 12 x 12 144V
_— = v —_— = — = S
dt ) ..« dt ) ax 10-¢ H
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6. Using the values of (di/dt)max and (dv/dt)max of Example 5, determine suitable
values of L for overcurrent protection, and also R, and C; for protection against
switching transients for the same thyristor having the same load current. Data: E

=120V, V.(0) =20V, Itrm = 10 A.

Solution
The circuit is given in Fig. 1.84. The preliminary design is done as follows. From
Eqn (1.94),
_ E—-V.(0)
O (difdl)
This gives

(120 — 20) x 107°
L> 2 uH
> 8.33uH

L is initially taken as 10 pH, and with this value, R, is found from Eqn (1.95) as

(@)...[7w)
R, = [ =
dt ) .« LE —V(0)
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Substitution of values gives

( 144) 10 x 10°°
R, =

10-¢/ 120 — 20
=14.4Q
~14Q
From Eqn (1.96),
o L _ 10 x 107° — 0.051 uF
(Ry)? (14%)
From the discussion of the worked example in Section 1.7.1,
£ + £ Itrm
R R,
or
£ = Itrm — £
v R

Substitution of values gives

120 120
= 10— — = 3.33
R, 18

This gives

vy = == = 36Q
3.33

Taking R, as 40 €2, L is found using Eqn (1.93) as
40 x (120 — 20) x 107°

144 H
The actual di /dt is now computed from Eqn (1.88) as
di 120 — 20
= —— = 3.6A/us

dr — 28 x 1076
As the value of di/dt is less than 10 A/us, the value of L is considered to be

satisfactory. Substituting these values of R, and L in Eqn (1.96), the value of C;
is finally determined as

c _ Bx 10°°
T oy
This value of C; is less than the initially computed value and hence is satisfactory.
The final design values are L = 28 uH, R, = 40, and C; = 0.018 pF.
7. For the parallel capacitor turn-off circuit of Fig. 1.85(a) determine the size of

the capacitor to successfully turn off the load thyristor. Sketch the waveforms of
UTh,» iTh,» and ijq. The data are E =60V, R1= Rig =5 2, topr of Th; =40 ps.

F = 0.018 pF



L
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1 i ot —
& HE
60V ‘/_‘—;/_ ot —
VThy \ ‘ ! | ot —>
—-60V [~ R ! 1-
) i 36A '
iThy | 12A Y 12 A
b -t ot —
TR i N
fid 12A 24 A 1 :
‘ I ‘ ! ot —=
(b)
Fig. 1.85
Solution
From Eqn (1.56),
c > [OFF
- 0.7R1d
Substituting the given data yields
40 x 107°
> -
0.7x5
> 11.43uF

Therefore, C ~ 12 uF. The waveforms are sketched in Fig. 1.85(b).
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8. The auxiliary resonant turn-off circuit of Fig. 1.86(a) has a battery voltage of
120 V and a load resistance of 15 2. The maximum current that the thyristor Th;
can carry is 18 A and the turn-off time of the load thyristor is 40 ps. Determine

the values of L and C and sketch the waveforms of ity,, i., and vy, .
Solution
From Eqn (1.67),

IOFF
- R]d In2
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4
L) -
| ' I ot—
Yoo | 3
fez! }\ ! .
: : L ot~
A : !
VTh, _I V .
: ‘ L ot~
Th : :
Th1 >t LC] } (MI7.5A 1! q
2] >H iThy f :
A1 P/ AN N Tt~
120 V— D L v UR'd to: | t3 | ty | ¥t
Loy | L
l io| {No5A | M
1 wt—
(a)
Fig. 1.86
Substituting values gives
40 x 107
>_
15In2
>3.85uF

Taking C as 5 pF, L is given by the inequality

L >
(Itnm/E — 1/Ry)?

Substitution of values gives

Cc

5% 107°
L >
~ (18/120 — 1/15)2
> (0.72mH
~ 0.8 mH

The waveforms are shown in Fig. 1.86(b). Maximum current through the thyristor

=E\/C/L+ E/Rq4=17.5 A. This is less than 18 A.

9. Figure 1.87 shows a resistance firing circuit. Given Vrps = 230 V, Ry =12
2, and the maximum and minimum gate current ratings as 10 mA and 2 mA,
respectively, estimate the values of Ry and R,.

Solution

Ryq is usually very small when compared to R, and R, and is hence neglected.
The maximum gate current will flow with @ = 0.

Vav =

Vin(1 4 cosa)
2
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Rig
VvV
Ry
ac . Th
supply@ V=12 Vy sinot 3 Ry
D
Rp
Fig. 1.87

Witha =0, Vy (@=0)=V,, /7 = 230\/5/71. For maximum gate current to flow,
there should be minimum resistance in the gate circuit. Thus
Vav(@ = 0°)
10mA
23042
- x 10 x 1073
=10.35kQ

~10k€2

Ry =

With the resistance firing circuit, the maximum value of « occurs at 90° with gate
firing. Here,
Vav(ae = 90°) Vrms v/2

R;+ R, = = = 25.9kQ2 ~ 26k
; 2 mA 2w X 2mA

This gives

R,=26-10=16k
R should be chosen as a fixed resistance of 10 k2 and R, as a potentiometer
of 20 k2.
10. A PUT-based relaxation oscillator is to be designed to give a pulse frequency
of 100 Hz and a pulse height of 8 V. The data are Voc =28 V, I = 1.2 mA, and
the peak voltage Vp is 12 V. Determine the values of Ry, Ry, R3, C, R4, and Rs.
The conducting resistance of the device, R.on, can be taken as 30 €.
Solution
The oscillator is shown in Fig. 1.88. From Eqns (1.101) and (1.102),

Vp 12

= P 22 _ 0429
T Ve T 28

and

Ve
Req

Ic = (1—-1n)
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Vee
(28V)
R4
(20 kQ pot) Ra
R> (31 kQ)
(25 kQ)
VA VG
Rs
(23.3 kQ)
Output to the SCR gate
c — R3
(0.4 uF) (51 Q)
Fig. 1.88

Substitution of values yields

28
1.2x 1073 = (1 —0.429)—
Req

This gives
Ry = (1 —0.429) 28 = 13.32 kQ
“ 12 x 1073 T
Substituting values gives
R 13.32
n 0.429
R. 13.32
Rs = = 23.3kQ

T1-n  1-0429
Let C be 0.4 pF. From Eqn (1.100) and the expression for time period T,
f Ry

Substitution of values gives

1

— = (R + Ry) x04x10%In 1+@
100 TP

31.0
That is,
1
T 100 x 0.4 x 10-6In[1 + (23.3/31.0)]
104
= 0.41n(1 + 23.3/31.0)

Ri+ Ry

= 44.6kQ2 ~45kQ
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R, can be taken as a 25 k2 fixed resistance and R; can be taken as a 20-kQ2
potentiometer. The anode voltage is obtained from Eqns (1.99) and (1.100) as

Va=V5+0.7 =Vp+0.7

VCCL + 0.7
R4+ Rs

_ 28x233

314233

=1271V

+ 0.7

With the approximation that Vo & Vp, the pulse height is obtained as

VaR;  12.71R;
30+R; 30+ R;
From this equation R3 is obtained as 51 €.
11. For the RC firing of Fig. 1.89, determine the values of Rf, R,, and C given
the fOHOWng data: V. =230V, IGT(max) =12 mA, IGT(min) =2mA, Vgr=1.0YV,
Rjq = 10 Q. The firing angle range is from 0° to 120°. Vp, can be taken as 0.7 V.

Pulse height = 8V =

R

LV V 7

Th Dz /\

ac supply f\) X =3
50 Hz v =12V, sinot x
D

Fig. 1.89

Solution
It is assumed that the load resistance is negligible compared to Ry and R,.
Equation (1.23) gives

Vav - VD] - VGT

Igr

R <

Substitution of IgT(max) and IgT(min) gives, respectively, Ry and Ry + R,. A firing
angle of 0° gives

Vin 2302

Vov=— = V2 = 1035V
T g

VD1 =0.7 and IGT(max) = 12 mA

Hence
103.5-0.7—-1.0

Tl




104 Thyristor Physics
Vayv for an « of 120° is found as

1 (" V,
Va / V,sinwt d(wt) = —
2

V:E /3 4
230/2/47) — 0.7 — 1.0
R, + R, = B0V — 12.1kQ
2 x 1073
~12kQ

R can be taken as 8.5 k2 and R, as a potentiometer of 5 k2. From Eqn (1.21),

4
RC = —
w
Average value of R = (12 + 8.5)/2 k2 = 10.25 k<.
4 % 10°
C = = 1.24uF

314 x 10.25 x 103
12. Figure 1.90 shows a thermal circuit for a thyristor. The following data are
given: §; =100°C, 6, =25°C, Bj. = 0.45°C/W, B., =0.085 °C/W. Specify a heat
sink and the appropriate power dissipation P,y; also find the /r(,y) of the thyristor
for 90° conduction. Use the heat sink and power dissipation curves given in
Figs 1.47(c) and 1.46.
Solution
From Eqn (1.83)

Gj -0, = av(,BjC + ,Bcs + ,Bsa)
Substitution of values gives
100 — 25 = P,(0.4540.085 4 Bs4)

From Fig. 1.47(c), the heat sink % is selected, and with an estimated P,, of

80 W,
32

W = o = 04
P = %0

Bc(0.45) Bcs (0.085)  Psa

Fig. 1.90

The calculated power dissipation is

75
P, = = 80W
? 0.45 4+ 0.085 + 0.4




Worked Examples 105

Hence the appropriate heat sink is /. The average power dissipation is 80 W. From
Fig. 1.46, IF(y) for 90° conduction is 57 A.

13. A thyristor has an I,y rating of 25 A. The other data concerning its thermal
model are §; =90°C, 6, =25°C, B;. =0.56 °C/W, B, = 0.10 °C/W. If the thyristor
is required to conduct for a duration of 180°, suggest an appropriate heat sink and
determine the thermal resistance fB;,. [Make use of the curves in Figs 1.46 and
1.47(c).]

Solution

The thermal equivalent circuit is as given in Fig. 1.90. From the curves in Fig. 1.46,
the power dissipation for an /r(,y) of 25 A and 180° conduction is approximately
30 W. From Eqn (1.82),

0j = 0s = Puoy(Bjc + Bes + Bsa)
On substitution of the given values, the equation becomes
90 — 25 = 30(0.56 + 0.10 + B;,)

This gives

Bsa = 1.5°C/W
With a P,, of 30 W, curve a in Fig. 1.47(c) gives

NG = 6, —6, = 45°
That is,

45

sa = —— = L.5
P 30

Hence the required heat sink is that corresponding to curve a and the thermal
resistance is 1.5 °C/W.

14. The phase shifting circuit shown in Fig. 1.91(a) is utilized to fire the thyristor
which rectifies the same ac supply. (a) Determine the range of « that can be
obtained if R, is varied from 2 k<2 to 6 k2. The transformer ratio is 230 V/115V
for both the secondaries. The capacitance has a value of 0.3 pF. (b) If a firing
angle of 45° is to be obtained, determine the value of R.

Ri
VYV
Load
Th
a
ao——— |
v =230/2sinot R
N a a C

(0.3 uF)
(a) (b)

Fig. 1.91
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Solution
(a) From the geometry of the phasor diagram shown in Fig. 1.91(b), o« = 180 — 2¢.
ang = /2C ! (1.110)
anp = —— = —— .
IR wCR

Let o and «; be the lower and higher values of the firing angle. Also let ¢; and
¢ be the corresponding phase angles.
1

ML= 103 x 105 x 2000

So ¢ =79.3° and &) = 180 — 26 = 21.4° ~ 21°.
1

¢ _ — 177
P2 = 31X 03 x 10-5 x 6000

This gives

¢, = 60.5° and ap =180 — 2¢p, = 59°
Therefore, the range of « is 21°-59°.
(b) With oy =45°,

180 — 45
$ = s = 67.5°

1
. _ — tan 67.5° — 2.414
WP = X 03x100 xR ~ 0

This gives R as 4.4 k.

Exercises

Multiple Choice Questions

1. In a parallel capacitor turn-off circuit, it is desirable tousea__ on the
second leg of the circuit.

(a) very high resistance

(b) very low resistance

(c) resistance which is neither high nor low
(d) resistance together with an inductance

2. The latching current of a thyristor is the holding current
(a) much lower than (b) higher than
(c) slightly lower than (d) equal to
3. In the circuit of Fig. 1.92, if the dv/dt at time ¢+ = O works out to 1 V/us, the
value of R; hastobe Q.
(a) 150 (b) 100 (c) 50 (d) 25

4. In a parallel capacitor turn-off circuit, if the load resistance is 250 2 and the
capacitance is 4 uF, then the turn-off time of the thyristor Th; should be
ms.
(a) more than 1.4 (b) less than 1.4
(c¢) more than 0.7 (d) less than 0.7
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L=5mH
Rs

Th
Cs=5uF

150 V — v =100v
{] Rig

Fig. 1.92

. The maximum permissible value of the frequency of the ac voltage source

whose voltage is to be rectified by a thyristor with a topp of 75 p is
Hz.

(a) 7500 (b) 3333 (c) 6667 (d) 9990
In a UJT firing circuit, the height of the output pulse will by lowering
the value of Rj3.

(a) be increased (b) be decreased

(c) remain the same as before (d) become zero

The range of « in the case of an RC firing circuit will be in the range 0°-180°
because of

(a) the presence of the capacitance

(b) the non-linear nature of Rgg

(c) the presence of the capacitance as well as Rgk

(d) the presence of the diode D, in the gate—cathode circuit
In a UJT relaxation oscillator circuit, if a UJT of higher Rpp value than that of
the original UJT is used, the pulse frequency

(a) increases (b) decreases

(c) remains unaffected (d) becomes zero

For a certain UJT relaxation oscillator circuit, the following data are given: n
=0.67, Vy; =21V, Ry =50 Q, and the pulse height = 8 V. With these values,

Rg, (con) can be computed tobenearly Q.

(a) 37.5 (b) 75.0 (c) 85.0 (d) 42.5
In a thyristor, a lower value of the middle junction capacitance is
becauseit  the chance of dv/dt triggering.

(a) undesirable, increases (b) desirable, increases

(c) undesirable, decreases (d) desirable, decreases

In the circuit of Fig. 1.93, which provides self-commutation by series resonance
turn-off, if the load resistance is negligible as compared to the inductive and
capacitive reactances, the half-cycle time of the oscillatory current can be
computed to be approximately  ms.

(a) 0.70 (b) 0.065 (c) 0.003 (d) 0.054
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Rig
+ Th
E— C=10 uF
L=5mH
Fig. 1.93

In the protection circuit for a power transistor, the diode D, connected across
the snubber inductor L, ensures that

(a) current does not flow through R, during the turn-off condition

(b) current does not flow through R, during the turn-on condition

(c) current flows only in one direction during the turn-on condition

(d) current flows only in one direction during the turn-off condition
In the turn-off snubber circuit of a power transistor, the diode D, is connected
across the snubber resistor R; to prevent current

(a) from flowing through R, during the turn-on condition

(b) from flowing through C; in both directions

(c) from flowing through C; during the turn-off condition

(d) from flowing through R, during the turn-off condition
The storage time #; of a power transistor can be minimized

(a) by keeping ip at the maximum value

(b) by keeping ic at the minimum value

(c) by keeping ic at the maximum value required for saturation

(d) by keeping ip at the minimum value required for cut-off
The rise time 7z of a power transistor can be reduced

(a) by passing less forward base current than necessary
(b) by short-circuiting the emitter and collector terminals
(c) by passing more forward base current than necessary
(d) by short-circuiting the emitter and base terminals

The MOSFETisa_ -controlled  -conducting device.
(a) current, current (b) voltage, voltage
(c) current, voltage (d) voltage, current

The switching frequency of a MOSFET will be reduced with .

(a) an increase in the output impedance of the device

(b) an increase in the discharge rate of the input capacitance
(c) an increase in the source resistance

(d) adecrease in the discharge rate of the input capacitance

The ON state voltage of the MOSFET ____ asthe voltagerating .

(a) increases, decreases (b) decreases, decreases
(c) decreases, increases (d) increases, increases
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It is possible to connect two or more MOSFETs in parallel because

(a) the threshold value of the gate-to-source voltage is only 2-3 V
(b) fast switching times are obtainable with it
(c) the MOSFET has a very small power loss under high-frequency condi-
tions
(d) the MOSFET resistance has a positive temperature coefficient
During the fall time ¢ at the turn-off of a GTO, the current falls down
(a) at arapid rate to zero
(b) at arapid rate to the tail current value and then at a slow rate to zero
(c) at a slow rate to the tail current value and then at a rapid rate to zero
(d) at a slow rate to the tail current value and remains fixed at that value

The turn-off lossina GTOis _ that of a thyristor.
(a) smaller than (b) greater than
(c) of the same order as (d) double

The snubber resistance R; across a GTO is necessary

(a) for keeping down the current both during turn-on and turn-off

(b) for keeping down the current during turn-off

(c) for keeping down the current during turn-on

(d) for dissipating the trapped energy of the capacitor during turn-off
As a consequence of low internal generation in a GTO, it has

(a) an increased latching current value

(b) an increased holding current value

(c) both of the above

(d) none of the above
The phenomenon of second breakdown in a transistor occurs at the time of
turn-off because of

(a) uneven distribution of current in the collector-base junction

(b) uneven distribution of current in the emitter cross section

(c) uneven distribution of current in the base cross section

(d) uneven distribution of current in the collector cross section

True or False

Indicate whether the following statements are true or false. Briefly justify your choice.

1.

A high value of di/dt is more harmful for a thyristor than a high value of
dv/dt.

As the ambient temperature increases, the turn-on time of a thyristor increases
but the turn-off time decreases.

The advantages of a MOSFET as compared to a power transistor are the
following: (i) under high-frequency conditions the losses of the MOSFET are
very high and (ii) the ON state voltage drop of the MOSFET increases with a
decrease in voltage rating.

In the turn-on snubber circuit provided with a power transistor, the diode D,
connected across the inductor L ensures that the current does not flow through
R, during the turn-off of the device.
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. The magnitudes of the gate triggering voltage and gate triggering current for
a thyristor are independent of the ambient temperature.

It is possible to determine the latching current value in a laboratory.
The maximum permissible magnitude of the ac supply frequency to which a
thyristor with a turn-off time of 60 ps is connected is 8060 Hz.

. In a UJT relaxation oscillator circuit, increasing the value of R; results in a
decrease in the pulse frequency.

. In the circuit of Fig. 1.94, if the initial dv/dt works out to 1 V/us, then the
value of R; has to be 80 .
L=5mH
O
%Z\ %RS
Thy \
J — CS
E=150V — — vo)=50V
{] Riq
Fig. 1.94

When determining /.y, from thermal considerations, the values of the thermal
capacitances cannot be ignored, as this will lead to erroneous results.

In a UJT firing circuit, a low value of R4 is always desirable from the gate
protection point of view.

A reverse gate-to-cathode voltage is not desirable for a thyristor.

It is possible to design an automatic temperature control system for an oven
using a single thyristor and the associated circuit.

The turn-off time of a thyristor decreases with increase in temperature.

In the parallel capacitor turn-off circuit, it is advantageous to use a very large
resistance for the second leg.

The continuous current rating /@y of a thyristor increases when S, the
thermal resistance between the junction and the casing, is decreased.

It is not possible to determine the holding current of a thyristor in a laboratory.

In a UJT firing circuit, the higher the value of the capacitance, the larger will
be the pulse height.

The turn-off gain of a GTO is defined as the ratio of the average current rating
I F(ay) of the thyristor to the minimum gate current required for its turn-off.

Power transistors can be employed for higher switching frequencies than
thyristors but for lower switching frequencies than GTOs.
A power electronic circuit using a GTO is more reliable than a circuit using

power transistors because GTOs have less chances of failure under a short-
circuit fault.
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Two power transistors cannot be connected in parallel whereas two MOSFETs
can be.

The MOSFET is more efficient for use in low-frequency switching conditions,
whereas the power transistor is more efficient under high-frequency conditions.

The IGBT has a higher ON state resistance than the MOSFET.
The IGBT has a lower switching frequency as compared to the MOSFET.

It is advantageous to use a DIAC and not a conventional diode in the gate
circuit because a DIAC can conduct in both directions.

Using a PUT in a relaxation oscillator is advantageous over a UJT because it
has a high peak current /p and low values of Rgg and /.

InaUJT relaxation oscillator if the resistance Ry is doubled, the pulse frequency
is halved but the pulse height remains unaffected.

The MOSFET has a smaller safe operating area as compared to the power
transistor.

In the parallel turn-off circuit of Fig. 1.95 with data E =60V, Ry =4 €2, and
torr of the thyristor = 35 s, the size of the capacitor should not be less than

8 uF.
R|d R1
C
E—
Thy Thy

Fig. 1.95

In the TRIAC triggering circuit of Fig. 1.96, if the DIAC is replaced by two
diodes connected antiparallel, the operation of the circuit will be inferior to
that using the DIAC.

Rid
VYV
MT,
e TRIAC DIAC /5"
supply@ G

Fig. 1.96
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The forward recovery time fopr is more than the reverse recovery time ¢,
because the junction J, takes more time for forward recovery than the junctions
Jp and J..

Short Answer Questions

1.

Discuss briefly the voltage commutation and current commutation techniques
used for the commutation of thyristors.
Explain the two-transistor analogy of a thyristor and derive an expression for
the anode current I, using this analogy.

. Explain the role of the diode D, in an RC firing circuit. How does the

synchronization of the firing pulse with the input ac supply take place in a
thyristor?

Name some negative resistance devices other than the UJT and give their
characteristics.

How is the negative resistance property of the UJT helpful for its operation as
an oscillator?

Develop the thermal model of a thyristor and explain its use.

7. Discuss the turn-off mechanism of a thyristor.

10.
11.
12.

13.
14.
15.
16.
17.
18.

19.

20.

21.

22.

23.

. Describe the events that take place when a thyristor is subjected to a slowly

increasing reverse voltage.

Give a typical circuit in which a DIAC is used and explain its role in the circuit.
How can the latching current and holding current be determined in a laboratory?
Compare the features of a PUT with those of a UJT.

Explain the difference in construction of an inverter grade thyristor over a
conventional one.

Compare the features of a GTO with those of a conventional thyristor.
Compare the features of a GTO with those of a power transistor.

Compare the features of a thyristor with those of a power transistor.
Compare and contrast an IGBT with a power transistor.

Explain how the second breakdown phenomenon occurs in a power transistor.

List out the different voltage ratings of a thyristor, give their definitions, and
show their location on a typical thyristor characteristic.

How is the average current rating of a thyristor determined with the help of the
thermal model of the device?

How does an RC triggering circuit provide a wider range of o as compared to
an R triggering circuit.

How are the current ratings fixed for the thyristors Th; and Th; in an auxiliary
resonant turn-off circuit?

Explain the events that will take place if, in a parallel capacitor turn-off circuit,
Th; fails to turn off when Th; is triggered.

Explain how a power transistor can be safeguarded against current and voltage
transients. What is their effect on the safe operating area of the device?
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How is protection against direct overcurrents provided for a thyristor?
How is the gate of a thyristor protected against overcurrents and overvoltages?

Explain with the help of a diagram how the limitations of gate voltage and gate
current arise for a thyristor.

Explain how the turn-on and turn-off snubber circuits reduce the power losses
during the switching operations of a power transistor.

Compare the turn-off mechanisms of a TRIAC and a thyristor.
Write short notes on the (i) SITH, (ii) LASCR, and (iii) MCT.
Discuss the switching performance of a power transistor.

Explain the difference in construction of a power MOSFET as compared to a
conventional MOSFET.

Discuss the protection afforded to the thyristor against (a) steady overcurrents
and (b) current transients.

Give a firing circuit for a thyristor that uses a saturable reactor.
Explain how the thyristor gets triggered with a high dv/dt.
Describe a gate triggering circuit in which digital ICs are employed.

For the circuit given in Fig. 1.97, compute the value of R; that gives a maximum
dv/dt of 100 V /pus.

L =10 mH

%Rs
C4=15 },I.F

- Cs=5uF
E=100V _— —T

R4=200 Q
Rld =20Q

Fig. 1.97

Comment on the following statement: ‘When subjected to slowly increasing
overvoltages, the thyristor needs overcurrent protection but not overvoltage
protection.’

Explain how the values of the Ry and R, are determined for a resistance firing
circuit. Explain the role played by the resistance Rp connected between the
gate and the cathode.

Justify the following statement: ‘The thyristor exhibits the property of
hysteresis.’

Define the reverse recovery time of a thyristor and explain how it can be
determined in the laboratory.

What are the factors governing the rise time during thyristor turn-on?

List out the factors on which the recovery time fopr of a thyristor depends.
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Explain how the switching losses of a power transistor increase under inductive
load conditions.

Explain the turn-on and turn-off processes of a GTO with the help of the
two-transistor analogy.

Explain the mechanism of firing of the thyristor for an anode-to-cathode voltage
less than Vepg in the presence of a gate signal.

Why do the Vi versus ¢ as well as the I versus ¢ characteristics of a thyristor
with R + L load differ from those of a thyristor with a purely resistive load?

Explain the role played by the junction J;, of a thyristor (a) during turn-on, (b)
during turn-off, and (c) when a slowly increasing voltage is applied across it.

Compare the operation of the circuits given in Figs 1.98. Draw the load voltage
waveforms in both the cases.

D

0 S

DIAC

(a) (b)

Fig. 1.98

Explain the significance of the RBSOA diagram of a power transistor.

Explain how the selection of a particular heat sink affects the /() rating of a
thyristor.

Justify the following statement: ‘With a decrease in the conduction angle from
180° to 120°, its average thyristor current rating should also be reduced’.

What are the factors that govern the I,y rating of a thyristor?

Problems

1.

For the circuit of Fig. 1.99, determine the values of L and C given the
following data: £ = 200 V, R; = 664 Q, t, (pulse duration) = 1.5 ms, and
Ly = (\/g/z)lc(max)-

Ans. L =0.206 H, C =0.62 pF

. The circuit of Fig. 1.100 has the following data: £ = 150 V, L = 10 mH,

ry, (resistance of the inductor) = 0.1 2, Rjg =0.7 2, and C =70 pF. Determine
(1) the expression for the current i (¢), (ii) the pulse width, and (iii) the time for

v, to attain a value of 1.4E.
Ans. i(t) = 12.56 sin wt with w = 1196 rad/s, t, = 2.63 ms, and the time for
v, to attain 1.4E is 1.66 ms

. The following data are given for a UJT: Vp =22V, Ip =50 pA, Vy =0.8 V,

Iy =48 mA, n =0.73, Rgp = 6.95 k2, and Rg,(con) = 65 Q2. Determine the



Exercises 115

E— fig

Fig. 1.99

Rid

Th

E— E C ch
Iy
l

Fig. 1.100

various elements of the UJT relaxation oscillator for this device. Compute
the maximum frequency range and pulse height obtainable with the designed
oscillator.
Ans. Vi=30V, C =0.08 uF, R; = 154 k2, R, =6 k2, R3 =700 €,
Ry =70 2, fmin =60 Hz, fiax = 1591 Hz, and pulse height = 11.4 V
. Determine the values of V, L, and C for the circuit of Fig. 1.101 with the
following data: Load current is not to exceed 0.8 A, output frequency of
the inverter = 50 Hz, Q factor of LR combination = 0.35, load resistance
Riq =220 €2, and the resistance of the inductor is to be neglected.

C L
— | |
1T
c
Thy Th,

v

]
1
Inverter

Fig. 1.101

Ans.V =176V, L=0.245H, C =41.4 pF
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5. (a) The circuit of Fig. 1.102(a) is used to determine the (di/dt)max and
(dv/dt)max ratings of the thyristor. R, is increased in steps and the switch
Sw is closed to trigger the thyristor. The thyristor gets triggered with R,
= 10 Q. Determine the values of (di/dt)m.x and (dv/dt)max given the
following data: E =100V, L = 6 pH, and v.(0) =50 V.
(b) Using the (di/dt)max and (dv/dt)max computed in (a), design the values of
L, R, and C; of Fig. 1.102(b) given E = 100 V and V,.(0) =50 V.
Ans. (a) 8.33 A/us, 83.33 V/us; (b) 20 uH, 25 €2, 0.032 uF

. Sw s

R, Rs
Th Th
L . C L Cs
E— ha E— Id
Rig Ria
(a) (b)
Fig. 1.102

6. For the circuit of Fig. 1.103 determine the size of the capacitor required and
sketch the waveforms of vy, ith,, and ijq. The data for the circuit are E =
63V, R = Rg=4 %, topr of Th; =33 us.

Ans. C =12 uF, 4 is 15.75 A and shoots up to 31.5 A,
ith, has peaks of 31.5 A and 47.25 A

Rig Ry
C
= —
— Thy Tho
Fig. 1.103

7. The auxiliary resonant turn-off circuit shown in Fig. 1.104 has the following
data: E =100V, R4 =10 Q, L =4 mH, and C = 10 pF. Compute (a) the
maximum current that the thyristor Th; has to carry and (b) the turn-off time
of Th;. Sketch the waveforms of the voltage across Thy, current through Th;,
and load voltage vyg.

Ans. ITh]M =15A, topr =110 us

8. For the UJT relaxation oscillator of Fig. 1.105, the following data are given:
Ip=65pA, Vp =195V, Iy =52 mA, Vy =058 V, n =0.65, Rgg = 7.5 kL,
Rg, (con) = 60 Q.
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Fig. 1.104

Fig. 1.105

(i) Determine the minimum value of R, and the corresponding pulse
frequency.
(i) By what factor does the pulse repetition rate increase or decrease if C is
reduced from 0.55 pF to 0.40 pF?
(iii)) By what factor does the pulse height increase or decrease if Ry is decreased
from 40 Q to 25 Q7?

Ans. (1) Ry(miny = 5.66 k2 and the corresponding fi.x = 306 Hz,
(ii) increases to 1.37 times the original frequency,
(iii) decreases to 0.735 times the original height

9. For the thermal equivalent circuit of Fig. 1.47(b) the following data are given:
0; =85°C, 6, =25°C, Bj. = 0.41 °C/W, and B, = 0.09 °C/W. By choosing
an appropriate heat sink from the curves of Fig. 1.47(c) and using the power
dissipation versus average current curves of Fig. 1.46, determine the average
current rating I,y of the associated thyristor for 120° conduction.

Ans. Curve g is selected for the heat sink, P,y =60 W, Ip@) =40 A

10. The centre-tapped phase shifting circuit shown at the bottom of Fig. 1.106 is
utilized to fire the thyristor rectifier shown at the top. By drawing the phasor



118 Thyristor Physics
diagram of the phase shifting circuit, determine the range of « that can be

obtained if R is varied from 2 k2 to 6 k2.
Ans. Range of « is 35°-87°

a a
Q)
a g % )
N C
T (0.5 uF)
7

Fig. 1.106

i

\/

11. Figure 1.107 shows a resistance firing circuit. Given V =240V, Ry = 15 ,
and the maximum and minimum gate current ratings as 12 mA and 3 mA,
respectively, estimate the values of R, and R,.

Ans. Ry =9k, R, =9kQ

R
¥
-~ Vid >
Ry
Ry

su?;;)ly @ X W

v = Vsinot

Fig. 1.107

12. In the circuit of Fig. 1.106, if the resistance is kept constant at 4 k2 and the
capacitance varied from 0.02 pF to 0.45 uF, determine the range of « that can
be obtained.

Ans. 3°-59°

13. The phase shifting circuit shown in Fig. 1.108 is utilized to fire the thyristor
which rectifies the same ac supply. (a) Determine the range of « that can be
obtained if R, is varied from 1 k2 to 5 k€2. The transformer ratio is 220 V/110 V
for both the secondaries; the supply frequency f is 50 Hz. (b) Find the value
of R; to obtain a firing angle o of 30°.

Ans. (a) oy = 14°, ap =64°; (b) R; = 2.1 k2
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Riq
[AAA]
Load jTh
o
a
Q)
a a %Rﬁ
O L C
E | ©auF)
Fig. 1.108

(a) The parallel resonant turn-off circuit of Fig. 1.109 has the following data:
E =150V, Ry = 500 , t, (pulse width) = 1.8 ms, and fig = Ic(max)-
Determine the values of L and C.

Fig. 1.109

(b) If now it is desired to provide reliable commutation by making Ijq =
0.91(max), by how much should the value of C be increased or decreased?
Also compute the new pulse width.

Ans. (a) L =0.19 H, C =0.764 puF; (b) increase in C by 0.174 pF;
new t, = 1.8 ms

The following data pertain to the circuit given in Fig. 1.110: E = 100 V,

V.(0)=60V, Rig =20 2, (dv/dt)max = 320 V/us, (di/dt)max = 12 Alus, and

Ithm = 12 A. Determine the values of L, R,, and C,. [Hint: See worked out

problem in Section 1.7.1.]

Ans. The final designed values are Ry =27 2, L =7.5 uH,
and C; = 0.01 pF

Suggest a heat sink and estimate the thermal resistance of the heat sink, given
the following data for a thyristor whose conduction angle is 120°, 6= 75 °C,
9a= 25 OC, ,Bjcz 0.20 OC/W, ,Bcs= 0.10 OC/V\], and IF(av) =43 A.

Ans. The heat sink corresponding to curve d, S;,= 0.50 °C/W

For the auxiliary resonant turn-off circuit of Fig. 1.104, the following data are
given: E =110V, Ryg = 15 Q, Ithm = 10.5 A, and topr of the thyristor is 40
ps. Determine the values of L and C for successful turn-off.
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Th

E— g

Fig. 1.110

Ans. C =2.5puFand L =3.0 mH

The data for the auxiliary resonant turn-off circuit of Fig. 1.104 are as follows:
E=120V,Ry=14Q, Itnpm =11 A, and C =4 pF.
(a) Compute the value of L for successful turn-off.
(b) If now the value of C is doubled, compute the percentage of excess current
through the thyristor.
Ans. (a) L=9.77TmH, (b) Alt, =9.1%

In the parallel capacitor turn-off circuit of Fig. 1.38(a), the battery has a voltage
of 68 V, the load resistance is 5 €2, and the value of the capacitance just required
for turn-off is 11.43 uF. Estimate the turn-off time of the load thyristor. Also,
sketch the waveforms of vry,, i, and v, with values also noted therein.

Ans. 40 ps

The auxiliary resonant turn-off circuit of Fig. 1.104 has the following data:
E =126V, Rig =18 Q, IThm = 16 A, and topr of the load thyristor = 42 ps.
(a) Estimate the values of L and C. Sketch the waveforms of iy, V¢, iTh,,
and i..
(b) If the value of L is increased by 50% compute the new value of Itpy.
Ans. (a) C =2.12 yF, L =0.42 mH; (b) 14.3 A
Design a PUT-based relaxation oscillator, given Vec =26V, Ig=1.1mA, Vp =
11V, the pulse frequency is 90 Hz, the pulse height is 7 V, and the conducting
resistance of the device is 32 Q.
Ans. Ry = 20-kS2 potentiometer, R, =21 k2, R3 =56 2, Ry =32.2 kL,
Rs =23.6k2, and C =0.5 uF

For the RC firing circuit of Fig. 1.111, determine the values of R, R,, and C
given the following data: V =240V, Igrmax) = 13 mA, IgTmin) = 1.5 mA, Vg
=1.2'V, Rjq = 12 Q. The firing angle ranges from 0° to 110°. Vp, can be taken
as 0.7 V.

Ans. Ry =8 kQ, R, =20-kS2 potentiometer, and C = 0.91 pF
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CHAPTER 2

Controlled Rectifiers

2.1 Introduction

During the first half of this century, the ignitron, which is a voltage controlled
gas tube, was widely used for controlled rectification. With the advent of the
thyristor, the ignitron has been replaced not only in rectification circuits but also
in various other power-control equipment. In all subsequent treatment, the words
‘converter’ and ‘rectifier’ will be treated as synonymous terms. The advantages
of using the thyristor as an element for controlled rectification are as follows.

(a) A firing circuit (or a gate control circuit) can be constituted with the help of
digital electronic devices, a recent trend being the use of microprocessors
for this purpose. These IC chips are mounted on printed circuit cards which
can be conveniently housed in card cages.

(b) Thyristorized circuits are compact and need very little maintenance.

(c) By properly changing the firing instant, thyristorized rectifier circuits can
also be used for inversions. This mode of operation is adopted in applica-
tions, such as hoist control, that involve regenerative braking.

(d) A controlled rectifier is an important component of a dc drive, which consists
of a dc motor, a rectifier, and thyristorized power-control circuits together
with relevant firing circuitry. Dc drives are driven by rectifiers whereas ac
drives are controlled by inverters, ac controllers, or cycloconverters. In dc
drives the speed of the motor is controlled by varying the armature voltage.
On the other hand, speed control of ac drives involves the variation of both
the magnitude and frequency of the applied voltage. Though the commutator
of a dc motor makes it a costlier proposition, the precision obtained with it
for speed control is higher than that obtained with an ac drive. When used
for rectification purposes, a thyristor does not need a separate circuit for
turning off. This is because, in the negative half-cycle, the polarity of the
anode-to-cathode voltage applied to the device is reversed and this turns the
thyristor off in a natural manner.
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Thyristorized drives may be conveniently converted into closed-loop speed
control systems, thus deriving all the advantages of such control. In these
systems, a signal proportional to the actual shaft speed of the drive is
compared with a signal that represents the desired speed. The error so
obtained adjusts the firing angle to restore the speed to the nominal value.

The following are some of the drawbacks associated with thyristorized rectifiers.

(a)

(b)

(©

(d)

(e

The waveform of the voltage obtained after rectification is of a pulsating
nature and therefore contains harmonics. The harmonic content increases
with the firing angle. Such a rectified voltage is not suitable for certain load
circuits. To obtain a fairly constant voltage at the load, smoothing (or filter)
circuits have to be employed, but these add to the cost of the rectifier.

The harmonics cause excessive heating due to increased iron losses in the
armature of dc motors. Therefore, special precautions like providing high-
quality insulation and extra cooling arrangements become necessary.

When the load current of a rectifier is made constant by means of smoothing
inductors, the thyristors in each phase carry rectangular pulses of current.
Consequently, the current in the primary of arectifying transformer is usually
not sinusoidal. This causes some derating of the rectifier transformer. It thus
becomes imperative that a transformer of appropriate capacity, over and
above the load power that is supplied, be installed after an assessment of the
extent of derating.

Thyristorized circuits are subject to overvoltages and overcurrents. This may
be, to a large extent, due to switching transients caused by the presence
of smoothing inductors, capacitors, and transformers in the circuit. For
safeguarding the circuits against such transients, protective features and
also some redundancy of devices are essential. However, these add to the
cost of the circuitry.

The presence of harmonics causes an increase in the RMS value of the
input current and this causes additional heat dissipation in the conductors.
The effective resistance also increases due to the skin effect caused by the
harmonic frequencies. Thus there is an increase in the overall ohmic loss,
resulting in a decrease of the power factor presented to the input supply
system.

In spite of the above-mentioned drawbacks, thyristorized converters have become
popular because of their compactness as well as other merits enumerated earlier.
They have found extensive use in all types of industry involving speed and power
control.

After going through this chapter the reader should

know the different configurations of single- and three-phase, half-wave
controlled rectifiers as well as the topologies of single- and three-phase,
full-wave controlled rectifiers,

understand how the concept of single- and three-phase rectifiers can be
generalized to n-phase rectifiers and how analyses are made with different
types of loads,
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e become familiar with the inverting mode of a converter,
e know how a quantitative expression for the ripple factor can be obtained,

e realize that overlapping of conduction occurs for thyristors in an n-phase
rectifier when the source inductance has a significant magnitude, and know
how the average voltage output of the rectifier gets reduced because of this,

e know how to evaluate the rectifier efficiency and derating factor for different
rectifier configurations,

e get acquainted with dual converters and their operation with simultaneous
and non-simultaneous control,

e become familiar with different methods for braking of motors, and

e understand how the power factor of a rectifier can be improved by using
common forced commutation methods.

2.2 Single-phase Rectifiers

A thyristor conducts only in one direction under the control of the gate signal
and this feature makes it an ideally suited device for controlled rectification.
Depending on the type of ac supply, such circuits are classified as single-phase or
polyphase rectifiers. They are also called phase-controlled rectifiers because the
firing angle, which is measured with reference to the zero crossing of the voltage
waveform, can be controlled over the range 0°—180°.

The circuit and waveforms of a single-phase, half-wave rectifier feeding a
resistive load are illustrated in Fig. 2.1. The thyristor starts conduction only in the
positive half-cycle at an angle «, which is determined by the gate current signal
applied by means of the firing circuitry. The load current waveform also starts
at the angle «; its instantaneous magnitude is given by (Vig — Utn(con))/ Ria- Here
UTh(con) 18 the voltage drop across the conducting thyristor and is of the order of
1-2 V. For analysis purposes, an ideal thyristor with negligible drop is assumed
and vThcon) 1 taken to be negligible, thus approximating the instantaneous value
of current as vyq/Ryy. For a resistive load, the thyristor stops conduction at the
angle 7, at which the voltage waveform attains its zero.

The circuit and waveforms of a single-phase, half-wave rectifier feeding an
inductive load are shown in Fig. 2.2. The thyristor stops conduction at an angle
o, > m, but not necessarily equal to w + «; its actual value depends on the
L4/ R\q ratio. It can be stated that conduction beyond 7 is caused by the inductive
energy stored during the period « to 7. The load voltage becomes negative from
7 to o, whereas the current remains positive. Thus, the power becomes negative
during this interval and can be interpreted as power being fed back from the load
to the ac source.

The average load voltage V,, can be obtained as follows:

1 e

V, = — |V, sinotd(wt) 2.1)
2 J,

which works out to give

Vin
Vo = —(cosa — cosa,) 2.2)
2
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Fig. 2.1 Single-phase, half-wave controlled rectifier with resistive load: (a) circuit,
(b) waveforms

For a resistive load, a, = m and V,, becomes (V,,/27)(1 + cos «). On the other
hand, for o, > 7, say @, =7 + B, the average voltage becomes (V,, /27 )(cos o +
cos B), its value decreasing with increasing 8. It is evident from this that the
negative part of the voltage waveform (after 77) causes a reduction in the average
voltage.

The single-phase, half-wave circuit is usually not employed because the ripple
content in the load voltage is high and the load current becomes discontinuous
even with normal values of load inductance.

2.2.1 Single-phase, Full-wave Circuit with Centre-tapped
Secondary

The circuit shown in Fig. 2.3(a) consists of a single-phase controlled rectifier
fed by a centre-tapped transformer and supplying an inductive load. By virtue of
the centre tap, v; and v, are each equal to half the secondary voltage, but have
opposite polarities. Conduction of Th; is initiated by a firing pulse ig; at an angle
« from the zero crossing of v;. Th; continues to conduct up to w + « because
of the load inductances. Th, starts conduction at 7 + « because (i) v, is in its
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Fig. 2.2 Single-phase, half-wave controlled rectifier with inductive load: (a) circuit,
(b) waveforms

positive half-cycle and (ii) the trigger pulse ig; starts its (Th,) conduction. With
sufficient inductance in the load, the current ijy becomes continuous and attains
a nearly flat shape as shown in Fig. 2.3(b). It is evident from this figure that the
load current is conducted alternately by the thyristors Th; and Th;. Neglecting
the drop of the conducting thyristor, the voltage vy, across Th; becomes zero in
the interval « to 7 4 «. Also, when Th, is on, the full secondary voltage 2V, is
impressed against Th;.
The average voltage V,, across the load is given by

2 T+ ) 2Vm
e = — Vusinwt d(wt) = —— cosa 2.3)

21 Jq b4
If the drop across the conducting thyristor is significant, the actual average load
voltage is obtained by subtracting this drop from V,. The conduction will be
discontinuous when the load is either purely resistive or purely inductive with
a small L/R ratio. In the purely resistive case, simple integration shows that V,
equals (V,,/2m)(1 + cosw). This average is greater than that obtained with an
inductive load.
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Fig. 2.3 Single-phase centre-tapped secondary type of full-wave rectifier:
(a) circuit, (b) waveforms

2.2.2 Single-phase, Full-wave Bridge Rectifiers

The bridge type of controlled rectifier is widely used because of its versatility.
Whereas the application of the half-wave converter is restricted to motors of 2
kW and below, the full-wave bridge converter is used to drive dc motors having
capacities up to 20 kW. It is shown in a later section that a dual converter
consisting of two bridge converters connected in a back-to-back configuration
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is especially suited for hoist control because it facilitates reversal of rotation as
well as regenerative braking. The following four configurations are possible for
the full-wave bridge circuit, depending on the number of thyristors used in the
circuit:

(a) uncontrolled bridge,

(b) half-controlled bridge,

(c) fully controlled bridge, and

(d) diode bridge accompanied by a single thyristor.

The uncontrolled bridge with semiconductor diodes as rectifying devices provides
a basis for comparison for the other types.

The uncontrolled bridge circuit and its waveforms are given in Fig. 2.4. The
basic circuit of Fig. 2.4(a) is redrawn as in Fig. 2.4(b) for clarity. This latter
configuration shows that the load voltage can be considered to be the difference
between the voltages V4 and Vp, where A and B are the top and bottom terminals
of the load. Both the voltages are measured with respect to the centre point N
of the secondary. During the positive half-cycle, diode D; connects point A to
the top terminal of the secondary, and diode D3 connects point B to the bottom
terminal. Similarly, D4 and D; are connected to points A and B, respectively, in the
negative half-cycle. The load voltage equals v4 — vy, where the drops occurring
in the two conducting devices are also taken into consideration. This is true also
for the fully controlled and half-controlled bridge configurations. Figure 2.4(d)
illustrates the condition of the secondary terminals E and F', respectively, having
negative and positive polarity. Under this operating condition, D, and D4 become
the conducting diodes and the secondary voltage gets impressed against both D
and D3, which therefore attain the blocking state. It is evident that these blocked
diodes have to withstand the peak value of the secondary voltage. On the other
hand, when terminal E becomes positive with respect to F, the roles of the diode
pairs get reversed. The full-wave bridge circuit is superior to the half-wave one
because the negative half of the supply waveform is also rectified by it. The entire
ac waveform of the secondary winding is thus utilized for rectification. The actual
load current waveform may be pulsating, as shown by the dashed curve for iy
in Fig. 2.4(c). However, in the discussion that follows, it will be assumed for
simplicity that sufficient inductance is available in the load circuit, so that the
load current will have a flat characteristic.

ac
supply @ Vs v =V, sinot

Fig. 2.4(a)
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The effect of the presence of a large inductor in the load circuit can be explained
with the help of the time constant concept as follows. In a series R L circuit, a large
value for the inductor makes the time constant (L/R) large, and correspondingly
the droop of the current curve is large. In the limit when L is infinitely large, the
current attains a flat characterstic.

The instantaneous load voltage is seen from Fig. 2.4(c) to be the sum of the
average voltage V, and the ripple voltage V,, the latter fluctuating about V,
with « taken as zero. V,, is obtained from Eqn (2.3), with « = 0, as 2V,, /7.
The load voltage waveform has a two-pulse characteristic showing thereby that
the ripple frequency is twice that of the supply frequency. It will be shown in
a later section that the load voltage waveform gets smoothed with an increase
in the ripple frequency. In both single-phase as well as multiphase rectifiers, the
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Fig. 2.4 Single-phase, full-wave uncontrolled bridge rectifier with inductive load:
(@) circuit, (b) circuit variation, (c) waveforms, (d) circuit illustrating
reverse voltage applied across D| and D3

ripple frequency can be seen to be a simple multiple of the supply frequency.
Characterization of the ripple content by suitable factors will provide quantitative
knowledge of the ripple. This aspect is dealt with in Section 2.5. A series inductor
is used for suppressing the ripple in the current waveform, showing that it acts as
a smoothing element.

The circuit, circuit variations, and waveforms of a half-controlled bridge
rectifier are shown, respectively, in Figs 2.5(a), (b), and (c) (Lander 1981). With
the load voltage equal to v4 — v, the freewheeling diode Dgw conducts the load
current when the thyristor is in the blocking state. In the absence of Dgw, the load
current forces itself through the blocked thyristor, causing excessive heating and
damaging it. Dgw is also known as the flywheeling diode because it is similar to
a shaft mounted flywheel. This diode ensures flow of current through the load
when the load thyristor is in the blocking state. The energy gained by the load
inductance during the conducting state of the thyristor is dissipated in the load
resistance in its OFF state.

Figure 2.5(b) gives a rearrangement of the thyristors and diodes so that the
diodes D; and D, can provide a freewheeling path for the load current. If Dgw is
now connected across the load, it provides a preferred path because the forward
resistance of a single diode is less than that of two diodes. The rectifier circuit
of Fig. 2.5(a) also has the following freewheeling paths: during the interval OP
[Fig. 2.5(c)], the thyristor Th, and D, form a freewheeling path; also in the
interval OR, the devices Th; and D; constitute the freewheeling path. However, a
preferential path exists through the freewheeling diode Dgyw as explained above.
Though the ip,, pulses are shown to be flat, they are actually slightly sloping
curves because of the dissipation of the inductive energy of the load. It can be
shown that the average voltage V,, in this case works out to (V,,/7)(1 + cos @).

A fully controlled bridge circuit and its waveforms are given in Fig. 2.6, in
which either the thyristor pair Thy, Ths or the pair Th,, Thy conducts at a time.
The resistors forming the pair have to be fired at the same instant.
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Fig. 2.5 Single-phase half-controlled bridge rectifier with inductive load and a
freewheeling diode: (a) circuit, (b) circuit variation, (c) waveforms
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Assuming continuous conduction, the average voltage for the half-controlled
rectifier can be shown to be

2V,
Vo, = —cosa 2.4)
bid

With discontinuous conduction, the average voltage becomes
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Fig. 2.6 Single-phase fully controlled bridge rectifier: (a) circuit, (b) waveforms

Vm . T . b
Vo=— [sm (ae — —) — sin (oz — —)]
T 2 2

Vin
= — (cosa — cos ) 2.5
T

where «, is the angle of extinction. In Section 2.3, expressions for V,, are derived
for an n-phase rectifier with different load configurations. With n = 2 this general
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expression can then be interpreted to be that of the average voltage for a single-
phase rectifier. Likewise, with n = 3, the expression gives the average load voltage
for a three-phase rectifier.

A unique feature of the fully controlled bridge converter is that, with « greater
than 90° (electrical), or 7/2 rad, the circuit functions as an inverter. Hence this
mode of operation of a fully controlled converter is called the inverting mode;
Section 2.5 is devoted to a detailed discussion on it.

A circuit that is commonly employed for the speed control of small dc motors
consists of a diode bridge rectifier followed by a single thyristor as shown in
Fig. 2.7(a). The thyristor controls the conduction angle in each of the half-cycles;
the symmetry of conduction is ensured by spacing the triggering pulses 7 radians
apart. With a supply frequency of 50 Hz, the pulse frequency for a unijunction
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Fig. 2.7 Single-phase diode bridge with a single thyristor in the load circuit:
(a) circuit, (b) waveforms
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transistor relaxation oscillator has to be fixed at 100 Hz for this purpose. The
continuity or otherwise of the load current waveform depends on the L/R ratio of
the load; the freewheeling diode Dgw serves the same purpose. The waveforms
for this circuit are given in Fig. 2.7(b).

2.3 Three-phase Rectifiers

Three-phase rectifiers are more commonly used because of the following reasons.

(i) Three-phase ac power is readily available.
(i1) It is economical to provide dc supply to dc motors of capacity 20 kW and
more from a three-phase rectifier rather than single-phase one.

(iii) The ripple frequency of the output current of three-phase rectifiers is higher
than that for single-phase ones. For instance, the ripple frequency for the
three-phase, half-wave and full-wave rectifiers of Figs 2.8(a) and (b) will
be, respectively, 1.5 and 3 times that for a single-phase, full-wave rectifier.
Evidently a smoother output voltage wave is obtained as this factor increases.
In addition to the ripple frequency, if the load is highly inductive in nature
the output current will attain a fairly constant nature.

Three-phase
ac supply

F%/%Eé
T/ T T Y Load Vig
J S5 5% s

VR Vy VB
l i Thy 7N Thy /N Th
Load V|d
ThGKThszSTh‘j;

(b)

Fig. 2.8 (a) Three-phase, half-wave controlled bridge rectifier; (b) three-phase,
full-wave fully controlled bridge rectifier



Three-phase Rectifiers 135

The three-phase rectifier circuits are examined in respect of the following
operational features: (a) average load voltage, (b) peak inverse voltage across a
single rectifying device, and (c) symmetry of the current waveform on the ac
supply side.

2.3.1 Three-phase, Half-wave Controlled Rectifier

A three-phase, half-wave rectifier feeding an inductive load and its waveforms are
shown in Fig. 2.9. The source for the rectifier is usually a delta—star transformer
as shown in Fig. 2.9(a) or a star—star one.
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ac supply
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Figs 2.9(a), (b)
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Fig. 2.9 Three-phase, half-wave controlled rectifier: (a) circuit, (b) waveforms
with discontinuous conduction, (c) waveforms with continuous conduc-
tion

The device connected to the phase having the most positive voltage at that
instant conducts, implying that only one device conducts at a particular instant.
The load voltage at any instant will be equal to the ac supply voltage minus the drop
across the conducting device. The current takes the following path: from one of
the phase windings of the three-phase source, to the thyristor connected to it, to the
load, and back to the neutral of the star-connected secondary. The ripple frequency
will be 3f, where f is the frequency of the ac supply. The load voltage and
current waveforms with a firing angle « and with discontinuous and continuous
conduction, are shown, respectively, in Figs 2.9(b) and (c). The voltage across
Th; shown in Fig. 2.9(c) indicates that the peak reverse voltage across it is V3V,
This can be analytically obtained as follows. The voltage across vry,, after Thy
starts conduction, is obtained as

vrh, (wt) = Vysinwt — V, sin(wt — 120°) (2.6)
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Setting dvrp/dt = 0 gives wt = 60° and Vhmax) WOrks out to be V3 V... The
average voltage can be shown to be
33

Vo, = —V,cosa 2.7
21

where V,, is the peak value of the phase-to-neutral voltage of the input ac
waveform.

At any instant, the secondary current is unidirectional, and hence the flux
in the core is also unidirectional, causing saturation of the core. The zigzag
configuration shown in Fig. 2.10(a) overcomes this drawback and provides an
alternating waveform on the primary side (i), as can be seen from the current
waveforms shown in Fig. 2.10(b) (Lander 1981).

Secondary

il
I
W

(b)

Fig.2.10 (a) Primary and secondary windings of a star/zigzag transformer;
(b) current waveform

2.3.2 Three-phase, Full-wave Rectifiers

The full-wave bridge configuration shown in Fig. 2.11(a) with diodes as the
rectifying devices is commonly used, as it gives an alternating current waveform in
the transformer primary and also has the merit of utilizing the negative half-waves
of the secondary voltage. The load is considered to be highly inductive so as
to make the diode as well as secondary current pulses rectangular. This full-wave
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circuit can be considered to be composed of two half-wave circuits as shown in
Figs 2.11(b) and (c). In Fig. 2.11(b), the load terminal A is connected between the
most positive phase and the neutral, each diode conducting for a period of 120° or
2m/3 rad. Similarly, in Fig. 2.11(c), the diode connections are such that the load
terminal B is connected to the most negative phase and the neutral. The load
voltage waveform vy shown in Fig. 2.11(d) is therefore the algebraic difference
between the top caps of vjq, and the bottom caps of vy4,, which are measured with
respect to the neutral of the secondary winding. The device pairs that conduct in
each interval are also indicated in the figure.

The net load voltage vy = vap = vay — Vpn 1S a pulsating one and is seen
to have a ripple frequency of 6f. The waveforms of iy, i, and iz confirm that
the primary current is alternating, although they are stepped in nature and hence
have harmonic content. Neglecting the diode drops, the average load voltage vig
is twice that of vq, or vy, thus being equal to (3\/§ /T)V,, volts.
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Figs 2.11(a)~(c)
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This uncontrolled bridge circuit serves as a reference for the half-controlled
and fully controlled full-wave bridge configurations which are considered below.
A three-phase, full-wave fully controlled bridge rectifier and its waveforms
are given in Fig. 2.12. The sequence of firing of the thyristors can be inferred
from the waveforms to be Thy, Thy, Thy, Thg, Ths, Ths. The average voltage at
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Fig.2.12 Three-phase, full-wave fully controlled bridge rectifier: (a) circuit,
(b) waveforms
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the load can be shown to be (3+/3 /m)V,cos a, with the firing angle o« measured
from the point G, which is the point of natural commutation for the thyristor Th;.
Likewise, the points H and [ are, respectively, the points of natural commutation
for Th, and Ths. The peak inverse voltage occurring against any thyristor is
V/3V,,, which is the same as the peak magnitude of the ac line voltage. The ripple
frequency remains at 6f as in the case of the uncontrolled bridge rectifier, but the
ripple content increases with «. The continuity or otherwise of the load current
depends on two factors, namely, the firing angle « and the load power factor, or
equivalently, the L/R ratio of the load. If the load were a dc motor, the back emf of
the motor would also influence this feature. Like the single-phase fully controlled
bridge, the three-phase, full-wave fully controlled bridge can be operated in the
inversion mode by increasing « to a value above 90°.

A unique requirement of this circuit is that two firing pulses spaced 60° apart
have to be provided for each of the thyristors to ensure proper functioning of this
circuit. This can be explained as follows. At any moment, two thyristors conduct
the load current, say, one conducting the positive half-wave of the R-phase and the
other conducting the negative half-wave of the B-phase. If the circuit is switched
on at the peak of the R-phase given by the point P, the next firing pulse to be
given is that for Thy at Q, for the negative half-wave of the B-phase. However,
thyristor Thy will not conduct unless Th; (which conducts the positive R-phase
waveform) is on, because at any instant, one device from the positive group and
another from the negative group has to conduct the load current. Hence, for starting
the operation of the circuit, the firing circuit must generate a second firing pulse
at an instant which is 60°after the first pulse for thyristor Th;; the pulses will then
be at P and Q, where wt, respectively, attains values of 60° and 120° from the
point of natural commutation of the R-phase. Likewise, two firing pulses spaced
by 60° have to be provided for each of the remaining five thyristors.

The circuit and waveforms of a three-phase, full-wave half-controlled bridge
rectifier feeding a highly inductive load are given in Fig. 2.13. This circuitemploys
three thyristors and three diodes and hence is less costly compared to the fully
controlled rectifier considered above. However, the presence of the diodes does

Zng %X/Thz %X/Ths

\p;, /\bp,

Fig. 2.13(a)



142 Controlled Rectifiers

~Thi— o Thy . Ths

’Z:] ; VR ; Vy ; \7Z:]
i i i

ot —

ot ——

A —
IThy - L . - "

' I | I ! ! [ Al —
N |
IThy e - ;

1 | | | Dl —>
iTh3 ; % % % ot R
1 | | . !
D4 ro T T ot —
i* . i | ]
o o : L ot —

YL | |

g T o Do L ot —»

b | 3 o B iR = ithy — iDs
R[] | | B ot —

(b)

IR

Fig. 2.13 Three-phase, full-wave half-controlled bridge rectifier: (a) circuit,
(b) waveforms

not permit the operation of this rectifier in the inversion mode. The ripple content
in the output voltage (viq) of this circuit is higher than that in the uncontrolled
circuit of Fig. 2.11. The unsymmetrical nature of the output current waveforms
can be attributed to the starting of the conduction of the thyristors only at «,
whereas the duration of conduction of the diodes is for a full period of 277 /3 rad.
With these operating conditions, the average load voltage can be shown to be
[3«/§ /2m)]V, (1 + cos ). This average will, however, be less for an inductive
load because the conduction of the thyristor continues up to 7= + ¢ instead of 7.

The circuit of a full-wave controlled rectifier fed by an interphase transformer
and its waveforms are shown in Fig. 2.14 (Lander 1981). Here the firing angle is
taken as zero for the sake of simplicity. Similar to the other three-phase, full-wave
circuits, the ripple frequency for this configuration will be six times that of the
input ac supply. Though an inductor is connected between the two three-phase
circuits, it is conventionally called an interphase transformer. If the reactor were
to be replaced by a solid connection, the circuit simplifies to that of the six-phase,
half-wave circuit shown in Fig. 2.32(a) with the thyristors replaced by diodes.
The physical dimensions of the reactor can be small because no unidirectional
flux is allowed to pass through the core.
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The reactor of Fig. 2.14(a) functions in such a way that at any moment one
diode in each of the groups conducts and the load voltage attains the average of the
two phases connected to these two devices. Considering the phases with voltage
vy of the right-hand group and those with voltage v, of the left-hand group to be
the conducting phases, the load voltage becomes

1
via(t) = 3 [Vm sinwt + V,, sin (a)t — %)]

= \/§2Vm sin (a)t - %) (2.8)

The two star groups being independent of each other, each of the devices conducts
for a period of 277/3 rad, making the device utilization as good as that in a three-
phase, full-wave circuit. The six-pulse character of the output is a consequence
of the connection of the two star circuits in phase opposition. The voltage of the
reactor is equal to the difference of the voltages of the two star groups and has
a magnitude of v,, /2 with a frequency equal to three times the input frequency.
The load voltage waveform with thyristors as the devices and a firing angle of «
is shown in Fig. 2.15.
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Fig. 2.15 Load waveforms for the circuit of Fig. 2.14(a) with a firing angle o
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2.4 Voltage and Current Expressions for an n-phase
Controlled Rectifier

The desire to obtain the smoothest possible output voltage waveform led to the
construction of multiphase rectifiers, the number of phases usually being 3 or
its multiples. Figure 2.32(a) gives the circuit diagram of a six-phase, half-wave
rectifier in which the phase difference between any two phases is 27/6 or 60°.
Twelve-pulse rectifiers are used for high-voltage dc transmission, which is dealt
with in Chapter 11. A separate analysis of single-phase, three-phase, and other
multiphase rectifiers is not usually done because it proves to be monotonous. A
better approach is to derive the expressions for the average load voltage and current
for an n-phase rectifier. The results can then be interpreted for a single-phase
bridge rectifier by taking n = 2, for a three-phase, half-wave rectifier by taking n
=3, and so on.

The load voltage and current waveforms depend on the type of load that is
connected. The following discussion is centred on the operation of an n-phase
rectifier with the following four kinds of loads (Csaki 1975):

(i) apurely resistive load (R),
(ii) a resistive load in series with a battery of voltage Ej, which is taken to be
an R + E;, load,
(ii1) an inductive load (R + L), and

(iv) aninductive load in series with a battery of voltage E},, which is taken to be
an R + L + E; load.

The last case covers the dc motor which is usually modelledas an R + L + E,,
type of load.

2.4.1 n-phase Controlled Rectifier Feeding a Purely Resistive Load

The circuit and waveform for this rectifier are given in Fig. 2.16. The thyristors
being considered are fired at an angle o with respect to the point of natural
commutation (point A on the wt-axis).

Had the firing angle been zero, Th;, Th,, or Th; would have conducted
continuously, that is, from A to B, B to C, and C to D, respectively, with a
conduction period of 27 /n rad for each device. If the firing angle of Th; had been
between A and E, the angle of extinction (or turn-off) would have extended to a
value beyond B; the conduction period would remain at 277 /n, with the thyristor
Th; starting immediately. However, if the firing angle is beyond the point E, that
is, with « > /2 — 7 /n, the angle of extinction remains at = because with a
resistive load, Th; ceases conduction at the zero crossing of the voltage. Defining
the angle of natural commutation, «, = w/2 — 7r/n, it can be concluded that
the conduction is continuous when @ < «, and discontinuous when o > «,.. The
points A, B, C, and D are therefore called the points of natural commutation.

The average voltage at the load can be arrived at as follows, with the origin
shifted to F (which is at the peak of the waveform of vg) for this purpose. The
instantaneous value of voltage for the R-phase can be expressed as

v(t) = V, coswt
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Fig. 2.16 n-phase, half-wave controlled rectifier feeding a resistive load: (a) circuit,

(b) waveforms

The average voltage V,, is obtained as

n /2
Vo=— V.. cos wt d(wt)

2 —(/n)+a
n . b4

=—V, [1 — sin ((x — —)]
2w n

and
Vo n V,

Iy, =

. T
——[1 — s1n(oc——
2w R]d n

Ru

)]

2.9)

(2.10)
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For continuous conduction, the angle of extinction o, becomes equal to 2w /n + o
and the average voltage becomes

n (—=m/n)+a,
V = — V.u cos wt d(wt)
2n (=m/n)+a

where o, = (27 /n) + «. Evaluation of the integral gives

n . b/ . b4
Vo = —V, [sm (oz + —) — sin (oz — —)]
21 n n

Using the well-known trigonometrical identity, V,, simplifies as

n LT
Vo, = —V,sin (—) cos o 2.11)
b4 n

Defining Vj as
n . T
Vo = —V,; sin (—)
b4 n

Eqgn (2.11) can be written as

Vo = Vhcosa (2.12)
The load current is then given as
Vi
[, = Qe8¢ (2.13)
R

2.4.2 n-phase Rectifier Feeding a Resistive Load in Series with a
Battery of Voltage F,

The circuit as well as waveforms for this rectifier are illustrated in Fig. 2.17. Here,
the continuity or otherwise of the current depends upon the magnitude of E;, and
the value of the firing angle «. With «, defined as before and oy = 7 /2 — w/n
—sin"'(E, / Vi), the following four alternatives have to be considered.

(a) E, <V, sina, =V, cosm/nand o < o; In this case there is continuous
conduction as shown in Fig. 2.17(b), because the value of E,, is below the point
on the sinusoidal waveform at which the previous thyristor gets extinguished. The
angle o is arrived at with the help of Fig. 2.17(f), which is an enlargement of the
crossing point of the vg and vg waveforms. E}, cuts the vg and vy waveforms at P
and Q, respectively, their projections on the wt-axis being R and 7', respectively.
If « is less than the duration ST, then the current will never become zero because
the load voltage waveform vyq is always above E},. Thus, the limit for continuous
conduction is with « = ST, where ST can be expressed as

ST =8U-TU
By symmetry,
TU = OR
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Fig.2.17 (a) Circuit of an n-phase controlled rectifier feeding a resistive load in
series with a battery of voltage E,. Voltage and current waveforms for
(b) Ep < Vpsin(w/2 —m/n) and @ < a5, (c) Ep < Viyusin(wr/2 — 7 /n)
and o > a5, (d) Ep > Vysin(w/2 —m/n) and o = sin”(Eb/Vm) —a,
and (e) Ep > Vpsin(r/2 — r/n) and o > sin~'(Ey/Vim) — a,. (f) Enlarged
waveform around the crossing of vg and vg.

(b) E, <V, sina, = V,,cos(ir/n) and o > o, In this case, conduction con-
tinues up to a point on the vz waveform which is below E,. The current is therefore
discontinuous as shown in Fig. 2.17(c).

(c) Ep > V,, sina, =V, cos(it/n) and « satisfying the inequality 0 < o <
sin_l(Eb/ Vin) — «, From Fig. 2.17(d) it is seen that A is the point of natural
commutation, implying that had « been equal to zero and had there been no battery
in series with the load, Th; would have started conduction at A. With a battery in
series, its voltage E cuts the input voltage waveform above the point A, whose
ordinate has the value V,,sin «,.. Hence, conduction will be discontinuous even
with @ = sin™(E,/ V,) — a,.
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d) Ey, > V, sina, = V,, cos(w/n) and o > sinfl(Eb/Vm) — o, With o >
[sin_'(E;, / Vi) — «,], the starting point of conduction will be above the point of
intersection of E;, with the sine wave. Hence, the duration of conduction will be
shorter than that in case (d), as shown in Fig. 2.17(e).

With the battery in series with the load, current flows only when the
instantaneous voltage is greater than E;. The expression for voltage and current
are arrived at as follows. For discontinuous conduction, the average voltage at the
load is

n —/n+a,
Vo=— Vin cos wt d(wt)

27T —1/n+a

1y, [sin (ae - E) — sin (a _ f)] (2.14)
2 n n

Also,
Vo, — Ef
[, = >+ —— (2.15)
Ry

where E} = Ep(o, — a)/(27/n).

Ej} is obtained by determining the area between the £, line and the waveform
of, say, vg between the limits « and «,, because o, — « is the duration of
conduction. In the case of continuous conduction, this difference becomes

2w 2
e — 00 = — or o, = o + —
n n
If this value of «, is substituted in Eqn (2.14), the expressions for V,, and I, reduce

to the expressions given below:

Ve, = ﬁVm sin <£> cos (2.16)
T n
and
Vo — E
I, = >+ ~* (2.17)
R

2.4.3 n-phase Rectifier Feeding an Inductive Load

Figure 2.18(a) shows an n-phase rectifier feeding a load consisting of an inductor
L4 in series with a resistance. As stated before, conduction may be discontinuous
or otherwise, respectively, depending upon the L/R ratio being low or high.

Figures 2.18(b) and (c) show the waveforms, respectively, for discontinuous
and continuous modes of operation. In the former case, the current becomes zero
between the instant at which the device connected to voltage vy stops conduction
and the moment at which the device connected to voltage vy starts conduction.
In the continuous mode, the current waveform does not touch zero but is in
the form of a ripple which momentarily dips at the instant of transition. The
expressions for average voltage and current with discontinuous conduction are
given in Eqns (2.14) and (2.15), respectively.

An alternative approach which facilitates the determination of «, is to write
the differential equation for the circuit and then solve for the current. This is
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Fig. 2.18 n-phase, half-wave controlled rectifier with an inductive load: (a) circuit,
(b) waveforms for discontinuous conduction, (c) waveforms for
continuous conduction
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motivated by the fact that usually «, is not known and only Rj4, Ly, and « are
given.

Considering discontinuous conduction and assuming that the thyristor
connected to vg conducts, the performance of the circuit is described by the
differential equation

d(ig)
dt

Equation (2.18) is written with the understanding that the origin of the ac voltage
waveform is at the positive-going zero of the vz waveform. The initial condition
with o) measured from the origin is

Rigig + Lig

= V,, sin wt (2.18)

. , T
=0 at wt=o;, =a+ - — —
2 n
or
, 1( +n n>
= —|«x —_—_—
w 2 n
and the final condition is
. , T T
qg=0 at wt:aelzae—l—a—;

or

; 1< +n 7T>
:—ae _—
w 2 n

Laplace transformation of Eqn (2.18) gives

(Ria + sLi)la(s) = zv'i
52+ w?
or

V.o
(Ria + sLia)(s? + w?)
Separating the right-hand side into partial fractions and performing inverse
Laplace transformation gives

ha(s) = (2.19)

Vm .
ia(t) = A[eTR/b 4 2 sin(wt + ¢) (2.20)
Ry + LY

where ¢ = tan~! (Liq/Ryq). Applying the initial condition ijg = 0 at wt = a
gives the value of the constant A, and the complete solution for ijy(¢) in this
discontinuous mode becomes

Vin
JRE + 0L

which can be split up as

ha(t) =

— Ryt —Oll/w)>]

[sin(wt —¢) — sin(a; — @)exp < 7
1d

(2.21)

ig(t) = i1(2) + i2(?)
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where i;(¢) and i,(¢) are, respectively, the steady-state and transient solutions.
Knowing the load power factor cos ¢ and the firing angle «, the instantaneous
value of ij4(#) may be determined from Eqn (2.21). The average value of the load
current is now obtained from the steady-state part as

nw [/

I, = — i1 (t)dt (2.22)
27 o/w

and the load voltage V,, can be written as
Vo = IRy (2.23)

The above method of arriving at I, and V,, requires the solution of the differential
equation and is hence not convenient. If a method can be evolved to determine
o1, then V, may be directly determined from Eqn (2.14) or (2.16) depending
on the conduction being discontinuous or continuous. The final condition can be
used for this purpose. Substitution of the condition

iy=0 at ot = o
or
= /®
in Eqn (2.21) results in the equation
e/ sin(or,; — ) — €™/ sin(a — ¢) = 0 (2.24)

Equation (2.24), which is of a transcendental nature, can be solved explicitly for
o.1- A much simpler method is to use the chart given in Fig. 2.19 to determine
o1, with the knowledge of the firing angle «; and the load power factor cos ¢.
The 45° lines in Fig. 2.19 are the demarcating or border case lines between
continuous and discontinuous conduction for various values of n. Given «; and
cosp=Ry/ (R,%l + led Y 2, the value of a,; may be read from the chart. Depending
upon whether the point lies above or below the border case lines, the mode of
conduction is also ascertained and the average values of the load voltage and load
current computed using the appropriate expression.

A special case of Eqn (2.24) is that obtained by taking «,; = @ + 27 /n, which
is the borderline case of o1 = acp. It can be obtained as

_{ sin@r/n —¢) + e F/Maein g
tcp = tan —2m /n tan ¢ _ —

e cos ¢ cos(2m /n — ¢)
In the continuous conduction mode, the value of the current /,, of Fig. 2.16(c)
can be determined as follows. Substituting the value of I, for ij4(¢) at wt = o; or

t = 1/w in Eqn (2.20) gives the value of the constant A. On substituting for A in
Eqn (2.20), iyq is obtained as

ha(@)=|In — L sin(a; — @) exp[f_i (ﬂ _ [>:|

Ry + Ly @

(2.25)

m

" inor + ¢) (2.26)

[ p2 2
Rig + @?Li;
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Fig. 2.19 Chart for determining o, for the rectifier of Fig. 2.18(a)

Again by substitution of the final condition i\q (t) = I, at ot = o, = ¢ + 27w /n,
I,, is obtained as

Vi ¢ |:Sill(061 -+ 27‘[/n — q‘)) — Sin(O{l _ ¢)e—27t/n tan ¢

Iy = R—ldCOS 1 — e—27/ntan¢

Now the average load current /, may be determined from Eqn (2.22) by taking
the expression given for ijg in either Eqn (2.21) or Eqn (2.26), respectively, for
discontinuous or continuous modes, with the expression for 7, as in Eqn (2.27).
Thus,

] (2.27)

I, = - / " iud(wt) (2.28)
21 Jo,

where o, = o1 + 27 /n for continuous conduction. Also,
Vo = E; + IRy (2.29)

where E} is equal to [(oe; — o1)/(27/n)]E}, for discontinuous conduction. For
continuous conduction, (c,; — ¢/1) becomes equal to 27 /n and E} equals Ey,.

2.4.4 n-phase Rectifier Feeding an Inductive Load in Series with a
Battery of Voltage E,

The circuit as well as waveforms for this case are given in Fig. 2.20. Similar
to the case of the inductive load, the expression for the average current can be
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obtained in two ways. The sequence of computation is to first obtain the average
voltage and then calculate the average current. For discontinuous conduction, the
expressions for V,, and I, can be obtained as

V, = (%) v, [sin (ae _ %) — sin (a - %)] +E, (1 - O;;/:) (2.30)

_L_

+ Ep
VR vy VB Rig
l Vid
Lig
Thi\/ Th, Ths
i +
—_—
(a)
Vid Ep

i1

Vid

Fig.2.20 n-phase, half-wave controlled rectifier feeding an R + L + E, load:
(@) circuit, (b) waveforms for discontinuous conduction, (c) waveforms
for continuous conduction
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and

Vo — E
J A " 2.31)
R
where o and ¢, are assumed to be given as data. Substitution of the relation
o, = o + 27 /n in the above expression gives the average voltage for continuous
conduction as

n LT
Vo = —V,sin (—) cos o (2.32)
T n

Alternatively, the differential equation for the circuit of Fig. 2.20 can be written
as
d (i)

Rygiig + L it = V,sinwt — E, (2.33)

with the initial condition

ig(t) =0 for wt = a; :a+£_

b4
2 n

T

or t:<a+———>/w
n

and the final condition

ha() =0 forwt =0, =a, + r_r or t= (ae—i— T z)/a)

2 n n

The solution obtained with the above conditions will be that for discontinuous

conduction. For continuous conduction, the corresponding initial and final

conditions on the load current coincide. Denoting ij4 as I,, at these points, these
are expressed as

. oy
ia=1, forot=a or t=—
w
and
. Qe
ia=1, forot=a, or t=—
w

respectively. Considering discontinuous conduction and solving the differential
equation with the first initial condition gives the load current as

E V, t —
fa() = | =% — ————sin(ay — §) | exp (_Rldw al)
Riq /Rlzd + szlzd wlyg
Vin . Ep
+—sin(wt — ¢) — — (2.34)

2 2 R
V Rig + @?Li 1

Substitution of the final condition in Eqn (2.34) gives the transcendental equation

E E .
[cosqb sin(ote; — @) — V_b:| et /and |:V_b — cos¢ sin(a; — ¢)] e /1an e

" " (2.35)
The chart in Fig. 2.21 represents this equation. It gives o, versus «; with the
parameters a = Ej,/ V,, and cos ¢ = Ria/(RZ + w*L)"?. With a = 0, it gives the
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Fig. 2.21 Chart for determining «| for the rectifier of Fig. 2.20(a)

same information as that contained in the chart of Fig. 2.19. As before, I,, for the
continuous current i)y of Fig. 2.20(b) can be obtained with the help of Eqn (2.34)
as follows. Using the initial conditions

. aq
iig=0 forwt=a; or t=—
w
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i14(¢) is obtained as

. E, Vi . Ry
ha() = | Iy + Y TR sin(a; — ¢) | exp I (wt — ay)
1d /Rlzd + a)lezd 1d
|7 . E
" Sin(wt — ¢) — —2 (2.36)

JRY + 2L} Rig

By making use of the final condition

. 2w 1 2
=0 for wt=a;+— or t=—|a+—
n w n

the expression for /,, is obtained as

% 2
I, = {—’" cos¢ [sin(al + 2 ¢) —sin(a) — ¢)] g2/ 1)
1d n
ﬂ —2m/(n tangp) __ _ ,—2m/(n tan¢)
+ [e 1t /1—e (2.37)
Ru
The average load current is now expressed as
n et /@
Iy = — ia(t)dt (2.38)
2 o) /o

where o, is taken as o} + 277 /n for continuous conduction. On the other hand, the
value of «,| as read from the chart of Fig. 2.21, is used in the case of discontinuous
conduction. The average voltage is now obtained as

Vo = E, + IRy (2.39)

in both cases.

2.4.5 General Remarks Regarding n-phase Rectifiers
The following remarks can be made in general about n-phase rectifiers.

(a) For all the four types of loads, continuous as well as discontinuous modes of
operation have been considered. In the case of the resistance load connected
in series with a battery, discontinuous conduction occurs if E;,>V,,cos(w/n)
irrespective of the value of «. For the case of o = 0, the angle § at which

conduction starts and the angle § at which the device stops conduction, can
be obtained from Fig. 2.22 as

g = sin”! (%) -(Z-T) (2.40)

NGNS

Simplification gives § as

e TN L ﬂ
5 = <E+Z> sin <V) (2.41)

m

and
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Fig.2.22 Determination of 8 and § for an n-phase, half-wave controlled rectifier

(b)

()

(d)

25

when E, > V,, cos(r/n)

For the case of the inductive load and that of the inductive load in series with
a back emf, the angles o and o, are measured with respect to the origin of
the sinusoid of the ac supply. These are related to o and «,; as

o =at+-Z2 (2.42)
2 n
and
T 7w
Ol = Qe+ = — — (2.43)
2 n

For a single-phase bridge rectifier where n = 2, @ and «,; in Eqns (2.42)
and (2.43) become equal to « and «,, respectively. If R4 and L4 are known,
cos ¢ may be obtained as

Ry

JRY + LY

Given «1, a, and cos ¢, the value of «,; may be read from the chart.

cos¢p = (2.44)

The appropriate value of n has to be substituted in the expressions for the
voltage and current. Thus, in the case of a three-phase, half-wave rectifier,
n is taken as 3.

The expressions derived above cannot be used for a full-wave, n-phase
rectifier. However, in this case the average voltage is twice that of the
corresponding half-wave rectifier.

Inverting Mode of a Converter

It is stated before that fully controlled single- and three-phase rectifiers operate
in the inverting mode when the firing angle « is kept at a value greater than
90° (electrical) or /2 rad. This aspect will be examined here in greater detail.
From Eqn (2.16), the average output voltage of a continuously conducting n-phase
converter is seen to be a cosine function of « and is given as

Vo = Vocosa (2.45)

where Vy = (n/m)V,,sin(z/n).
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Equation (2.45) shows that V,, decreases as « increases and also that it becomes,
respectively, zero and negative with & equal to or greater than 77 /2 rad. In Fig. 2.23
the load voltage waveforms of a continuously conducting three-phase rectifier are
given for three typical values of «. In the first case, « = w/4 rad and V,, = V}/ V2
and is hence positive; this is shown in Fig. 2.23(a).

V,, positive, a = ni/4
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Fig. 2.23 Load voltage waveforms for a three-phase, half-wave controlled rectifier
with (@) « = /4, (b) « = 7/2,and (c) = 37 /4

It can be seen from Fig. 2.23(b) that with ¢ = /2, the areas under the positive
and negative parts of the waveform become equal. Equation (2.45) shows that this
is true for any n-phase rectifier. Considering the R-phase waveform, the firing
angle « is measured from the point P, the angular displacement from P to Q
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being 7 /2. Hence the conduction period on the positive side is given as

R T W 7w b4
OR == ( 2 02 )

As the continuously conducting rectifier has a total conduction period of 27 /n,
RS is also equal to 7 /n, R being the zero crossing point. This confirms that the
average voltage is zero.

In the last case [Fig. 2.23(c)], @ = 37 /4 and with this value of « the average
load voltage V,, becomes negative. The thyristor conducts in only one direction;
hence the current through the load continues to be positive, showing that the power
delivered to the load is negative. This can be interpreted as power flowing from
the load back to the supply and this mode of operation is termed as the inverting
mode.

The conditions favourable for the inverting mode of operation can now be
summarized with the help of Figs 2.24(a) and (b), in which a battery in series
with a resistance constitutes the load. If the firing angle of the thyristor is less than
90° as shown in Fig. 2.24(a), a positive voltage will be applied at the terminals
AA’, enabling the converter to operate in the rectifying mode. In Fig. 2.24(b) the
converter is assumed to be operating in the inverting mode, the terminals of the
battery now being reversed.

n

L
— E
Nthy 7N Th,
Single- %
phase N Rio
ac supply
ZX/Th4 ZYTh\a,
Y — A
a<90°
(@)
+ iA
— E
Nthy N Th,
ac supply
ZX/Tm ZX/Th3
- Ia

o> 90°
(b)

Fig. 2.24 Single-phase fully controlled bridge rectifier: (a) rectifying mode,
(b) inverting mode
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If |Ep| > | V4|, then current can flow from the battery to the source as shown.
This suggests that if (a) the load is a separately excited dc motor, (b) the armature
terminals are reversed, and (c) the inequality |E,| > |V,| is ensured, then the
motor converts its kinetic energy to electrical energy and returns it back to the
source through the rectifier. As a consequence, the motor comes to a stop after a
short time. This mode of operation is called the regenerative braking mode and
is dealt with in detail in Section 2.12.

2.5.1 Extinction Angle and its Significance

The significance of an angle called the extinction angle, which is defined
in connection with the inverting mode of a converter, is explained below.
Figure 2.25(a) shows a three-phase, half-wave controlled rectifier which is
assumed to be operating in the inverting mode. The load is assumed to be highly
inductive so as to make the load current continuous and ripple-free.
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Figs 2.25(a), (b)
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Figure 2.25(d) gives the waveforms of load voltage, supply voltage, load
current, and the thyristor currents for this mode of operation (o >90°). For the
sake of comparison, the same set of waveforms are drawn witho =0° ando < 90°
in Figs 2.25(b) and (c), respectively. The following remarks can be made after a
comparison of Figs 2.25(b), (c), and (d).
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Fig. 2.25 Three-phase, half-wave controlled rectifier: (a) circuit for inverting mode

of operation; (b), (c), and (d) waveforms with « = 0°, « < 90°, and @ >
90°, respectively; (e) circuit condition when o > 180°

. In all the three cases the load current is continuous and hence each of the

thyristors conduct for a duration of 120°.

For ¢ = 0° and « < 90°, thyristor Th; has to withstand a peak reverse
voltage of magnitude V3V, where V,, is the peak value of the line-to-
neutral voltage, whereas for o > 909 it has to block a forward voltage of
the same magnitude. This is true for Th, and Thj also.

. When ¢ = 0° and o < 90°, the circuit time available for the commutation

of the thyristor is of the order of milliseconds as against a fopg of the order
of 20-50 us. Hence, the commutation of thyristors takes place naturally.
Figure 2.25(d) shows that with o > 90° the circuit time for turn-off is very
small as a consequence of the large firing angle. Making an allowance
for transformer leakage inductance, the angle 180°— o — p should be at
least equal to wtopp. This angle, called the extinction angle or margin
of commutation, is denoted by y. Thus, for successful commutation, the
inequality

Y = OIoFF

where w is the line frequency in rad/s, should hold good.

. If the magnitude of y happens to be such that the above inequality is not

satisfied, commutation failure occurs as explained below. Assuming that
@ = 0 and that Th; and Th, are the outgoing and incoming thyristors,
respectively, with a safe extinction angle y = 180°— «, the following
operating conditions occur. It is seen from Fig. 2.25(d) that at the time
of changeover, the voltage vgy is negative or equivalently vyg is positive.
This implies that the anode of the incoming thyristor Th;, is more positive
than that of the outgoing thyristor Th;, and natural commutation takes
places for Th; by, the application of a reverse voltage. The instantaneous
voltage difference between the phases Y and R causes the circulation of a
commutating current as usual. However, with & >180°, this commutating
voltage vgy is positive (or vyg is negative) and natural commutation does
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not occur because conduction of Th; continues into the positive half-cycle
of vg. The rectifier output voltage becomes positive, its average V,, aiding
the load voltage vi4 and causing a high direct current to flow through the
armature resistance, thus leading to a short circuit as shown in Fig. 2.25(e).

6. This principle is important, and the above-mentioned condition on y [that
is, ¥ > wtopr] has to be ensured during the inverting mode of operation
in converters used for HVDC transmission as well as those used for
cycloconverters.

2.6 Ripple Factor

The output voltage waveforms of single- and three-phase controlled rectifiers are
non-sinusoidal and hence contain considerable harmonic content. However, the
ripple frequency increases with the number of supply phases and a smoother load
voltage waveform can be obtained. Again, for a particular kind of ac source, say,
a three-phase supply, the ripple content increases with the firing angle. Here,
we attempt a quantitative characterization of the ripple content by means of a
factor known as the ripple factor. With the number of phases taken as n, general
expressions are derived for the ripple factor under different firing angle conditions.
It is assumed throughout that conduction is continuous for the controlled rectifier.

At any instant, the load voltage vi4(¢) for an n-phase rectifier can be written as

via(t) = Vo +v5(1) (2.46)

where V,, is the average load voltage and v, (¢) is the instantaneous value, also
called the ripple voltage. A typical output waveform shows that v, (¢) fluctuates
about V,, thus contributing to the ripple. Figure 2.26(a) shows one such waveform.
The ripple factor y is defined as the ratio of the net harmonic content of the output
voltage to the average voltage. Thus, for an n-phase controlled rectifier, y can be
written as

—iifp 1) — V,Pd(wt 2.47
V_Va o ﬂ[vld()_ o]7d(wt) (2.47)

The angles B and p, indicated in Fig. 2.26(a), depend upon the shape of the load
voltage waveform as elaborated below.

The exact expression for the ripple factor differs for the two different operating
conditions on V,, namely,
@sin~' (Vo/Vi) = a+ (/2 —m/n)ora < sin”' (Vo/Viy) — (/2 — 7/n)
b)sin™' (V,/Vy) < a4+ @/2—n/n)ora > sin~! (V,/V,) — (/2 —7/n)
Accordingly, two separate expressions are derived here for this factor.

2.6.1 o < sin"'(V,/V,) — /2 —m/n)

Figure 2.26(b) shows the load voltage waveform for this condition. Defining

0 = sin”! (ﬁ> (2.48)

m
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Fig.2.26 Output of a three-phase, half-wave controlled rectifier with
@@ a>0° (b) a <sin"'(V,/Vm)—(/2 —m/n), and (c) a > sin”!
(Va/vm) - (77/2 - n/n)
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this condition can be expressed as
T ow

050{59—(5—;) (2.49)

In this range the shape of the load voltage waveform above V,, is seen to be a
sinusoidal one and symmetrical about the peak. Figure 2.26(b) shows that v, ()
exceeds V,, in the range 0 < wt < w —6; thus § =0 and p = & — 6 for this
condition. Equation (2.47) can now be rewritten by taking vi4(¢) = V,,, sin wt as

1 w—6
, = L/ / [V, sinwt — Vyl2d(or) (2.50)
VO, 2r 2]

Now V,, can be expressed as

n .o '
Vy=—V,sin— cos « = —
b4

1

where
n . m
1/k; = — sin — cos «
b4 n
This gives
Vin = ki Va
Also

% |k LO{ S1n wt LO{ I d wt
o T 6

Va T—6
A / [ky sin ot — 112 d(wt) 2.51)
Va 27 2]

Cancelling V,, in Eqn (2.51) and expanding the expression under the integral gives

T—6
y = \/2i / [k% sin” wt — 2k; sin wt + 11d(wt)
T Jo

n -6 —0 T—0
= [— |:/ k12 sin® wt d(wt) — 2k, / sin wt d(wt) + / d(a)t)}
27 [ Jo 0 6

(2.52)

withf <o <60 — (/2 — /n). Defining

T—0
I =k / sin® wt d(wt)
4

T—6
L, = —2k / sin wt d(wt)
6
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and

T—0
I; = / d(wt)
0

the ripple factor can be expressed as
y= ]2k (2.53)
2

ky=I+hL+15

where

With « = 0, the ripple factors for single-, three-, and six-phase supply waveforms
work outto 0.31,0.116, and 0.046, respectively. These values confirm the fact that
with the increase in the number of secondary phases of the rectifier transformer,
the dc load voltage approaches the direct voltage.

262 o > sin ' (V,/V,)— (/2 —n/n)

The waveform for this condition is illustrated in Fig. 2.26(c). It is seen from this
figure that the part of the waveform above V,, is no longer symmetrical about the
peak. The ripple factor for the waveform is now expressed as

1 T—0
y = — i/ [V, sinwt — V,12d(wt) (2.54)
Vo \ 27 a+m/2—m/n

Thus, B =a+n/2—n/n and p=m — 6O in this case. A comparison of
Eqns (2.50) and (2.54) shows that the expression for y in the latter is different
in only one aspect, namely, the lower limit is now « + 7 /2 — 7 /n instead of 6.
Proceeding along the same lines as in Section 2.6.1, y can be expressed, after the
cancellation of V,, as

n T—6 T—0
y = {_ [ / k? sin® wt d(wt) — / 2k, sin ot d(wt)
2 a+m/2—m/n a+mw/2—m/n

-0 12
N / d(a)t)]} 2.55)
a+m/2—m/n

Now, taking

T—6
Iy = / k? sin® wt d(wt)
a+m/2—m/n

T—6
Ip = —/ 2k sin wt d(wt)
a+m/2—m/n

and

T—0
Ic = / d(wt)

+m/2—n/n
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and also defining k3 = I, + I + I¢, y can be expressed as
y= |2k (2.56)
2

(a) For computing the ripple factor, it is necessary to first check whether the
given firing angle « is greater or less than the border case firing angle given

by
(Ve (n 71)
op = sin — ) —-(=—-—
Vin 2 n
For single-, three-, and six-phase, half-wave bridge rectifiers, o, works out

to 32.65°, 20.7° and 10.1°, respectively. The appropriate expression from
amongst those in Eqns (2.52) and (2.55) is then chosen.

Remarks:

(b) Equations (2.52) and (2.55) are derived for continuous conduction.
However, the derivation can be extended to discontinuous conduction by
taking the following aspects into account.

(i) The expression for the average load voltage should be taken as

V, = %Vm [Sin (ae — %) — sin (a — %)]

with an appropriate value for n. 1/k; is now defined as

kll = % [sin (ae — %) — sin (oz — %)]

(i1) After checking whether « is greater or lesser than «},, the appropriate
expression from amongst Eqns (2.52) and (2.55) is chosen.

(iii) The upper limit of integration should be taken as «, + 7/2 — w/n if
7w — 0 is greater than o, + 7/2 — 7 /n, and as # — 0 if m — 6 obeys
the inequality (mr — 0) < (e, + /2 — 7 /n).

2.7 Transformer Leakage Reactance and its Effects on
Converter Performance

In Section 2.4 the expressions for average voltages and currents have been
derived for an n-phase controlled rectifier with the assumption that the converter
transformer is ideal and that its leakage reactance as well resistance are negligible.
While it is reasonable to consider the resistance to be negligible, ignoring the
inductance is not possible and leads to serious error because the transformer
windings are predominantly inductive in nature. The following treatment gives the
expression for the load voltage of an n-phase rectifier with a leakage inductance L
in each phase of the transformer, referred to the secondary. Sufficient inductance
is assumed to be present in the load, so that the load current /j4 can be considered
to be constant. The analysis here is first carried out for an n-phase uncontrolled
rectifier or equivalently an n-phase controlled rectifier with firing angle « = 0.
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2.7.1 Effect of Leakage Reactance witha = 0

Figures 2.27(a) and (b), respectively, give the circuit as well as load voltage
waveforms for such a rectifier with ¢ = 0 and o > 0.

An inspection of the waveforms shows that thyristor Th; conducting the B-
phase current stops conduction at the point P on the wt-axis, and Th; connected
to the phase R starts conduction at the same moment. However, as the inductor
L prevents sudden change of current, Ths continues to conduct the load current
till the point Q. At the same time, Th; starts conduction at P because the R-phase
voltage becomes most positive at that point. Thus, both the devices conduct during
the interval PQ, called the period of commutation, and the load voltage vq for
this duration becomes the mean of the voltages vg and vg. Consequently, there is
a drop in the load voltage during the interval of commutation, which is indicated
by the striped area in Fig. 2.27. The average load voltage Vo will be less than
that obtained in the absence of transformer leakage inductance. An inspection
of the current waveforms shows that during the commutation interval, current i g
slowly decreases and ig slowly increases, their sum remaining at /iy throughout
this period. Also, the cathodes of Th; and Thj are shorted and the voltage vg — vp
is absorbed by the inductances L in the B- and R-phase. A short-circuit current
isc flows from the R-phase winding to the B-phase winding. To facilitate the
analysis of this condition, it is assumed that the two cathodes are at a common
voltage vy. Considering vy — vy and vg — vr to be, respectively, the drops in
the inductances of the B- and R-phase windings, they can be expressed as

dip

vy = L, OR 2.57

VR — Ur yr ( )
.

vg —vp = L, 28 (2.58)
dr

where vg = v, sinwt and vg = V,, sin(wt + 27 /n).
The difference between the R- and B-phase voltages is obtained from
Eqgns (2.57) and (2.58) as
dip dip

- =Li|——— 2.5
UR — Up (dt dt) (2.59)

If the reference for the two sinusoids is shifted to the point P where commutation
starts, vg and vp can be expressed as

v = V, sin (a)t + X Z) (2.60)
2 n
and
) T 7
vg = V., sin (wt + 24 —) 2.61)
2 n
Thus,

vg —vg = 2V, sinwt sin (7 /n) (2.62)
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Fig. 2.27 n-phase, half-wave controlled converter with transformer inductance L;:
(a) circuit, (b) waveforms with o = 0°

The right-hand sides of Eqns (2.59) and (2.62) can now be equated to get

or

L (2
dt

dip

dt

dig dip
dt dt

The R- and B-phase currents sum up to /j4. Thus,

) = 2V, sinwt sin (r/n)

2V,
= Lm sin wt sin(rr/n)

ig+ip = Iy

(2.63)

(2.64)

(2.65)
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Differentiating Eqn (2.65) with respect to f and noting that /)4 is a constant results
in the equation

di di
e 4By (2.66)
dt dt
Addition of Eqns (2.64) and (2.66) gives
di 2V . .
2£ = sin wt sin(w/n)
dt Ly
or
di Vin . .
ﬁ = Es1nwt sin(rr /n) (2.67)

Integrating both sides of Eqn (2.67) with respect to wt gives

" Vm

ip = sin(;r/n) coswt + ¢ (2.68)

s

where c is the constant of integration. Noting that the current in the R-phase
winding is zero at P (the starting point of commutation) and that the origin is
shifted to P, the initial condition can be taken as

ir=0 atwt =0

This gives

Vi . (n)
cC = sin | —
wLg n

and the complete solution for the differential equation is

in = Z—Z [sin (%)] (1 — cos wr) (2.69)

Now the angle of commutation can be determined from Eqns (2.65) and (2.69)
as follows. From Eqn (2.65),

ip = hg—ir (2.70)

Substitution for iz from Eqn (2.69) for gives

o Iy [sin(”)](l—cos 0 2.71)
lp = 14 oL n w .

s

The final condition, namely, that the B-phase current goes to zero at the end of
the period of commutation, is now invoked. Thus,

ig=0 at wt = u

Substituting this condition in Eqn (2.71) gives

0= Iy — VZ [sin (1)](1 — cos ) (2.72)

wLg n
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or

Ilda)Ls
cosy =1 — ———— (2.73)
V. sin(ir /n)
The average voltage (V,) at the load with no transformer leakage inductance is
given in Eqn (2.16) as

n LT
Vo = —V,sin (—) cos o 2.74)
T n
With « = 0, this becomes
n LT
Vo = v, sin (—) (2.75)
b4 n

The reduction in average voltage due to the phenomenon of commutation is
obtained by computing the striped area and averaging it over the period 27 /n.
For this purpose, the instantaneous value of voltage reduction can be written as

v =g — LREVE (2.76)
2
VR — Up
= 2.77
5 (2.77)
=V, sin(;r /n) sin wt (2.78)

using Eqn (2.62). The reduction in the average voltage denoted as g,o is now
obtained by averaging this instantaneous reduction over the period 27 /n:

n [* J
8uo =7 /0 vad(wt) (2.79)
n [H
=— / V. sin(r /n) sin wt d(wt) (2.80)
2 0
n LT
-y, [sm (—)](1 — cos 1) 2.81)
2w n
Substituting for cos u from Eqn (2.73) gives g0 as
n . (T LgwL; n nha X
— _Vm[ <_>] WP poL, = 2.82
&uo 21 S n/ 1V, sin(zw/n) 2 a® 21 ( )
where X;= wL;. The net voltage at the load can now be written as
VMO = Va — gﬂo (283)

2.7.2 Effect of Leakage Reactance with o > 0

The derivation given above can be extended to an n-phase controlled
rectifier with o > 0, the circuit and waveforms for which are, respectively,
shown in Figs 2.28(a) and (b). The analysis made earlier up to Eqn (2.68) remains
the same for o > 0. However, the constant c is obtained by using the initial condi-
tion iz = 0 at wt = o because the R-phase thyristor starts conduction only at «.
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Thus,
Vi . (7[)
c = sin ( — ) cos
wlLg n
and the complete solution for iz becomes
V, 1
ip = — [sm (—)] (cosa — cos wt) (2.84)
wlLy n
VR Vy VB R T
l l l Vid
Lig
Ls Ls Ls +
Thy Thy Ths
ir iy iB g
—_—

(a)

Vid . 1 ! !

fig

Fig.2.28 n-phase, half-wave controlled converter with transformer inductance L;:
(a) circuit, (b) waveforms with o > 0°

As before, the reference point is shifted to the point of natural commutation,
making the duration of commutation « to o + p. The commutation angle p is
arrived at as follows. From Eqn (2.65),

ip = hg—ig (2.85)
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Substituting the expression for iz from Eqn (2.84) gives

. Ve T . (T
ig = g — [sm <—)] (cosa — cos wt) (2.86)
wlLg n
Applying the final condition ig = 0 at wt = « + u yields
Vin S 4
0 = Iy— [sm (—)] [cos @ — cos(a + )] (2.87)
wlLg n
or
I]da)LS
cos(¢ + ) = cos¢ — ——— (2.88)

V,u sin(ir/n)

Equation (2.88) is an implicit one and can now be solved for w by trial and error,
using the known values of 4, Ly, and «. The reduction in average voltage, which
is denoted as g4, is obtained as before by considering the reduction in area over
the interval « to o + p and averaging the area over 277 /n. Thus,

no [YF vg —vp
- =— = Zd(wt 2.89
8y s /a ) (wr) ( )
n a+i
= / V. sin(r /n) sin wt d(wt) (2.90)
T Ja

Evaluation of the integral gives

Sua = %Vm [Sin (%)] [cosa — cos(a + )] (2.91)

Using Eqn (2.88), g« can be expressed as
"y [ (”)] hawLs " oL " 1uX,  (2.92)
= — sin(|— )| —— = —lyowlL;, = — .
Bua 2 " n/1 'V, sin(x/n) o M o M0

A comparison of Eqns (2.82) and (2.92) shows that the expression for the reduction
in the average voltage remains unaltered irrespective of the value of «. The net
average voltage at the load is now given by

Vie = Vo — 8ua (2.93)
Upon substituting for g,,, from Eqn (2.92), the net average voltage becomes
\7 [cosa + cos(a + )]

Vig = %vm [sin (Z)] : (2.94)

2.8 Rectifier Efficiency and Derating Factor of
Rectifier Transformers

The output voltage waveform of a controlled rectifier contains harmonics, the
content of which increases with the firing angle «. These harmonics cause
additional hysteresis and eddy current losses in the rectifier transformer. A second
drawback of using a controlled rectifier is that the load current is unidirectional,
and as a consequence the primary current waveform may not be sinusoidal.
The combined effect of both these features is that the capacity of the rectifier
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transformer has to be higher than that of the dc load connected at the output
of the rectifier. In this section two quantities, namely, rectifier efficiency for the
controlled rectifier and derating factor for the rectifier transformer, are defined.
A third quantity, the line power factor, is also derived in the case of transformers
having a delta primary winding. It is assumed that the devices used in the
controlled rectifiers are either diodes or, equivalently, thyristors with zero firing
angle.

2.8.1 General Principles

Though there is a direct relationship between the rectifier current and the
transformer primary current, it is not possible to arrive at a general expression for
the RMS value of the primary current. The waveforms of the output currents of
the rectifier depend upon the type of the load, the number of secondary phases,
and, in the case of a thyristor controlled rectifier, the firing angle. In the following,
expressions for rectifier efficiency are derived for rectifiers fed by single-phase
and three-phase transformers. A relationship between the magnetomotive forces
(mmfs) of the primary and secondary windings is established rather than those
between the primary and secondary currents. It is assumed that the magnetizing
mmfs are negligible and that the rectifier elements are ideal.

2.8.1.1 Rectifier fed by single-phase transformers In a single-phase
transformer, all the windings are traversed by the same flux irrespective of whether
the magnetic circuit is of the core or the shell type. The polarity of the windings
is indicated by the dots shown in Fig. 2.29.

Fig. 2.29 Magnetic circuit of a single-phase transformer

The phenomenon occurring in these transformers can be explained as follows.
If the mean of the secondary ampere turns is non-zero, this dc component cannot
be compensated by the primary ampere turns, because the primary current is
necessarily an ac current and has a zero mean. The uncompensated secondary
ampere turns do not effect the computation of the primary current but saturate
the magnetic circuit, thereby leading to an increase in the primary magnetizing
current as well as the core losses.
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If the mean value is non-zero and the magnetizing current is ignored, the
ampere-turn balance is written as

Niip = Naigi + Naiso — Naly (2.95)

where N, 1; is the mean value of the sum of the ampere turns. With a zero mean
value, Eqn (2.95) becomes

Nlip = Nois; + Naigp (2.96)

The primary current i, can now be computed from Eqn (2.96), given the secondary
currents i,y and is;.

2.8.1.2 Rectifiers fed by three-phase and six-phase transformers
Three-phase transformers usually have a three limbed core. To ensure that the
primary ampere turns form a balanced system, the secondary windings are
distributed so that the mmfs are identical at an electrical angle of 27 /3 rad. The
following discussion centres around various kinds of three-limbed, three-phase
transformers, each of the limbs having one primary winding and one or more
secondary windings. The core in Fig. 2.30 has a secondary winding on each limb;
however, the treatment can be extended to transformers having more than one
secondary winding and hence there is no loss of generality in such an approach.
The windings on both sides can be connected in a delta or a star, with the star
point either isolated or grounded. Hence, a number of winding combinations
are possible. Some commonly occurring combinations are considered here. If
the mean value of the secondary ampere turns is non-zero, it is not possible to
compensate for this dc component. This is true for all three-phase, half-wave
rectifiers (both controlled and uncontrolled configurations). Thus, in cases 1 to 5
considered below, there is a dc component in the transformer secondary current.
This component may lead to core saturation. It is assumed in the expressions
derived later that the sum of the secondary ampere turns excludes this dc
component. Fortunately, the effects of such a dc component are minimized in
a three-phase, three-limbed magnetic circuit because

(i) the uncompensated ampere turns on the three limbs are equal and in the
same direction and

(ii) the extraneous fluxes generated by them on the three limbs are of very small
magnitudes because the flux paths have to pass through very high reluctance
regions outside the magnetic circuit. On the other hand, in a single-phase
transformer, the extraneous fluxes have their low-reluctance paths in the
magnetic circuit itself and hence the dc components cannot be ignored.

Case 1: A /Y transformer As the primary windings are delta-connected here,
the condition that the primary ampere turns should be alternating is imposed.
Also, when the secondary ampere turns form a balanced system, the sum of their
ampere turns is zero. Thus,

N2(isR + isY + isB) =0 (297)
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Fig.2.30 Three-limbed transformer core with primary and secondary windings

The above condition on the primary ampere turns together with Eqn (2.97) implies
that ampere-turn balance exists on each of the limbs. This can be expressed as

iprRN1=1IrN>
ipy N1 =isy N2 (2.98)
ippN1 =1i5p N>

The line currents can now be written as the difference of the primary currents:

i1 = ipr —ipy
iy = iy —ips (2.99)
ir3 = ipp —IpR

Case 2: A/Y-with-neutral connection As in case 1, it is assumed that the
primary ampere turns are alternating. However, two alternatives exist here. If the
secondary ampere turns form a balanced system, this becomes identical to case
1. On the other hand, when the secondary ampere turns have a zero sequence
component, this component [ is given as

1
Iso = §N2(isR +isy + i) (2.100)

The corresponding zero sequence component in the primary winding circulates
around the delta circuit and will not be present in the line currents. The primary
currents can now be determined from the set of equations (2.103) given under
case 4. The set of equations (2.99) hold good in this case also and this confirms
the fact that the zero sequence components are absent in the line currents.

Case 3: Y /Y connection As the primary windings are connected in a star
configuration without a neutral conductor, the instantaneous currents are
constrained to sum up to zero. Thus, their zero sequence component [,y can
be written as

1
ipo = g(ipR+i,,y+i,,B) =0 (2.101)
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When the secondary ampere turns also form a balanced system, it can be
concluded that alternating ampere-turn balance exists on each of the limbs. Hence
the set of equations (2.98) holds good here.

Case 4: Y| Y -with-neutral connection Similar to case 3, the primary star here
is without a neutral conductor. Accordingly, the zero sequence primary current
is zero as per Eqn (2.101). When the secondary ampere turns do not have a zero
sequence component, this case is identical to case 3. On the other hand, when
the secondary ampere turns have a zero sequence component, this component is
expressed by Eqn (2.100). The zero sequence component of the secondary, i,
cannot be compensated because the star-connected primary ampere turns cannot
have a zero sequence component. Hence, Eqn (2.98) has to be written for all
primary currents as

1
ipRN1 =isg Ny — §N2(isR +isy + i)

1
ipyNi =iy Ny — §N2(isR + isy +isB) (2.102)

: . | R : :
lpBNl =ispNo — §N2(lsR +isy +isp)

These equations can be solved for primary currents as

N> [2, 1, I,
IpR = Vl _glsR - gle - glsB_
Ny [2, I, 1]
ipy = N _glsy 3isB — glsR_ (2.103)
. N, [2, L. 1, ]
IpBp = Vl _glsB - gl.vR - gle_

The set of equations (2.103) is applicable for the core as well as shell type of
magnetic circuits. The uncompensated zero sequence component in the core
induces undesirable voltages in the three primary windings. As in the case of dc
components, these zero sequence components are negligible for three-limbed
transformers but not for four- or five-limbed ones. When the condition of
Eqn (2.97) is not satisfied, it is advantageous to connect the primary windings in
a delta.

Case 5: Y-with-neutral/Y -with-neutral connection In this case, all the sec-
ondary alternating ampere turns are compensated by primary ampere turns. The
set of equations (2.98) can be used to determine the primary currents. However,
undesirable currents of frequency 3f and their multiples would flow in each of
the phase windings and also in the neutral conductor.

Case 6: Y/zigzag connection For the Y/zigzag transformer shown in
Fig. 2.31(b), the primary currents are constrained to sum up to zero and thus
Eqn (2.101) holds good. The zigzag connection ensures that the secondary ampere
turns sum up to zero and the dc component, if any, is nullified. Hence, Eqn (2.97)
is satisfied and there is a perfect balance of the ampere turns on each of the
three limbs. The winding disposition on the core is given in Fig. 2.31(a). The
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ampere-turn balance can be obtained from this figure as
. N, . .
NllpR = T(IsY - lsR)
. Ny . ,
Niipy = 7(%3 — isy) (2.104)

. Ny . .
Niipp= T(IsR —isB)

The waveforms in Fig. 2.31(c) show that each of the primary current waveforms
is also an alternating one. Thus, the zigzag winding ensures the satisfaction of
both Eqns (2.97) and (2.101).

Case 7: Y /interstar connection For the star—interstar connection [Fig. 2.32(b)],
the secondary can be considered to be a six-phase connection. As in case 3,
the instantaneous primary ampere turns are constrained to sum up to zero.
Corresponding to the set of equations (2.98), the ampere-turn balance on each
limb can be written as

Niipr = No(is1 — is4)
Niipy = No(is3 — ise) (2.105)
Niipp = Na(iss — is2)

It can be inferred from the set of equations (2.105) and Fig. 2.32(a) that the
secondary ampere turns have a zero mean value. For example, in the first of
Eqgns (2.105), the right-hand side equals + N,1; for an interval of one-sixth of
the time period when Th; conducts and — N, I; for another interval of one-sixth of
the time period during the ON time of Thy. However, an alternating zero sequence
component exists for the secondary ampere turns because, at any instant, only one
device conducts and the sum of the secondary ampere turns of the three limbs is

ipR ipy ipB
o, § " "
N = =5
— [ ]
=
. LAl N:
Ny \:é N,

E% "L _I
ﬁZThs

Thy

N
K
5
N
)
o
+<7

—~
Q
~

Fig. 2.31(a)
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Fig.2.31 Three-phase, half-wave rectifier supplied by a star/zigzag transformer
and feeding an inductive load: (a) schematic diagram, (b) primary and
secondary windings and phasor diagram, (c) Waveforms
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either +N,I; or —N,1;. The zero sequence component of the secondary ampere
turns is obtained as

1
N2is0 = §N2(l.sl + is3 + isS - isZ - is4 - ix6) (2106)

The alternating primary ampere turns for each phase are obtained by subtracting
Nigo from each of Eqns (2.105). Thus,

. 2 . . L. . 1. .
NllpR =N g(lsl —ig4) — g(ls?a —is6) — 5(155 —i5)

. 2 . . 1. . 1. .
Niipy = N> §(1s3 —is6) — g(lxl —ig4) — g(lss — i) (2.107)

1 1
NlipB =N g(isﬁ - is2) - g(isl —ls4) — §(is3 - isé)

iR

»

bR
N
is1 isS is5
N2 N2 N2
N.
isa

Lﬁ 2

Figs 2.32(a), (b)
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Fig.2.32 Six-phase, half-wave rectifier feeding an inductive load (a) circuit,
(b) winding disposition, (c) waveforms

It is seen from the waveforms of Fig. 2.32(c) that for a star primary, the
primary phase current waveform is of a stepped nature and is nearly sinusoidal in
shape. Therefore, this vector group connection is superior to others. Further, the
waveform is of an alternating nature for the delta winding also.
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2.8.2 Expressions for Rectifier Efficiency and Derating Factor

The general principles laid down above will now be applied to derive the
expressions for the two performance factors which are associated with rectifiers
fed by transformers. The first of them, namely, rectifier efficiency ng, is defined
as

dc load power

R= .
7 ac power at the secondary terminals of the transformer

The second factor, called the derating factor 8g, is defined as the ratio of the

average of the transformer primary and secondary powers to the dc load power.

Thus,

P pac + Psac
2Py

Denoting the average power of the transformer as Py, 6z can also be expressed
as

Sp = (2.108)

P
Sp = —2 2.109
R Py ( )

These two factors are now derived for various single-phase and three-phase
rectifiers.

2.8.2.1 Single-phase, half-wave rectifier feeding a resistive load The
circuit and waveform for this rectifier are given in Fig. 2.33. The load current
waveform has the same shape as that of the load voltage but has a different size.
The zero crossing angles occur at 0, , 27, etc. Here the dc power can be expressed
as

Poe = Valy (2.110)
where
1 (7 ) Vi
Vy = = Vusinwt d(wt) = —
2 0 T
and
Vy Vi I,
Id = — = e —
Ryg T Ry T
where
S
Ry
Thus,
Vin Ly 1%
Pdc — mtm _ m
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Fig.2.33 Single-phase, half-wave rectifier feeding a resistive load: (a) circuit,
(b) waveforms

Also,

Psae = Virms) Lsrms) (2.111)
From Fig. 2.33, the right-hand side quantities of Eqn (2.111) can be seen to be

V = ! /ﬂ (V,u sin t)zd( 1) =
s — _ m m w. w [p—
s(RMS) 2 ), >

and
[ P L,
Isrms) = - (1, sin wt)2d(wt) = 5>
0
Thus,
VmIm V2
Pyoc = - 2.112
sac 4 4R1d ( )
Now,
P V2 2
Nr = 100 x = o m 40.5%
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Taking iy, in Eqn (2.96) as zero and with i5; = i;, the ampere-turn balance is
expressed as

Niip, = Naig (2.113)

Using Eqn (2.109), the derating factor is computed as follows
Ny N> Ni Vi No Iy

Ppac = VporMms) I prMS) = I s(RMS)Els(RMS) = I /AN, 2

Vi,
Z% = Psac
Thus,
P + P, Vinl

P = pac sac mim 2114
eq 5 1 ( )

s _ Pa _ Vol . Vi Ve o Va 47

R Pdc 4 ’ 7T2R|d 4R1d ) JTled ’

The derating factor may be interpreted as the factor by which the dc load power has
to be multiplied to arrive at the transformer capacity. Both the rectifier efficiency
and the derating factor indicate that the single-phase, half-wave configuration is
inefficient, which may be due to the fact that the negative half-waves of the
ac supply are not utilized for rectification. Moreover, there is a non-zero dc
component of magnitude I, for the secondary current as shown in Fig. 2.33(b).

2.8.2.2 Single-phase, full-wave bridge rectifier feeding a resistive load
The circuit and waveforms for this configuration are given in Fig. 2.34. The dc
quantities V; and 1, are arrived at as follows:

2 (7 2V,
Vi = — [ Vpsinotdwt) = —=
21 Jo b4
Similarly,
L, = Zﬁ — 2V
4= T B JTRld
Py = AV _ AVl (2.115)
de = 7T2R1d - 7T2 '
2 (7 Vi
V. = [— (Vy sinwt)?d(wt) = —
s(RMS) \/271_/0 m 2
Similarly,

Lrms) =

~
NSE
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This gives
Vin Ly 1%
P = = = 2.116
sac 2 2Rld ( )
e 4 v2 v
nrg = 100 x =100 x —-2 " = 81%
K sac 2 Rig 2Ry
+
7N Th, Th, T
ac i Ria 'id
@ Vp Vs = Vp, sinot l
supply
ZX/TN Thg -

Vid
3r
ot —
g
ot —
fs

ot ——

Fig. 2.34 Single-phase, full-wave bridge rectifier feeding a resistive load: (a) circuit,
(b) waveforms

The ampere-turn balance in this case is the same as in Section 2.8.2.1:

Niip = N 2.117)
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or
Ny .
1, = —1
V4 Nl K
P _ I _ Nl Vm N2 Im _ lem
pac = Vpwws lprus) = 0 N A
Py + Py, Vil
Pog = = = 2.118
€q 2 2 ( )
Hence,
P Vil av,, I,
Sp = o+ = - = 1.23
Pyc 2 w2

This value of 6z shows that for the full-wave configuration there is considerable
improvement in the derating factor as compared to the half-wave rectifier. This
is due to the utilization of both halves of the ac source waveform. However, the
non-zero dc component exists for the secondary current as shown in Fig. 2.34(b).

2.8.2.3 Single-phase, full-wave bridge rectifier feeding an inductive load
The circuit and waveform of this type of rectifier are given in Fig. 2.35. It is
assumed that the load inductance is sufficiently large so as to flatten the load
current characteristic, with a value equal to /. Here,

Pae = Valg
where the dc voltage V; =2V,, /7 and the dc current is equal to /;. Thus,

2V,1
Py = =7 d (2.119)

2 T
I;rms) =‘,E/o de(wt) = I

Also, Vyrms) = Vm/\/i as in Section 2.8.2.2. Hence,
Viula

Pye = (2 120)
V2
Py 2Vl 2
nr = 100 x =% = 100 x ‘2 = 90%
sac Y Vm Id
The primary quantities can be determined with the help of Fig. 2.35 as
N,
1 =—]1, 2.121
prots) = - la ( )
and
Nl Vm

Vowrms) = AN
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Fig.2.35 Single-phase, full-wave bridge rectifier feeding an inductive load:
(a) circuit, (b) waveforms

Thus,

Peq = Ppac = Py = (2122)

and

Poq  Vula  2Vyly
Py V2 —
2.8.2.4 Single-phase, full-wave rectifier supplied by a centre-tapped

secondary and feeding an inductive load The circuit and waveforms of the
rectifier are given in Fig. 2.36. The transformer core has two circuits corresponding

Sp =
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to the two halves of the transformer secondary connected in opposition. As in
Section 2.8.2.3,

2V, 1
P = Vyl; = =24 (2.123)
T
1 T ) I,
Lrms) = ), (Ig)*d(wt) = ﬁ
Vin
Vs®Ms) ﬁ
2Vm Id
Pooe = 2Virms)Lsrms) = ﬁﬁ = Vuly (2.124)
Hence,
P, 2V, 1
nr = 100 x —< = 100 x =" - Vv, I, = 63.6%
sac ‘7-[

The reduction in rectifier efficiency as compared to the full-wave bridge case is
due to the fact that the output is taken only from half of the secondary winding
in each half-cycle. The ampere-turn balance is written as

Niip, = Nais1 — Naigo (2.125)

I,rms) is obtained from Fig. 2.36 as

2 ("(Ny \° Noly
IP(RMS) = \/E./(; (F]Id) d(a)t) = Nl

Nl Vm
Vowrms) = AN

and

Now,

Ppoc = Vprms)Iprms)

Using the expressions for V,rms) and I,rwms), the primary power can be expressed
as

p o NVaNo, o Vula
pac NZ\/ENI d ﬁ
and
Peq = l[Ppac‘|‘Psac] = l|:vmld +Vm1d] (2.126)
2 2| 2
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Fig.2.36 Single-phase, full-wave rectifier fed by a centre-tapped secondary:
(a) circuit, (b) waveforms

Finally,

P A [Vl Vald] 707 L

Pie 2 2V, 1/ S o2x2

2.8.2.5 Three-phase, half-wave rectifier supplied by a Y/ Y -with-neutral
transformer and feeding an inductive load The circuit and waveforms are
given in Fig. 2.37. As stated in case 4 of Section 2.8.1.2, the secondary ampere
turns have a zero sequence component which cannot be compensated by the
primary ampere turns.

Sp =

3 33
Py = VI, = 2V, sin (Z) I, = iled (2.127)
T 3 27
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Fig. 2.37 Three-phase, half-wave controlled rectifier fed by a star/star transformer
and feeding an inductive load: (a) circuit, (b) waveforms
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From Fig. 2.37(b),

1 2m /3 I
I;rms) 2 ), (Ug)*d(w NG

Vin
Virms) = ﬁ
Hence,
3V Id 3
Pyoe = (2.128)
Thus,
Pac 33 3
= 100 = 100 —V, ;| = —=V,I = 67.5%
" " Prc * ( 2m d) («@ d) ’

Referring to Fig. 2.37 and using Eqns (2.103) gives I,rMs) as

/3 N22 d o Ny 1y g N> \/z
— 22204 g L2l gy = 22,2
IpRMs) \/271_/ ) (0))4‘/2”/3( N, 3> (wt) = N, 43

Also,

% g = Nl Vm
RMS) = —
p( ) NZ\/E
Hence,

po= WV M2

"= N, JaN, 3 md

1/ 3
Py = §<%+1) Vulg = 111V, 1, (2.129)

Finally,

Peg 3V3

dp = _111V1d—2—VId_134

dc
2.8.2.6 Three-phase, half-wave rectifier supplied by a delta/star
transformer and feeding an inductive load The circuit and waveforms for
this configuration are given in Fig. 2.38. It is assumed that the secondary ampere
turns have a zero sequence component. The delta-connected winding gives rise to
three new current variables iy g, i1y, and i; . However, it is seen from Fig. 2.38(b)
that the phase current waveforms both in the primary and the secondary windings
are identical to those of Fig. 2.37(b). Hence, the values for nz and dz remain at
67.5% and 1.34, respectively.
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Fig. 2.38 Three-phase, half-wave rectifier supplied by a delta/star transformer and
feeding an inductive load: (a) circuit, (b) waveforms
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A factor called the line power factor is denoted for this case as PFj;,. and is
defined as
P, dc P, dc

PFiine = =
fine input power VeI

where V; and I; are the RMS values of the line voltage and line current,

respectively. They are determined as
Ny Vy,
Vi = Vpr = ——

N, 2

From Fig. 2.38, the instantaneous value of line current is

N, . . N,
Irg = Fl(lpR_lpB) = —1I

The RMS value of line current is obtained as

2 (TR UIN, 2 N, 2
I, =, — —1 dlwt) = —1;,/ =
L \/27'[/0 <N| d) ((1)) N1 d 3

V3N, V,, N 2
Pac(line) = VLILR = N lﬁﬁzld g = led (2130)
2 1

Finally, with Py as in Section 2.8.2.5, the input power factor is obtained as

Pie  (BV32mVul,  3V3
Pac(line) B led B 21

Now,

PFline = = 0.827

2.8.2.7 Three-phase, half-wave rectifier supplied by a star/zigzag
transformer and feeding an inductive load The transformer connections
considered in Sections 2.8.2.5 and 2.8.2.6 above suffer from the drawback that
the secondary ampere turns give rise to dc components; also, they do not sum
up to zero and hence have zero sequence components. These two drawbacks
are eliminated in the zigzag connection of Fig. 2.31(a). The zigzag secondary
requires 15% more turns than a star secondary. The primary current waveforms
in Fig. 2.31(c) have an alternating nature and confirm that the dc component
is nullified. As stated in case 6 of Section 2.8.1.2, there is a perfect balance
of the primary ampere turns in this case and thus the set of equations (2.101)
holds good. The RMS values of the primary currents sum up to zero as given
by Eqn (2.104). The rectifier efficiency can be computed with the help of the
waveforms of Fig. 2.31(c). The dc output voltage with & = 0 is

3 3v3
Vo = 2vpsin(Z) = 23y,
T 3 2

where V,, is the peak value of vy as well as that of vy, and v,3. The dc current is
equal to ;. Hence,
33

Py = Vil = ?led (2.131)
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From the phasor diagram of Fig. 2.31(b),

Vinwms) = Vovems) = Viavems) = %

Hence the RMS voltage of each of the six windings becomes
Vrrms) = Vywms) = Verms) = A Vn
V332

The current in each of the six windings is

1 2 /3 1
2 d
I;rms) = _275/0 Lid(wt) = —ﬁ

Thus,

Psye = Virms)lsrms) = = V2V, 1, (2.132)

6 V, I;
V3243
Also,

P 343
N de — 100 x (2£led> - (ﬁVm]d> = 58.5%
T

Psac

The RMS value of the primary current is computed with the help of the waveforms
in Fig. 2.31(c) as follows:

1 2
Ip(RMS) = E_/(; lin(a)l)
That is,

1 2 N2 2 8m/3 N2 2
1 = | — ——1 d(wt —1 d(wt
PRMS) o |:[m/3 ( N, d) (o) + /271 (Nl d) (1)

N, 2
= —I5]=
N 3

Also,
N 1V,

\%4 = —
PIRMS) N2 \/§ \/5
Thus,

Ppac =3VorMms) L pRMS)

M1 Ve NZI\/E
TN VB2 N Y3
=V,
1
Peq=§(ﬁ+1)vm1d = 1.21V,I, (2.133)
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Finally,
Peg 33

Sr = = 1'21led+_VmId
dc 27

=1.46

2.8.2.8 Six-phase, half-wave rectifier feeding an inductive load The
circuit and winding disposition of the rectifier are given in Fig. 2.32(a) and
the waveforms in Fig. 2.32(b). The first configuration with the star-connected
primary winding helps in obtaining a nearly sinusoidal primary current waveform.
Equations (2.105) and (2.107) in case 7 of Section 2.8.1.2 are applicable here,
respectively, for the ampere-turn balance and alternating primary ampere turns.
The rectifier efficiency and derating factor for the two types of primary windings
are arrived at as follows.

Star-connected primary From the waveforms of secondary currents given in
Fig. 2.32(c), Isrms) is obtained as

G I
2 d
focrmts) = 2 /0 ladtwr) = V6

Also,
Vin
Viems) = —=
s( ) \/§
The apparent power at the secondary terminals is given as
Vi 1y
Pgae = 6Virms)LsrMs) = 63@ = V3Vuly (2.134)

From the waveform of i, (star),

; 2 /”/3 N1 Zd( t)+/2”/3 N2, 2d( )
=|— —— w —— w
PRMS) 2 0 N 3 ¢ /3 N 3 ¢

172
T N1\ Ny /2

+/ (—2—1d> d(wt) = —2£1d (2.135)
2773 \ N1 3

The apparent power at the primary terminals is given as

Ny V,y N> V2
Ppae = 3V,rMms) L prMS) = 3F;EVITLJ = Vauly

Ve for this six-phase rectifier can be obtained by taking n = 6 and « = 0 in
Eqgn (2.16). Thus,

6 LT Vin
Vie = —V,,sin (—) = 3—
b4 6 b4

Also,
Iae = Iy
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Hence,
3V,I
P = Vaeloe = —° (2.136)
T
P 3V,
e = S 0 x Dml/T o ssq
sac «/§Vm d
1 1
Pag = 5(Puc + Ppac) = E(\/§+1)led = 137V, I, (2.137)
Finally,

P, 137V, 1,
Spo= =3 = —2Lmd _y43
Pdc (3/7T)Vm1d

Delta-connected primary For this case, Py,. and Py remain as before and hence
nr is equal to 55%. i ,rMms) is arrived at from the waveform of i, as follows:

27 /3 2 N, I
Ip(RMS) = —f <—Id) d(wt) = N2j§
|

Also,
v N1 V,
RMS) = — —=
pC ) N2 \/z

Ni V,, N> I 3V, 1,

Ppac =3V, rMs) [ pRMS) = Eﬁﬁlﬁ = 7

1 3
Pag = 5(Puc + Ppc) = (ﬁ +—) Valg = 148V, 1, (2.138)

NG

Pyq 148V, I,
Poe  B/m)Vnla

The RMS value of line current can be computed as follows. i; g can be written as

1
2

dp = = 1.55

ILR = lpr — lpp = V(lsl — g4 —Ig5 +i52)
1

Hence,

271/3 N, 2
I rRvs) = T _Id d(wt) =N gld
|

Nl Vm
Virms) = Vprms) = Fzﬁ
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Now, the input power

Ny Vi Ny |2
Pactine = 3Viwrms)ILrms) = 3?;7%??\/5@ = Vuly (2.139)
Finally, the line power factor is
P, 3/m)Vl
PFline - de = ( /77) d = 0.955
Pac(line) Vm Id

2.8.3 Summary of the Expressions for Rectifier Efficiency and
Derating Factor

The rectifier efficiencies and derating factors for single-phase rectifiers are given
in Table 2.1. The low ng for S; is due to the low ac component of current [ /rms)
= I, /2]. As stated earlier, the unidirectional ampere turns on the secondary
cannot be compensated by the primary ampere turns and thus they contribute
to the core losses. For the case S,, the secondary ac component of current has
a higher magnitude [I;rms) = In/ «/3] and hence there is better utilization of
transformer capacity. The high values of nz for case S; are due to the absence of
uncompensated dc ampere turns on the secondary side. In case S4, only half the
transformer voltage is utilized in each half-cycle; this feature together with the
dc ampere turns results in poor performance factors.

Table 2.1
Factor Single-phase, Single-phase, Single-phase, Single-phase,
half-wave full-wave full-wave full-wave,
(resistive (resistive load)  (inductive centre-tapped
load) (Sy) (S,) load) (S3) secondary
(inductive load)
(S4)
nR 40.5% 81% 90% 63.6%
SR 2.47 1.23 1.11 1.34

Table 2.2 sums up the results for the rectifiers fed by three-phase and six-phase
transformers. Due to the dc ampere turns present in cases T and T, their rectifier
efficiencies are low at 67.5%. In the case T, the line power factor is equal to the
primary power factor [ Pp,c = Pac(iine)] because both the systems of currents are
balanced. Even though there is ampere-turn balance for case T3, the primary
current is zero for one-third of the period. Hence ng is low at 58.5%. The
alternating zero sequence components in cases T4 and Ts are the cause of the
low rectifier efficiency at 55%. The nearly sinusoidal primary current waveform
in case T4 is advantageous and hence the derating factor for case Ty is less than
that for case T's. For the latter case, the primary power factor is .78 as against the
line power factor of 0.955. The reason for this will be evident from the waveforms
of i, and i; ;. Whereas in the former case the no current intervals have a duration
of 47 /3 rad, in the latter case the duration is only 27 /3 rad. In spite of the poor
performance factors for the three cases T3, T4, and Ts as compared to those of
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cases T; and T,, the assumption of flatness of the current waveform is more
justified because of the six-pulse nature of the current.

Table 2.2
Three-phase  Three-phase Six-phase
Factor Y/star- Al/star- Three-phase
with-neutral ~ with-neutral Y/zigzag Y/interstar ~ A/interstar
(Ty) (Ty) (T3) (Ty) (Ts)
nR 67.5% 67.5% 58.5% 55% 55%
SR 1.34 1.34 1.46 1.43 1.55
PFjine 0.827 0.955

2.9 Input Power Factor

In all phase-controlled rectifiers, the firing angle delay causes the thyristor current
to lag the phase voltage. With a highly inductive load, the load current that is
carried by the thyristor attains the shape of a rectangular pulse which is delayed
by an angle of «.

The fundamental power factor, also called the displacement factor, is defined
as cos ¢, where ¢, (termed the displacement angle) is the phase angle difference
between the phase voltage and the fundamental component of the transformer
secondary current. It is shown below that for all full-wave fully controlled
connections, ¢; will be equal to the firing angle «.

The input power factor A for a rectifier fed by the secondary of a transformer
is defined as

mean power at the secondary
A= (2.140)
apparent power

The transformer secondary current for a full-wave controlled rectifier consists
of alternating rectangular waveforms with a time period of 2. Denoting this
current as i and using Fourier analysis, it can be decomposed as

o0
iy = Y _aycosnwt + b, sinnowt (2.141)
n=1
where a, and b, are the nth-order Fourier coefficients. Equation (2.140) now
becomes

\ = Virwms) I1rMs) €OS ¢y

(2.142)
VrRms Irms

where Vigrwms) and Ijrms) are, respectively, the fundamental components of
thyristor voltage and current. Here,

Viems) = Vrwms (2.143)
for the sinusoidal secondary voltage. Hence, Eqn (2.142) becomes

I1(rms) COS @y

Irms

A = (2.144)
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The ratio Iyrms)/Irms 18 called the distortion factor denoted by pu.
Equation (2.144) can now be expressed as

A = | COS @ (2.145)

Thus the input power factor is just the product of the distortion and displacement
factors. It will always be less than unity for a secondary current containing
harmonic components. This is true even when the fundamental component of
current is in phase with the voltage, with the diode as the rectifying device.

Expressions for input power factor are derived below with respect to commonly
occurring transformer fed rectifiers.

2.9.1 n-phase, Full-wave Fully Controlled Rectifier

For a continuously conducting n-phase, full-wave rectifier, the secondary current
of the transformer is an alternating rectangular waveform of amplitude /; as
shown in Fig. 2.12. If the secondary current of the transformer is denoted by i,
it is expressed in terms of a Fourier series as

oo
i = Y (ancosmwt + by sinmor) (2.146)
m=1
As explained in Section 2.4.1, the firing angle « is measured from the point of
natural commutation, which is at an angle of 7 /2 — 7 /n rad from the origin of
the n-phase sinusoid. The Fourier coefficients are now expressed as
2 w/2—m/n+a+2n/n

ay = — 1, cosmwt d(wt) (2.147)
T w/2—n/n+a

and

2 7/2—n/n+a+27 /n
Y
b

I; sinmwt d(wt) (2.148)
/22— /n+o
The Fourier coefficients a; and b associated with the fundamental component of
current are therefore given as

2 w/2—n/n+a+2m/n

a = — 1; cos wt d(wt) (2.149)
T w/2—m/n+a

and

by = =
T

2 w/2—n/n+a+2mw/n
/ 1; sin wt d(wt) (2.150)

/2—m/n+a

a; and b; are obtained by evaluating the integrals, as

41
a = — 24 sin (z) sin o (2.151)
T n
and
4Id . T
by = —ssin (—) coso (2.152)
b4 n
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The RMS magnitude of the fundamental component is obtained as

a? +b? 221, . m
Lirms) = : > L = - < Sin (;) (2.153)

Also, the displacement angle ¢; is obtained as

¢ = tan"! (Zﬂ) — tan(—tana) = —a (2.154)

1

For single- and three-phase rectifiers /;rms) works out, respectively, to 2«/§Id /T
and v/61;/7. The RMS magnitude of the current pulse is obtained as

2 w/2—m/n+a+2r/n
Irms = —/ de(a)t) (2.155)
2 J,

/2—n/n+o

2
= Id\/; (2.156)

Finally from Eqn (2.145), the input power factor is obtained as

_ (2[2/n)1d2 jin(n/n) cos(—c0) (2.157)
n
=£s1n(n>cosa (2.158)

The input power factors for single- and three-phase rectifiers work out,
respectively, to (242 /m)cosa and (3/m) cos .

2.9.2 Three-phase, Half-wave Controlled Rectifier

As stated in Section 2.8.1, a dc component exists for the transformer secondary
current for all configurations of three-phase, half-wave controlled rectifiers. Two
of the commonly occurring connections are (a) Y/Y-with-neutral [Fig. 2.8(a)]
and (b) A/Y-with-neutral [Fig. 2.9(a)]. In both of these cases, an uncompensated
zero sequence component flows through the secondaries, causing the saturation of
the core. Hence, the use of three-phase, half-wave controlled rectifiers is limited
to low-power applications where such undesirable currents can be ignored.

2.9.3 Three-phase, Half-wave Controlled Rectifier Fed by a
Star/Zigzag Transformer

The drawbacks mentioned above for the three-phase, half-wave controlled
rectifiers are eliminated in the star/zigzag transformer, because here the secondary
ampere turns sum up to zero. However, it employs three more secondary windings,
which implies that it requires 15% more turns than a star secondary; this is
with the assumption that the turn ratios between the primary winding R" and
the secondary windings r; and r, are in the ratio V3:1:1. Figures 2.31(a), (b),
and (c), respectively, show the circuit, phasor diagram, and waveforms. The ratio
N,/ N given in the waveforms is 1/ V3.
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In Fig. 2.31(b), the windings b, and 1, connected to Th; are mutually displaced
by a space angle of 120°. Hence, the voltage Vi jy = (W, + V;,) cos 30 = (2 x
Vi /N/3)(v/3/2) = Vi, where Vi is assumed to be the phase voltage of the
primary. Hence the voltage ratio of the transformer is 1.

Taking the primary star as the source for the associated rectifier and assuming
the firing angle to be measured from the origin of the supply voltage waveform,
the input power factor is arrived at as follows. The RMS value of the primary
current i ,p is evaluated as

IR(RMS)z L /2ﬂ/3+a’ <__Id)2d(wt)+/4n/3+a/ (I_d)zd(wt)
2 o \/g 27 /34a’ \/g

2m+a 12
+ / [0]2d(wt)} } (2.159)
47 [34d
_ Id;/z (2.160)

ipr can be expressed in terms of a Fourier series as

o0
ipr = Y _(ancosnot + b, sinnot) (2.161)

n=1

The fundamental component coefficients a; and b, are obtained as

1 /2]‘[/3+a' _Id 47 /3+d’ Id
a = — —— ) coswt d(wt) + / (—) cos wt d(wt)
T o ( \/§> 21 /3+a’ \/5

2w+’
—l—/ 0 d(wt) (2.162)
4z /3+a!
V3, . m ,
=- sm(§ —oz) (2.163)
and
1 27 /34 -1, 47 /34’ I
by =— / <—) sin wt d(a)t)—l—/ (—) sin wt d(wt)
: T |: o V3 27 3+a’ V3
(2.164)
«/gld T ’
== cos <§ _ a) (2.165)
Now,

= L= MZ 3l (2.166)
V2 2 2r '
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and
¢ = tan~! <%) = tan~! [tan (% - a’)] = % —d (2.167)
Finally, the input power factor can be derived as
1
A= COS¢P; = <w> COS @y
Ir@rMS)

Finally, the expression for A can be written as

A—Mcos<z _a/>
(V2/3)I,

3
(2.168)

2.9.4 Six-phase, Half-wave Rectifier Fed by a Star/Interstar
Transformer

The winding connections and waveforms of this rectifier are shown, respectively,
in Figs 2.32(a) and (c). The primary star is considered to be the source (input)
because the corresponding phase current is an alternating waveform of stepped
nature. The input power factor is now derived with the simplifying assumption
that the turn ratio N, /Ny is 1:1.

; :i /n/3+a’ I_d Qd(wt)+/2ﬂ/3+a’ Zﬁ Zd(a)t)
REMS ™07 | S 3 e\ 3

’

T+a I 2
+/ (—) d(wt) (2.169)
27 /3+a’ 3

Simplification gives

V2
Ir®rMs) = d3 (2.170)

The Fourier coefficients corresponding to the fundamental component are
arrived at as follows:

2 /34’ 1 27 /340’ 21d
a; = — ?cosa)t d(wt) + Tcoswt d(wt)

! 7 /34a’

7/3+a

T+a’ I
+/ — coswt d(wt) (2.171)
2

=—""sind’ (2.172)
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Also,

2 /34’ I . 27 /3+a’ 21:1 )
by =— 3 sin wt d(wt) + 3 sin wt d(wt)

T ! /3+a’
T+a I .
+ — sin wt d(wt) (2.173)
27 /3+a
21, ,
= —cosa 2.174)
b4

The corresponding RMS value of current and its phase angle are given as

Vai+bi
=

Ir,®RMs) = (2.175)

T
and
¢ = tan”! (;ﬂ) = tan !(—tano’) = — o (2.176)
1

The input power factor is obtained as

1 I;4/2 3
A = MCOS ¢1 = d\/_/n COS (—a/) = (—) COS a/ (2177)
Tr®Ms) 1,723 4

2.9.5 Six-phase, Half-wave Rectifier Fed by a Delta/Interstar
Transformer

The winding disposition and waveforms for this rectifier are also given in
Figs 2.32(a) and (c). The primary delta is considered to be the source by virtue
of its current waveform being an alternating rectangular one. As before, the turn
ratio N, /N is assumed to be 1:1 for the sake of simplicity.

5 23+ I
Lgus) = | — / Pd(wt) = —L= (2.178)
27 J 3 V3
As before, the Fourier coefficients a; and b; are obtained as follows:
2 27 /34’ 21,
a = — / Ijcoswt d(wt) = — —sina’ (2.179)
T Jr/34a’ T
and
2 27 /34’ 21
by = = / Iisinwt d(wt) = —2 cosa’ (2.180)
T Jr/34a’ T
Hence,

la> +p> V21
Ig,rRMS) = 12 L = nd (2.181)
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and

¢ = tan~! <;ﬂ) = tan '(—tano’) = — o (2.182)
1

Finally, the input power factor is given as

1V2/m
Id/\/§

6
cos(—a') = £cosa’ (2.183)
T

2.10 Dual Converters

The operation of a fully controlled converter in both the rectifying and inverting
modes is termed as two-quadrant operation because it can be represented by
points in the first and fourth quadrants, respectively, on the v-i plane. Typical
(v, i) points in the two quadrants are shown in Fig. 2.39(a).

I T | Il Ep I
Ep L4 B A
(ia1, Eb1) Inversion | Rectification
° ia —> ia —
ing, E B A
(a2, Epa) Rectification| Inversion
1] [\
1 Iv

(a) (b)

Fig. 2.39 Multiquadrant operation of a separately excited dc motor: (a) two-
quadrant operation, (b) four-quadrant operation

If a second fully controlled converter which conducts current in the
reverse direction is connected as shown in Fig. 2.40(a), the combination gives
four-quadrant operation. Figure 2.39(b) illustrates the rectifying and inversion
modes of the P and N converters. This combined circuit s called a dual converter
and can be employed as a source for a reversible separately excited dc motor. With
the positive direction of motor current taken to be from C to D, converters P and
N act, respectively, as the positive and negative conducting converters. With the
thyristors of converter N being oriented in the reverse direction, its rectification
mode will be in the third quadrant and inversion mode in the fourth quadrant.

Two schemes of dual converter control are considered here: (a) non-
simultaneous control and (b) simultaneous control.

2.10.1 Non-simultaneous Control

In non-simultaneous control [Fig. 2.40(a)], when one of the converters, say,
converter P, is in operation, the other converter (N ) is kept in a blocked condition
by disconnecting its triggering signals. Assuming that the motor initially operates
in the first quadrant, braking of the motor involves changing the operating point
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Fig.2.40 Dual converter configurations: (a) circuit for non-simultaneous control,
(b) circuit for simultaneous control

from the first quadrant to the second one. The changeover is carried out in a
smooth manner as follows.

(1) The armature current is forced to zero by increasing the firing angle o p of
the devices of converter P to 180°.

(i1) After zero current is sensed, a dead time of 2—10 ms is allowed, to ensure the
turn-off of all the thyristors of converter P, and at this stage its triggering
signals are disconnected. No drastic change occurs in the motor speed during
this period because of inertia.

(iii) The firing angle oy of the devices of converter N are kept at a value which
is slightly less than 180° and then its firing signals released.

(iv) ay is then reduced to fall in the range 90°< oy <180°, thus ensuring the
operation of converter N in the inversion mode (second quadrant). After a
short time the motor speed become zero and this completes the braking of
the motor.

If now it is required to reverse the rotation, a is further reduced to fall in
the range (0°< oy < 90°). This facilitates shifting of the operation to the third
quadrant.
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If it is desired to restore the direction of rotation of the motor to the forward
motoring mode, a similar sequence of steps is followed so that the operation first
changes over from the third quadrant to the fourth one and then from the fourth
quadrant to the first one.

2.10.2 Simultaneous Control

In simultaneous control [Fig. 2.40(b)], one of the converters, say, converter P,
carries the motor current and converter N is in a triggered condition so as to
conduct a small circulating current. The firing angle of the devices of converter
N are adjusted to facilitate the flow of this small current, thus making it ready to
take over the motor load. This is analogous to keeping the generating plant in a
steam-run power station in a hot standby condition. A necessary precaution with
simultaneous control is that the flow of a large circulating direct current should
be prevented, and to ensure this, the output voltages of the P and N rectifiers of
Fig. 2.40(b) have to be adjusted to satisfy the relation

vp+uoy =0
or
Vgp COSOp + Vg, cOsSay = 0 (2.184)
where vy, = vo, = 2V,,/7. Dividing throughout by 2V,, /7 gives
cosap +cosay = 0
or
ap +ay = 180° (2.185)

Equation (2.185) implies that, with the converter P working as a rectifier (0 <
ap < 90°), the converter N has to be operated in the inverting mode (90 < ay <
180°) and vice versa. However, as their instantaneous voltages are not equal, an
ac circulating current flows through the two rectifiers. The inductors Lp and Ly
are necessary to limit this ac current. Assuming that converter P carries the motor
current, motor control is possible either in the first or fourth quadrant. Converter
N carries only the circulating current. Now, if converter N takes over the motor
current, operation takes place only in the second or third quadrant, with converter
P carrying the circulating current. Section 6.4 deals with the sequence of steps
for a smooth changeover of conduction from one converter to the other for a
simultaneously controlled dual converter.

2.10.3 Circulating Current

The following analysis is aimed at deriving an expression for the circulating
current flowing in a simultaneously controlled single-phase dual converter. It is
assumed that rectifier P carries the load current and rectifier N carries only the
circulating current. In Fig. 2.41(a), vp and vy are the output voltages of rectifiers
P and N, respectively, with the firing angle « p kept at 60°. As per Eqn (2.185), oy
has to be adjusted at 120°, implying that rectifier N has to work in the inversion
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mode. The difference between the voltages v, p and —vq. equals the drop across
the inductors L p and L. This is expressed as
di,
L— = vap—vcp = vp —(—vy) = vp +uy (2.186)

dt

where i, is the circulating current and L = Lp 4+ Ly. It is seen from the
waveforms of Fig. 2.41(b) that the sum vp + vy is zero during the intervals o p
tomr —ap and m + ap to 2 — . Considering the interval m — ap to m + ap,
vp and vy are related as

vp + vy =2V, sinwt

with i.(wt) =0 at m — o p. Equation (2.186) can be solved for i, as

R 2V, (! .

le = — (vp +vy)dt = — sin wt dt + ¢;
L (r—ap)/w L (r—ap)/w

The integration constant ¢; becomes zero because of the initial condition on i..

Performing the integration gives the circulating current as

2V,
i. = ——L(cosap + cos wt) form —ap <wt <m+ap (2.187)
1)

Figure 2.41(c) shows the plot of the circulating current for the interval m — ap <
wt < 1 + ap, which becomes 120° (elec) < wr < 240° (elec) for ap = 60°; the
plot is shown as a continuous curve. For the intervals 0 < wt < «p and
2w — ap < wt <21, vp + vy becomes —2V,,sin wt. However, for integration,
it is convenient to take the former interval as —ap < wt < ap, the latter interval
remaining as it is. The per-unit magnitude for /. for the interval —ap < wt < ap
is drawn only for the half intervals 0° to 60° and 300° to 360°. Proceeding as
above, the circulating current for these intervals is obtained as
Vm

2
i. = (coswt — cosap)
wlL

The plots for these two intervals also are given in Fig. 2.41(c). It is easy to
see that for op = 0°, the circulating current is constant at zero as shown by the
dash-dot-dash line, and equal to (2V,,, /wL) cos wt when o p =90°, which is shown
as the dashed cosine curve. It can be concluded that the plot of the circulating
current depends on o p on the one hand and the inductance L on the other.

The voltage that causes the circulating current is the algebraic sum of the
instantaneous voltages and is itself an alternating quantity. The path of the
circulating current is through the conducting SCRs, the transformer windings,
and the two inductors Lp and Ly. It is assumed in the above analysis that the
leakage inductances of the transformer windings are negligible as compared to
the combined inductance L. The following remarks are relevant in connection
with the operation of the dual converter.

(a) Though the above discussion has centred around a dual converter consisting
of single-phase bridge rectifiers, it can be extended to a converter consisting
of three-phase, full-wave fully controlled bridge rectifiers.
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Fig.2.41 Single-phase simultaneously controlled dual converter: (a) circuit,
(b) waveforms of vp and vy, (c) waveforms of circulating currents with
o =0°,60° and 90°
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(b) Though the details of the firing circuitry have not been dealt with, it is to
be noted that a carefully designed firing circuitry is essential to provide the
proper sequence of triggering signals for both the converters.

(c) A comparative assessment of the two types of control shows that the presence
of reactors in simultaneous control leads to higher cost, lower efficiency, and
lower power factor as compared to the non-simultaneous type. However, it
has the following merits: (i) continuous conduction is guaranteed because
of the freedom for the motor to rotate in either direction, the gain being
constant; (ii) simpler control and better speed regulation are achieved;
and (iii) continuous conduction of both the converters is facilitated over
the whole control range, irrespective of the magnitude of load current.
This in turn facilitates faster changeover of operation from one quadrant
to another. The main drawback of non-simultaneous control is that speed
regulation is poor because of discontinuous conduction at light loads. This
feature, combined with the presence of a dead zone during reversal makes its
gain characteristic non-linear. A third disadvantage is that additional logic
circuitry is needed to detect zero current as well as implement dead time.
The availability of ICs and hardware for detecting zero current at lower
price are making the implementation of non-simultaneous control easy and
also facilitating faster response. This type of dual converter is finding wider
acceptance because of these trends.

(d) The motor employed with the dual converter has been assumed to be a
separately excited one. Though using the dc series motor is advantageous
for some kinds of hoists, one needs to ensure that the field current remains
constant during the reversal of armature current. For accomplishing this,
a diode bridge has to be interposed in the armature circuit, the field is
connected at the output terminal of the diode bridge.

Chapter 6 deals with cycloconverters in which dual converters find extensive
application.

2.11 Hoist Operation

A ready application of the four-quadrant operation of a dual converter is found in
hoist operation. Hoists are used in hydroelectric power stations and mines, which
are situated 30-300 m below the ground level, to move men and material up to
the ground level. It is assumed that a load has to be hoisted up by means of a
hook. After this load is removed from the hook, the light hook has to be lowered
down to the bottom so that it gets ready to hoist a second load.

The operation of a hoist using a separately excited dc motor controlled by a
dual converter can be explained with the help of Figs 2.42(a)—(c). The torque and
speed of a dc motor are assumed to be positive in the hoisting mode, the equation
for power being given as

P = KT,Q (2.188)

Equation (2.188) shows that the shaft power is positive when torque and speed are
positive. It is shown below that there is a one-to-one correspondence between the
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Fig.2.42 Four-quadrant operation of a dc separately excited motor: (a) w-T
diagram, (b) ep-i, diagram, (c) circuit of a dual converter

corresponding quadrants of the T;-w plane and the e;,-i,, plane drawn, respectively,
in Figs 2.42(a) and (b). The relations for a separately excited dc motor are

¢=Kgiy (2.189)
va=ep+i,R, (2.190)
er = Kppow (2.191)
T, = Koi, (2.192)

where ¢ is the field flux, I is the field current, v, is the terminal voltage of either
of the rectifiers, ¢, is the back emf of the motor, i, is the armature current, R, is
the armature resistance, w is the variable angular speed of the motor, and T} is
the variable motor torque developed at the shaft.

With constant field current / » and hence constant field flux ®, e;, is proportional
to w and T, is proportional to i,. The positive motoring shown in the first quadrant
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of the ej-i, diagram corresponds to the hoisting mode. The correspondence of
the other quadrants of the e;-i, and T;- diagrams are also shown in the figures.
The line P Q in Fig. 2.42(b) represents Eqn (2.190), with V, as the intercept on
the ej-axis and R, as its slope. As the point Q falls in the Ig quadrant, torque is
positive; the corresponding (7, 2) point is shown as Q” in Fig. 2.42(a). Assuming
non-simultaneous control of the dual converter, converter P of Fig. 2.42(c) will
be in the rectifying mode and converter N will be off. In this mode, shown in
Fig. 2.43, the hoist moves from the bottom and proceeds up towards the ground
level.

Ground level
Ilg
c
i}
2| 8
EI = 1 e
s|F E
= T
> g
c
2
24
Oy IVe
Bottom level

Fig. 2.43 Range of hoist motion during four-quadrant operation

When the hoist has reached a point slightly below the ground level, it
is necessary to brake the motor at this level to facilitate its stopping at the
ground level. This involves the sequence of steps given in Section 2.10 for the
non-simultaneously controlled dual converter. The motor operation will now shift
to a new (i,, E;) point located in quadrant IIg, which represents regenerative
braking and implies eventual stopping of the motor. The voltage will be positive
as viewed from the terminals of the converter N. The relation between E}, and i,
in quadrant IIg can be written as

v, = e, +i4R, (2.193)
which gives i, as

P o= e (2.194)
R4
As v, is less than E), in the second quadrant, i, is negative and the point P has
the coordinates (—i,1, Ep1). The torque is also negative, with w having a positive
sign, and therefore the point on the T;- diagram falls in quadrant ITy;, with P’
as a representative point.

For lowering the light hook, the motor has to rotate in a reverse direction.
This is shown as the reverse motoring mode and the operation is represented
by a point in quadrant IIIg. Converter N operates as a rectifier with ay in the
range 90° < ay < 180°. Equation (2.190) holds good but with both v, and e,
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negative. Writing v, = —|v;| and ¢, = —|vs|, i, can be written as

_ —luil + v
= — R
As |vy| > |vz| in the IIIg quadrant, the armature current i, will be negative, R
being a typical operating point. The transition from quadrant IIg to quadrant Illg
is carried out smoothly as described earlier. The corresponding point in quadrant
1Ty of the t;-w diagram is shown as R’.

As the light hook reaches a point slightly above the bottom of the mine (or
the level of a hydropower house), it is necessary to initiate action to bring it to a
stop exactly at the bottom. For this purpose, the motor has to be brought into the
reverse braking mode, represented by quadrants IVy; and IVg. Rectifier P has to
be brought into operation with «p in the range 90°< ap <180°.

Equation (2.190) holds good in quadrant I'V also but here E;, and v, are negative
and written as

(2.195)

a

v, = —|v2] and |Ep| = —]v3]

and

) v, — Ep [v3| — |va]
la R, R, ( )

As |v3] > |vy| in quadrant IVE, i, is positive. Points S and S’ are typical points,
respectively, in quadrants IVg and IVy,.

2.12 Braking of Dc Motors

Single-phase and three-phase motors have to be braked at some stage of their
operation and it is desirable that this be done with minimum power loss. Three
electrical methods of braking of dc motors, along with their relative merits and
demerits, are discussed here.

When the terminals of a motor are disconnected from the dc source, the
machine continues to run as a generator. Because of the opposing load torque,
it eventually slows down, finally coming to rest when the kinetic energy is
completely dissipated. If either the load torque is small or the inertia is large,
the motor takes a long time to come to a stop. It follows that if it is desired
to brake the motor within a short interval, additional opposing torque has to
be applied to the rotor. By applying a mechanical brake an opposing frictional
torque can be generated but this causes wear and tear of mechanical parts.
Hence, electrical braking, which is smoother, is preferred, three of the usually
implemented methods being (i) dynamic or rheostatic braking, (ii) plugging or
reverse voltage braking, and (iii) regenerative braking.

2.12.1 Dynamic Braking

Dynamic braking consists in first disconnecting the dc supply and then connecting
a resistance, called the braking resistance, across the terminals of the machine.
The kinetic energy of the machine, which now runs as a generator, is converted
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E— Field @ E, Field @ E, Field

Fig. 2.44 Dynamic braking of a separately excited dc motor: (a) machine in normal
motoring mode, (b) machine running as a generator feeding the braking
resistor, (c) equivalent circuit

into electrical energy and dissipated in the braking resistor. Figures 2.44(a)—(c)
illustrate the three steps of this method of braking.

2.12.2 Plugging

In the plugging mode connection shown in Fig. 2.45(b), the motor armature
terminals of Fig. 2.45(a) are reversed and a braking resistor is connected in the
circuit. As a result of the reversal, the supply voltage and the back emf combine
to pass a large reverse current through the armature. Thus a braking torque is
generated and the motor quickly comes to a stop.

Reversing terminals

Field
{1
m
M
Field

Fig. 2.45 Plugging of a separately excited dc motor: (a) normal motoring mode,
(b) plugging mode

As power is wasted in both of the above methods, techniques that do not
involve such wastage are preferred. In regenerative braking, which is described
below, no power is spent for braking; on the other hand, the kinetic energy of the
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rotating motor is converted into electrical energy and fed back to the ac source,
thus resulting in increased efficiency.

2.12.3 Regenerative Braking

The principle of regenerative braking (Dubey 1989) can be understood with the
help of a separately excited dc motor fed by a single-phase fully controlled bridge
converter, which is shown in Fig. 2.46(a). The discussion below also holds good
for a motor fed by a three-phase fully controlled bridge converter. In this figure,
the output of the bridge converter is applied to the motor terminals during normal
operation. The firing angle « is less than 90° and the polarity is such that terminals
A and B are, respectively, positive and negative. Current flows in the series circuit
consisting of the positive terminal of rectifier, A, M, M;, B, and back to the
negative terminal of rectifier, and this is assumed to be the positive direction. If
it is desired to reverse the flow of current, the following conditions have to be
fulfilled:

(@) |Ep| > |Vel, and
(b) the devices used in the bridge should be able to conduct current in the reverse
direction.

L+
M
vV E Fixed
@ ’ ° field
i |
_ .

(a)

o “ s @éﬁ?ﬁ“

y +

+
m\l»h

|} ot

+y

(b)

o1

Fig.2.46 Regenerating braking of a separately excited dc motor: (a) normal
motoring mode, (b) regenerative braking mode

The first condition can be satisfied by adjusting « to be greater than 90°. The
second condition cannot be fulfilled because thyristors can conduct current only in
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one direction. Hence, reversal of current is not possible with this circuit. The only
alternative left is to reverse the polarities of V,, and E, as shown in Fig. 2.46(b),
and also to ensure that |E},| > |V,|. The polarity of V,, can be reversed as stated
above; however, there are four methods for reversal of the polarity of E,. These
are

(i) reversal of the direction of rotation of the prime mover,
(i1) reversal of the armature terminals,
(iii) reversal of the field terminals, and

(iv) using a dual converter in place of a single converter for providing dc supply
to the motor.

The reversal of the direction of rotation may not be practically feasible. The
armature terminals can be reversed by connecting a reversing switch as shown
in Fig. 2.47(a) or by means of a semiconductor bridge circuit as shown in
Fig. 2.47(b). The disadvantages of using a reversing switch are that it is slow
and there is wear and tear of the moving contacts. In the semiconductor bridge
arrangement shown in Fig. 2.47(b), the thyristor pairs Th, The on the one hand
and Thg, Thp on the other conduct at a time. A necessary precaution consists
of firing the new pair only after the conducting pair of thyristors is successfully
commutated. This, however, requires zero current detection which adds to the
overall cost.

+T7ﬂ\ 7 + I
dc supply \\ / Thy Th
from a N dc supply XZ\ B XZ\
controlled /(\\ Field froma
rectifier PR C(r):(t:icf)i”e?d c D
i FE / Thp Ty The AVA
S o _ l Field

(a) (b)

Fig. 2.47 (a) dc motor connected to the supply through a reversing switch; (b) dc
motor connected across a semiconductor bridge

In the third method, the supply to the field coil is reversed, whereas that of the
armature circuit remains unchanged. As shown in Fig. 2.48(a), a thyristor bridge
can be used as a source for the field so as to facilitate reversal. The drawback
of this method is that the reversal of field current affects the commutation of the
armature current. Second, as the field time constant is of the order of 1-2 s, natural
decay and rise of the field current may take 5-10 s. Consequently, this method
suffers from the disadvantage of reduction of speed of operation.

The fourth method, namely, reversal of E}, using a dual converter, is by far the
most superior among all the methods because of the fast response and flexibility
of control obtained with it. It can be accomplished either by simultaneous control
or by non-simultaneous control, as elaborated in Section 2.10.
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The various methods given above for braking are summarized in the tree
diagram of Fig. 2.48(b). Chapter 7 gives yet another method, namely, employing
a dc chopper for this purpose.

+ (
dc supply
from a Ef|e|d —
controlled -
rectlfler
Braking of motors
{ \
Mechanical Electrical
|
’ [
Dynamic braking Plugging Regenerative braking
Using Armature Field Using dual converter
reversing switch  reversal reversal ‘
Non-simultaneous Simultaneous
control control

(b)

Fig.2.48 (a) Circuit for regenerative braking by reversal of field supply; (b) tree
diagram showing the various methods for braking of motors

2.13 Power Factor Improvement

Conventional half-controlled and fully controlled rectifiers present a low power
factor to the input supply system and hence need PF improvement. Some forced
commutation methods that help in improving the power factor of rectifiers are

(a) extinction angle control,

(b) symmetrical pulse width modulation,

(c) selective harmonic elimination using pulse width modulation (PWM),

(d) sinusoidal PWM, and

(e) sequence control of rectifiers.
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2.13.1 Extinction Angle Control

Figure 2.49(a) shows a single-phase half-controlled rectifier for which the
technique of extinction angle control is to be implemented. Though thyristors are
shown as the controlled devices, GTOs can also be used instead. The operation of
the circuit can be understood with the help of the waveforms given in Fig. 2.49(b).

" @)

ac
supply

T Vid
Vs, Vid Vs
0
T
. hd
IThy ¥
T
i Ild
Tho Y
% 7
fD1, iD2 hd
¥
b
,'tj hd
* e Is1 ! ! P
; hg / P 2n-B
S Y - 0
LR A T 3n-p
S A ot—

(b)

Fig. 2.49 Single-phase half-controlled bridge converter with forced commutation:
(a) circuit, (b) waveforms for extinction angle control
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An external inductor L of appropriate size is assumed to be provided to
make the load a highly inductive one, thus ensuring a constant load current
characteristic. This allows the load proper to be resistive or slightly inductive.

As shown in Fig. 2.49(b), Th; is turned on at wt = 0 and off at wt = 7 — B;
again, Thy is turned on and off, respectively, at angles 7 and 2w — . The devices
that conduct during the various parts of the cycle are also given in the figure.
The diode pair D, D, provides a freewheeling path for the load current when no
controlled device is conducting. The resulting load voltage waveform is drawn in
the figure as a thick line which is superposed on the source voltage waveform.

Extinction angle control can also be achieved with the fully controlled rectifier
shown in Fig. 2.50(a); the corresponding waveforms are shown in Fig. 2.50(b).
Each of the thyristors Th; and Th, conducts for a duration of & rad. The firing
angle and extinction angle of each of the devices is adjusted so that the source
current waveform is identical to that of Fig. 2.49(b). The freewheeling action
takes place due to the conduction of the devices on the same leg of the rectifier.
Thus the pairs Th;, Thy and Th,, Ths provide the freewheeling path during
the intervals (w — B, m) and (27 — B, 2m), respectively. It is evident from the
waveforms and the following analysis that the performances of the half-controlled
and fully controlled rectifiers of Figs 2.49(a) and 2.50(a) are superior to that of
the corresponding line commutated rectifiers.

The advantage of extinction angle control is that the fundamental component
of the supply current leads the supply voltage. We now derive expressions for the
various voltages and currents. The dc load voltage is computed as

T—p _ =B
vy = i V. sinor dor) = Vi cOS wt _ V(1 4 cos B)
2 Jo b4 0 b4
(2.197)
It is evident from Eqn (2.197) that vg can be controlled to be in the range O to
2V,, /7 by varying B from 7 to 0. The Fourier coefficients for the source current
are given as a, and b,, in the equation

i;(t) = Z(an cosnwt + b, sinnwt)

n=1

where
2 (TP 21 ,
a, = — Ly cos(nwt)d(wt) = — —— cosnm sinnf (2.198)
T Jo nmw
and
2 (7P . 214
b, = — Iy sin(nwt)d(wt) = —(1 — cosnm cosnp) (2.199)
T Jo ni

The RMS value of the nth harmonic is computed as

. [aﬁ—i—bﬁ}l/z B {(2ﬁlld/nn)sin(nﬁ/2) for n even

2 (2v/2Lq/nm)cos(nB/2) for n odd (2.200)

a —cosnm sinn
¢n = tan~! (—”) = p

b, 1 — cosnm cosnp
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ac NS -
supply g,,

Fig. 2.50 Single-phase fully controlled bridge converter with forced commutation:
(a) circuit, (b) waveforms for extinction angle control

The RMS value of the source current is given by

2 B —
L = = / Ld(wt) = Lgy p (2.201)
2w Jo b4

An expression for the input power factor can also be derived as follows. From
Eqgns (2.200) and (2.201), the distortion factor is obtained (with n = 1) as

Iy 2v/2cos(8/2)
Is B 77(7[_:3)

(2.202)
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From Eqns (2.198) and (2.199),

a sin 8
tanggy = — = —— = tan —
by 1+4cosp 2
This gives
¢ = g (2.203)

Here, the displacement factor is equal to the fundamental power factor. Thus,

cos¢p; = cosg (leading) (2.204)

Finally, the input power factor is given as

It s = 2V2ACOB/DF 20+ cosp)

—cos¢; =
I m(m — pB) m(m — pB)
It is seen from Figs 2.49(b) and 2.50(b) that the fundamental component of the
source current leads the source voltage by an angle /2 rad; this is corroborated
by the result in Eqn (2.203).
The leading power factor obtained for the source current can be used to provide
compensation for both highly reactive loads as well as the line voltage drops in
the system.

(2.205)

2.13.2 Symmetrical Pulse Width Modulation

Symmetrical PWM can be implemented either for the half-wave circuit of
Fig. 2.49(a) or the fully controlled rectifier shown in Fig. 2.50(a); the waveforms
for the latter are given in Fig. 2.51(a). The waveform of vy4 in this figure shows
that the firing and extinction angles of the thyristor pairs Th;, Th; and Th;, Thy
are symmetrical about 7 /2 and 377 /2, respectively. The fundamental of the source
current waveform is shown as a dashed line and is seen to be in phase with the
source voltage, showing that the displacement factor in this circuit is unity. The
turn-on and extinction angles can be varied by comparing a triangular carrier
voltage v, with a variable dc reference voltage v,. Figure 2.51(b) shows these two
waveforms and also the resulting gate pulses.
The various voltages and currents are computed as follows:
2 n/2+B/2 B

2V .
Vow = — Vusinwt d(wt) = —— sin — (2.206)
2 7/2—B/2 T 2

The Fourier series expression of i;(¢) can be written as (Appendix A)

oo
i(t) = ) (aycosnot + b, sinnot)
n=1
where

2 [7/24B/2
a, = — Lig cos(nwt)d(wt) =0 (2.207)
T Jnpp—8/2
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Fig. 2.51 (a) Waveforms for symmetrical single pulse width modulation; (b) carrier
and reference waveforms and resulting gate pulses

and

2 [TAEZ 4hy . nm | nB
b, = — Iyq sin(nwt)d(wt) = — sin — sin — (2.208)
T Jr/2—B/2 ni 2 2
Thus the RMS value of the nth harmonic of the input current can be computed as
(anz + bﬁ)l/z 2\/5]1‘1
_— — S
Ly rms) = 2 ni
0 forn =2,4,...

inﬁ forn=1, 3, ...
2 (2.209)

and
¢, = tan"! (Z—) —0 (2.210)

From Eqn (2.209), the RMS value of the fundamental component of the input
current
2V2h4 . B

sin E

Iiirms) =
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and ¢, = 0. The distortion factor is given by

Irys of the fundamental component I 1RMs)

Irms of the input current Lirms)

2 (T+p)/2 B
Lrms) = —/ Ilﬁd(a)t) = lig ] —
27 Jiz-py2 m

An expression for the input power factor can be derived as follows:

Liirvs) 24/2sin(B/2)

Here,

Distortion factor = = (2.211)
I;rMs) VB
Displacement factor = cos(0° = 1 (2.212)

Using the definition given in Eqn (2.145), the input power factor can be written
as

24/2sin(B/2)
V7B

2.13.3 Selective Harmonic Elimination Using PWM

Input power factor = (2.213)

This technique is employed in PWM inverters which are dealt with in Chapter 5. It
is superior to the single pulse width modulation method discussed above and can
be applied either to a half-controlled converter or to a fully controlled converter.
As shown in Fig. 2.52(a), the method consists in (i) placing of, say, N; number of
current pulses per quarter-cycle to eliminate N harmonics and (ii) variation of the
magnitude of the output voltage by controlling the pulse width (2p) symmetrically
about the pulse position. Here, N is taken as 2 and all the pulse widths are arranged
to be equal. 8; and B, denote the pulse positions in the first quarter-cycle, (0,
7 /2). Thus there are two positive pulses on either side of /2 and similarly two
negative pulses on each side of 37 /2. Figure 2.52(b) gives the waveforms of v,
and v, whose intersection points determine the pulse widths. The block diagram
of Fig. 2.52(c) shows the method of generating the trigger pulses to be fed to
the gates of the thyristors. The following derivation is made with the assumption
that the load current has a varying nature but a very small ripple content and an
average value [j4. It is assumed here that the constant term in the expression for
the Fourier series is zero. The supply current iy can be expressed as

Ny
iy = Z (a, cosnwt + b, sin nwt) (2.214)
n=1,3

The coefficient a,, can be obtained as

1 2
a, = —/ ig(t) cosnwt d(wt) (2.215)
T Jo
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Since the source current is in the shape of pulses, it can be written as

Ny 1 Bi+p 1 +Bk+p
a, = Z — Ligcosnwt d(wt) — — Lqcosnwt d(wt) | =
T Jp

k=1 k=P T +B—p
(2.216)
The coefficients b, can be computed as
1 2
b, = — / is(wt) sin nwt d(wt) 2.217)
T Jo
Considering the symmetry about r, b,, can be written as
2 T
b, = — / is(wt) sin nwt d(wt) (2.218)
T Jo
Using quarter-wave symmetry for the pulses, b, becomes
4
b, = +ha Zcos[n(ﬂk + )] —cos[n(Be — p)]  withn=1,3,5, ...
k=1
(2.219)
This simplifies to
b 8ha Z B (2.220)
n = ——sinn sinn .
o o k

k=1

for the nth harmonics, where N is the total number of harmonics to be eliminated.
The coefficient b, is exactly the magnitude of the nth harmonic of the source
current, which is denoted as I,,,. Thus,

I, = — 4 gin np Z sin nfy (2.221)

Now the N; harmonics of the source current can be eliminated by equating the
right-hand side of Eqn (2.221) to zero. This gives

> sinng, = 0, n=12,.., N (2.222)

Equation (2.222) can now be expanded into N; non-linear algebraic equations
with N| unknowns, namely, S, B2, ..., Bn,-

If it is desired, say, to eliminate the third, fifth, and seventh harmonics, three
pulses per quarter-cycle are used and thus N; becomes 3. Equation (2.222) is then
written for n = 3, 5, and 7, respectively, as

sin38; +sin3p8, +sin38; =
sin5B; 4+ sin58, +sin583; =0 (2.223)
sin7B; +sin7p, +sin763 =0

These non-linear equations are solved on the computer with the help of numerical
techniques. The solution gives the values of 81, 8, and B3, which are the centres
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of the pulses. These are obtained as
,B] = 330, ,32 = 620, and ﬂ3 =78°

Evidently, placing the pulses in the first quarter-cycle at these angles will give
the supply current waveform in which the above three harmonics, namely, 3, 5,
and 7, are eliminated and only harmonics of the order of 9 and above will be
present. The magnitudes of such higher harmonics usually being quite small, the
harmonic content in the source current will be substantially reduced.

Itis evident from the above discussion that elimination of unwanted harmonics
is the main advantage of the technique of selective harmonic elimination. An
instance is that of electric traction in which the unwanted harmonics occur in
a range close to the track circuit frequency. This method has the merit that the
operation of the signals is not disturbed due to the harmonics generated by the
converters. It, however, has the drawback that elimination of harmonics causes a
reduction in the maximum available voltage.

2.13.4 Sinusoidal PWM

The technique of sinusoidal PWM is based on the fact that a nearly sinusoidal input
current is very helpful in minimizing the lower order harmonics. A half-sinusoidal
reference waveform is compared with a triangular carrier waveform to generate
the current pulses. The widths of the pulses so obtained will be proportional to the
sines of the angles at their locations. Figure 2.53(a) shows these two waveforms (v,
and v,.) as also thyristor current pulses, input current pulses, and the load current
for the single-phase fully controlled bridge converter of Fig. 2.50(a). The block
diagram of a scheme for generating such current pulses is given in Fig. 2.53(b).
The following two factors are associated with sinusoidal PWM:

frequency of carrier signal waveform

Carrier ratio (p) = - -
frequency of reference sinusoidal waveform

amplitude of reference waveform

Modulation index (M) = - -
amplitude of carrier waveform
The amplitudes of the input current harmonics also vary with the modulating
index M. The carrier ratio p determines the order of the predominant harmonics
in the output voltage waveform. Fourier analysis shows that the harmonic order is
given by k = np + m, where m is odd if n is even or vice versa. Thus, for n = 2,
the harmonics present are 2p=+1, 2p=£3, 2p=£3, 2p4£S5. Similarly, for n = 1, the
harmonics that exist are p42, p34, etc. In the latter case, the harmonic content
may increase with m. For instance, with respect to the harmonics of the order
p=x2, the harmonic content increases from 0 to 0.2. However, with p usually
being a multiple of 3 (such harmonics are called triplen harmonics), harmonics
which are sidebands of such a multiple are not applied to a three-phase load.
The number of pulses for a carrier ratio of p will be p + 1 if the zero crossing
of both the waveforms is at the origin. On the other hand, there will be p pulses
if the peak of the carrier waveform and the positive-going zero crossing of the
reference waveform occur at the origin.
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Fig. 2.53 (a) Waveforms for sinusoidal PWM; (b) block diagram for generating gate
trigger pulses

The advantage of the sinusoidal PWM is that for the modulation index in the
range 0 < M <1, harmonics other than those given above are absent. However,
if M is increased to a value greater than 1, low-frequency harmonics will get
introduced in the source current waveform. The principle of selective harmonic
elimination can also be applied to sinusoidal PWM so as to derive the advantages
of both the techniques. This helps in improving the power factor and also in
keeping the displacement factor at unity. Thus, sinusoidal PWM is the best among
all the PWM methods and can be applied for both half-controlled as well as fully
controlled rectifiers.
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Selective harmonic elimination was preferred earlier due to difficulties in the
implementation of sinusoidal PWM. However, with the advent of microproces-
sors, generation of sinusoidal waveforms has become possible with the help of
software techniques. Such a software-oriented sinusoidal PWM is called regular
sampled PWM and is available as a package. This topic is elaborated in Chapter 13.

2.13.5 Sequence Control of Rectifiers

Power factor improvement can also be achieved by connecting two half-controlled
or fully controlled rectifiers in series and connecting the load across the
combination [Fig. 2.54(a)]. For facilitating the analysis, the load is assumed to be
highly inductive so as to give a nearly constant load current. Figure 2.54(b) shows
that, by employing two single-phase half-controlled rectifiers, the load voltage is
obtained as the sum of the output voltages of these two converters.

The common primary winding of the transformer has N; turns, whereas each
rectifier is supplied by a separate secondary with N, turns. The turn ratio Ny/N;
is taken as 2. The flexibility available with this circuit is as follows: (i) either or
both of the rectifiers can be put into operation and (ii) with both of them under
operation, the firing angle of one rectifier can be kept at zero, while that of the
second is kept at an appropriate angle which is greater than zero. An alternative to
the second method of operation is to vary the firing angles of both the rectifiers.

When one of the rectifiers is off, the freewheeling diode across it will conduct
the load current. For instance, if the thyristors of rectifier 2 are off and those of
rectifier 1 are on, the diode Dgy, will conduct the load current because the voltage
at the top bus is positive and will reverse bias Dgw;.

Figure 2.54(b) shows that rectifier 2 does not conduct current in the ranges
0 <wt <opand T < wt <7 + ap. This confirms that the presence of Dgyy is
a necessity to bypass the load current during these intervals. If the roles of the
rectifiers are reversed, then rectifier 1 will also have no current periods. Hence
the inclusion of Dgw is necessary to facilitate the bypassing of this rectifier. The
range of voltage control obtainable will be 0 < V4 < 4V,,/m, where V,, is the
peak of the voltage across the secondary. The higher limit occurs when both o
and «; are zero. The load voltage can be expressed as

‘/ld = VO[] + Votg
With oy =0 and 0< oy < 7/2, the outputs of the rectifiers become

2V,

Ve
b3

Vin
and Ve, = — (1 +cosay)
T
The load voltage then becomes
Vin
Viau = — @B +cosan) (2.224)
T

The various performance factors for this circuit can be arrived at from Fig. 2.54(b)
as follows. The input current waveform (i), being periodic but non-sinusoidal,
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can be expressed as

oo
ip(wt) = Ip+ Z(an cosnwt + b, sin nwt)

n=1

where the dc component 1,9 can be expressed as

1 2 .
I,,():Z/O ip(wt)d(wt)

_ 1 o Id b/
= g |:/0 361(0)2‘) +/‘; Id d(a)t)

2

T+ Id 2
+/ ?d(a)t)—i—/ (—1a) d(wt)]

+as
=0

Because of symmetry of the waveforms about 7, a, can be obtained as

2
a, = - / ip(wt)cosnowt d(wt)
0

_1
T2

o I T
|:/ 3‘1 cosnwt d(wt) + / 1; cosnwt d(a)t)]
0 o

2

I
=2 Sinna, (2.225)
mn

Similarly, symmetry gives b, as

1 2
b, =— / ip(wt)sinnwt d(wt)
T Jo

1 @ ] T
[/ Ed sinnwt d(wt) + / 1, sin nwt d(a)t)i|
0 o

T .
Iy
= —(3 + cosnay) (2.226)
n
The RMS value of the nth component of the input current is
1 I
Lon@rms) = E(ag + )% = —(5 +3cos nay)'? (2.227)
Thus,
Lpn(rus) 1 12
—— = —(5+3cosnwy) (2.228)
Id mn

The RMS value of the input current is obtained as

2 | [ (1 i " 30\ '
Iprus) = {E [/0 (5> d(wt)+/ lfd(wt)” =1 (1 - E)
6%}
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Thus,

I rms 3o\ /2

% = (1 - E) (2.229)
The fundamental component /,,; is obtained as

Ipirms) = L

V2

1 1 2o )2
:ﬁ |:(; s1noz2) + {;(3+COSO!2)} :|

I
= (5 4+ 3cosay)?
T

(ai +bH)'?

Ipicosgr b1/N2
i (@+b)2/2
_ g/m)3 4+ cosan)
 (V2I4/m)(5 + 3cos )2
3 4 cosap

Displacement factor =cos¢; =

= (2.230)
V2(5 + 3 cos ay)!/?
I I;(5 4+ 3cosan)!/?
Distortion factor = -2/®M9 __7d 2 —
Irvs) 7l (1= 3ar/4m)"
543 12
_ (5+3cosar) 2.231)

(1 = 3 /4m)'?

The input power factor, being the product of the displacement and distortion
factors, is obtained as

Input power factor = S+ cosa, = 3 +cosa, (2.232)
V27 (1 =3a2/4m)' 2 7 (2 —3ay/2m)"/?

The circuit for sequence control of two single-phase fully controlled converters
and the resulting waveforms are, respectively, shown in Figs 2.55(a) and (b).
There is no necessity of bypass diodes in this circuit, because at any instant one
pair of devices in each bridge conducts the load current. The paths for the load
current during the various intervals are as follows. (a) Intervals 0 < wt < a; and
T <wt <m+a A, Th, load, Thy, C, D, Thy, Thz, B, and back to A. (b)
Intervals o, < wt <m and 7w +ay < wt < 2m: A, Thy, load, Thyy, D, C, Thy,
Ths, B, and back to A.

Assuming that the conduction is continuous in both the rectifiers, the range of
load voltage control in this case is 0 < vy < 4V,,/m, which is the same as that
for a half-controlled converter. Again, ¢ is set at zero and «; is varied from zero
to 180°. This gives the two average voltages as

2V
T

Ve, =



Power Factor Improvement

+
@ Vid
=
1]
N
o ‘ |
i i i !
} : 3
2] | | 1
L | : '
GRS N B
i — —
d o2 Tomwtap 21 2m+ o 3
ot——
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Fig. 2.55 Sequence control of two single-phase fully controlled rectifiers: (2) circuit,

(b) waveforms

and

2V,
Ve,

The load voltage is given as

v]d - VO[] + VO(z

2V,
—(1 4+ cosay)
T

m
—— COS Oy
b4

(2.233)
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The performance factors for this configuration are computed as follows:

o0
ip(wt)=1,0+ Z(an cosnwt + b, sin nwt)

n=1

1 2 1 b4 21
In=15- /0 i,,(a)t)d(wt)zg[ / Lid(ot) + / (—Id)d(a)t)] -0

T+

The Fourier coefficients are obtained as in Eqns (2.225) and (2.226) from
Fig. 2.55(b). Thus

1 T 2
a, = — |:/ 1, cosnwt d(wt) + / (—1;) cosnwt d(a)l‘)i|

T T+

_ | —Ug/mn)sinna for n = 1,3,5,...
- {0 for n = 2,4,6,... (2.234)
1 b4 27
b, =— [/ 1;sinnwt d(wt) + / (—1;)sinnwt d(wt)]
T o T+
_J@Ig/7n)(1 +cosna) for n=1,3,5,...
B {O for n=2,46, ... (2.235)

The RMS value of the nth component of the input current is now obtained as

1 2/2
Lonrots) = ﬁ(an—f—bn)m - Tfld cos% forn =1,3,5, ... (2.236)

The ratio of the RMS magnitude of the nth component to the load current is

I 24/2
pn(RMS) \/_ cos B forn=1,3,5,... (2.237)
1; T 2

The RMS value of the input current is

1 g e T—«
Iprms) = \/E [/a 17 d(wt) + [t+a(—ld)2d(WI):| = Loy —
(2.238)

The distortion factor is obtained as
Liwrus)  (2v2I/m)cos(a/2)  2+/2cos(e/2)
IpRrMS) Iy/(m —a/m) V(T —a)
The displacement factor is obtained from Eqns (2.235) and (2.236) with n =1 as
b2
(@l +b})/V2
21,;(1
_ Y2l deosay/n o (2.240)
(2v/21,/7) cos(e/2) 2

(2.239)

cos ¢




Summary 235
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Fig. 2.56 Waveforms for the inverting mode of sequentially controlled single-phase
rectifiers

Finally, using the identity cos?(a/2) = (1 + cos@)/2,
22 cos(a/2) o

Input power factor= ——— cos —
PP e —a)) 22
_ «/5(1 + cosa)

[ —a)]'/?

Similar to a single fully controlled rectifier bridge, sequentially operated fully
controlled converters can work in the inverting mode. For this purpose, rectifier
1 is operated with oy = w and rectifier 2 with an arbitrary firing angle, as before.
The load voltage will then be on the negative side of the wt-axis as shown in
Fig. 2.56. However, the currents i; and i, remain positive, as per the orientation
of the thyristors.

(2.241)

Summary

For transformers which serve as ac sources for all types of half-wave rectifiers,
their secondary currents contain a dc component. If no corrective steps are taken,
this component causes saturation of the transformer core. However, a zigzag type
of secondary for the transformer helps in eliminating this undesirable feature.
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In order to arrive at the average load voltage and current, it is necessary to
know the extinction angle «, of the thyristors. For R and R + E, types of loads,
o, can easily be determined, but when the load is inductive, it is necessary to use
the firing angle chart to read the extinction angle.

The presence of source inductance leads to the overlapping of conduction of
the outgoing and incoming thyristors, thereby causing reduction in the average
output voltage.

The ripple factor gives a quantitative idea of the ripple content in the output
waveform. A multiphase rectifier has a smoother output and hence it has lower
ripple content as compared to a single-phase one.

As the output current of a rectifier is of a steady nature, the secondary current
in a rectifier transformer will be in the form of an alternating square waveform.
This causes derating of the rectifier transformers. The derating factor is useful in
estimating the transformer capacity of rectifier transformers.

Three methods exist for electrical braking of dc drives: dynamic braking,
plugging, and regenerative braking. The last method involves returning the load
energy to the source and hence is the most efficient one. It can be conveniently
implemented by means of dual converters.

Line commutated controlled rectifiers present low power factors to the ac
source. On the other hand, forced commutation helps in providing an improved
power factor. The PWM method of forced commutation is widely employed
because of its efficacy in eliminating the harmonics besides providing an improved
power factor.

Worked Examples

1. A single-phase, half-wave rectifier with an ac voltage of 150 V has a pure
resistive load of 9 Q. The firing angle « of the thyristor is /2. Determine the
(a) rectification efficiency, (b) form factor, (c) transformer derating factor, (d) peak
inverse voltage of the SCR, and (e) ripple factor of the output voltage. Assume
that the transformer ratio is 2:1.

Solution

The circuit is shown in Fig. 2.57.
dc load power

(a) Rectification efficiency =
secondary ac power
Average voltage at the load = — V2 x 150 sin wt d(wt)
T Jr/2
2 x 150
_ V250 ey
2

Dc load current = 33.8/Ryy = 33.8/9 = 3.75 A. Dc load power = 33.8 x 3.75 =
127 W. Ac power at the secondary = Vrms Irms- Here Vrvs = 150 V.

1 T
Irvs = \/—/ (I, sin wt)?d(wt)
21 /2
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Th
N[
11

@ v = 1502 sinwt Vid R¢=9Q

Fig. 2.57

where Igms = Vi /Ry = V2 x 150/9 =23.6 A. After evaluating the integral,

s = 2 = 29 _ g4
T2 22
Thus,
. : 33.8 x 3.75 x 100
Rectification efficiency = = 10.13%
150 x 8.34
RMS output volt
(b) Form factor = OUTpUt voltage
average output voltage
where

1 4
RMS output voltage = \/ — / (V,, sin wr)*d(wr)
2 /2

_ Vo _ 150V2 25y
242 272
Hence, the form factor = 75/33.8 = 2.22.
(c) The transformer derating factor
5 _ Pruct P
" 2Pdc
P =150 x 8.34 = 1251 W
p N Va Ny
PE Ny V2 Ny 2
Viuln
2V2
= Psac
2Pgac Psac 1251
S = = — = 9.87

~ 2P P 338 x3.5
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(d) Peak inverse voltage of the SCR=V,, = 150v/2 =212V
(e) Ripple factor of the output voltage = RMS of ripple voltage/average voltage

RMS of ripple voltage = \/ L (Vmsinwt — Vi )? = 60.24
2 /2

Hence, ripple factor = 60.24/33.8 = 1.78.

2. The half-controlled rectifier of Fig. 2.58 has an input supply voltage of
115 V (RMS) at 50 Hz. Also R)g =6 2 and Ly = 0.3 H. If the firing angle of the
thyristors is kept at 65°, (a) draw the load voltage and load current waveforms,
(b) compute the RMS and dc magnitude of the load voltage, and (c) determine
the magnitude of the dc load current.

N T, Thy
Rig
ZX Dew
@ Lig
/\ b, D,
Fig. 2.58

Solution

(a) The load voltage and load current waveforms are given in Fig. 2.5(c). As the
inductive reactance is very high at 314 x 0.3 = 94.2 €, the current has a flat
characteristic.

2 (7 .
RMS value of load voltage = | — / (115+/2 sin wt)2d(wr)
27 Jesa /180

=0.617V,,
=0.617 x 15042
=1308V

b/

2
Dc magnitude of load voltage = — (1 15+/2 sin wt)d(wt)
27 Josn /180

_ 115/2(1 + cos 65°)
N T
=73.65V

dc load volt 73.
Dc load current = ¢ oaRvo ase = 3665 = 12.28A
1d
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3. A three-phase, half-wave rectifier is operated by a three-phase, star-connected,
220-V, 50-Hz supply. The load resistance is 12 2. Load inductance is negligible.
If it is required to obtain 75% of the maximum possible output voltage, calculate
the (a) firing angle, (b) average and RMS load currents, (c) average and RMS
thyristor currents, (d) rectification efficiency, and (e) transformer derating factor.
Solution

(a) The maximum value of the average voltage is given as

3 LT
Vo= —V,, sin (—) cos0°
b4 3

:32£><«/§x220 = 2573V
JT

3.3
V, = ziﬁ x 220 cosa = 0.75 x 257.3
T

0.75 x 257.3 x 27
coso = = 0.75

346 x 220

Hence
a=414°
(b) Average load current 1, =V, /12 = 0.75 x 257.3/12 = 16.08 A.

120°

1 3
RMS load current = —\/ — / (V,y sin wt)*d(wt)
R\ 27 J41.40

1 3 120°
==\ 5e / (220v/2 sin wt)*d(wt)
4

1.4°

22042 x 0.741
B 12
(c) Average thyristor current = [,/3 = 16.08/3 = 5.36 A.

= 192 A

1 1 120°
RMS value of thyristor current = —,/ — / (V, sin wt)*d(wt)
R\ 2w J4

1.4°
19.2
= —=11.09A
V3
. ) ) Pye 0.75 x 257.3 x 16.08
(d) Rectification efficiency = = = 73.5%
Pgac 220 x 19.2
Pvac P ac 2PYaC
(e) Derating factor = — + = = 1.36
Pdc 2Pdc

4. A single-phase fully controlled bridge rectifier supplies an R + L + E}, load.
The data are Vy; = 230 V (RMS), E, =130V, Lig = 12 mH, « = 30°, and
frequency of ac supply = 50 Hz. (a) Of what value will the load resistance be
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if the conduction is required to be just continuous? (b) Determine the average
values of the load voltage and load current. (c) Sketch the waveforms of the load
voltage and load current.

Solution

(a)a'=a+0°=30°+0°=30°. The parametera = E;/V,, = 130/«/5 x 230 = 0.4.
With the value of @ = 0.4 and &’ =30°, cos ¢ for just starting conduction is obtained
from the chart of Fig. 2.21 as 0.4.

tang = tan(cos ' 0.4) = 2.29
As a)le/Rld = 229,
314 x 12 x 1073

i 2.29 65

(b) The conduction is marginally continuous. Hence the expression for continuous
conduction can be used:

2 2
V, = —V,cosa = — x 230+v/2c0s30° = 179.4
T T

g 179.4
I, = Vo _ 14 0g74a
Ru 1.65

(c) The waveforms are shown in Fig. 2.59.

R

304

hd

ot —

Fig. 2.59

5. Find the rectifier efficiency for a single-phase bridge rectifier for which the
data are V; = 120 V (RMS) at 50 Hz, o = 40°, Riq = 12 2, Lig = 50 mH. Sketch
the voltage across a thyristor and the current through it. Also calculate the ripple
factor of the output voltage.

Solution

The waveforms are given in Fig. 2.60. For the single-phase rectifier,

o =a = 40°

oL 314 x 50
ang =0 = 20X
Mo ="2 = 1000 x 12 308
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Fig. 2.60

¢ =tan"'(1.308) = 52.6°

cos ¢ =0.607

From the chart of Fig. 2.19, o, is determined as follows: For cos ¢ = 0.607 and
a =40,

o = o, = 233°

o, — o =233°— 40°=193°, which is greater than 180°. Hence the conduction is
continuous.

2 LT 2
V, = —V,sin (—) cos40° = —+/2 x 120 cos40°
T 2 T

This gives
Vo = 8276 V
Also,
Ve 82.76
Iy = — = —— =69A
R 12

Assuming a flat characteristic for Iy

2 T
Larms) = \/E/ (6.92d(wt) = 69 A
0

P 100
Rectifier efficiency = Tae > 1V
sac
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Y,

~ Vilamms)
82.76 x 6.9

T 120x 6.9

x 100

x 100 = 69%

. Vy 2
sinf = — = (—) cos40° = 0.4877
Vi T

0 =29.2°
Hence o > 6.

Ripple factor y = RMS of ripple voltage/V,

L /2 /n_e(v inwr — V,)2d(wr)
=— [— wsinwt — V,
v\ 27 J, @ @

1 1 150.8°
= ﬁ — / (Vm sin wt — Va)zd(a)t)
. T Ja0°

1 1 1 in 2wt 150.8°
=— = {a20v27- [ - 252
8276 \ 7 2 2

— 2V, Vylcos 40° — cos 150.8°]

+v2 2 1508° — 40@]})1/2
« g0

1 /8280.5
©82.76 T

=0.62

That is, the ripple factor is 0.62.

6. Find the mean values of load voltage and current for a centre-tapped type of
rectifier with the following data: Vs, = Vi, = 135 V (RMS) at 50 Hz, E;, =98 V,
Riy=3.5%Q, Ly =14.5mH, o =50°. Also calculate the ripple factor of the output

voltage.
Solution

The circuit and waveforms are given in Fig. 2.3. The rectifier will work as a
single-phase bridge rectifier with an ac input voltage of 135 V. It is first required

to find out whether the conduction is continuous or discontinuous:
o = a=50°

314 x 14.5
tang = ———— = 13
1000 x 3.5

¢ = 52.44°

cos¢p = 0.609
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With cos ¢ of 0.609 and o’ = 50°, «/, is found from the chart of Fig. 2.19 as
o, = o, = 232°
This gives
a, — o =232°—50° = 182°

which is greater than 180°. Hence the conduction is continuous.

2 LT
Vy=—V, sin (—) cos o
b 2

2
=2 % 135v2 x 1 x cos50° = 78.13V

g
Vo  78.13
Iy=—=—— = 2232A
R 35
) RMS of ripple voltage
Ripple factor of output voltage = v
2 L5 (Vyy sinwt — Vi )2d(wt)
_ o7 e m o
Vo
Substitution of values gives
Ripple fact 110.10
ipple factor = =
PP 78.13

7. A three-phase, half-wave rectifier supplies a load with Rjg = 5.0 2 and Ly
=20 mH. If the firing angle & = 70° and the ac input voltage is 160 V (RMS),
determine V,, and I,.

Solution

It is first required to find &, to decide whether the conduction is discontinuous or
continuous.

cos ¢ =0.623
Here o’ = o = 70°. With o’ as 70° and cos ¢ as 0.623, «,, is found to be 230°.
o, = o, =230°
o, — a =230°—70° = 160°

which is less than 180°. Hence conduction is discontinuous. From Eqn (2.14),

Vo=

= %Vm {sin (ae — %) — sin (oz — %)}
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160+/2
_ 160v2 {sin(230° — 90°) — sin(70° — 90°)}
T
=70.95V
V, 7095
L=-2% = = = 1419A

8. A three-phase, half-wave rectifier is supplied by a transformer with a secondary
voltage of 180 V (RMS) at 50 Hz. Other data are Rjqg = 10 €2, Ljg = 10 mH, and
back emf E;, = 153 V. Determine V,, and I, for a firing angle of 60°. Also sketch
the waveforms.

Solution

The waveforms are given in Fig. 2.9(b).

V,, = 18042 = 254.53 V

Ey 153
Vi  254.53

10 x 314
COS ¢ = cos {tanl <X—> } = 0.954

1000 x 10

o' =o +30° =60° 4+ 30° = 90°
From the chart of Fig. 2.21, «, for a = 0.6, &’ = 90°, and cos ¢ = 0.954 is 153°.
o, = o, —30°=153°—30° = 123°

o, —a = 123° — 60° = 63°

which is less than 120°. Hence the conduction is discontinuous.
From Eqn (2.30), the average voltage for discontinuous conduction is

Vv, = (%) v, [sin (ae - %) — sin (O‘ B %) + Ep <1 Bl OIZen_/:ﬂ

Substituting values gives the average voltage as

3
V, = (2—> x 180v/2[sin(123° — 60°) — sin(60° — 60°)]
T

(123 — 60)/180
+153(1 -
2 /n

=108.30 + 72.68
=181V

181 181

= o B gia
Ru 10

9.1f, in Example 8, the load inductance is increased to 156 mH and E}, is decreased
to 51 V, other quantities remaining the same, determine the new V,, and .



Worked Examples 245

Solution
The waveforms are given in Fig. 2.9(c).

314 x 156
cos¢ = cos|tan”! 2IX 0 = 0.2
1000 x 10

With o’ =90°, cos ¢ = 0.2, and a = 0.6, «/, is found to be 212°.
o, = o, — 30° = 212° — 30° = 182°

o, —o = 182° — 60° = 122°

which is greater than 120°. Hence the conduction is continuous.
The average voltage is

n LT
V= (—) V,, sin (—) coso
V4 n

3 3
— 2 % 180v2 x % c0s60° = 105.25V
T
Also,
V. 10525
Ioz = — = = 10.53 A
R4 10

10. A three-phase, half-wave rectifier is supplied by a 220-V 3¢ supply and feeds
an R + Ej load with Ry = 15 Q and Ej, = 120 V. Determine the ranges of « for
which conduction is (a) continuous and (b) discontinuous.
Solution
The waveforms are as given in Fig. 2.17(b) for continuous conduction and
Fig. 2.17(c) for discontinuous conduction. The range of « for continuous
conduction or otherwise is demarcated by the E}, line.

From Fig. 2.17(b), the range of « for continuous conduction is

b4 T

a < — — — — O
2 n
where o, = sin"'(E,/V,,) = sin~'(120/220+/2) = 22.6°. Thus,
4, =30°— 22.6°=7.4°
2 n

Hence the range for continuous conductionis 0° < o < 7.4° and discontinuous
conductionis 7.4° < o < 120°.

11. For the three-phase rectifier in Example 10, find V,, and 1, for (a) o = 5° and
(b) @ =35°.

Solution

(a) From the solution of Example 10, the conduction is continuous as o = 5°,
which is less than 7.4°. The expression for continuous conduction can be used:

3 3 3
Vo, = | — ) Vusin (z) cosa = — x 220v/2 x £cos 5° = 2563V
T 3 T 2
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o 256.
o= Ve 2253 g0
R 15

(b) For o = 35° the conduction is discontinuous. Hence V,, is determined from

Eqn (2.14):
o B (o) - e )]

Here o, = 180° —sin"'(E,/V,,) = 180° —sin~!(120/220+/2) = 180° —
22.6° = 157.4°. Thus,

3
Vo= 5 x 220+/2[sin(157.4° — 60°) — sin(35° — 60°)] = 210V
T

From Eqn (2.15),
L = Vo — E;
R

where E} = Ep(o, —)/(2m/3). Here

B 120(157.4 = 35) x m x 3 124V
b= 180 x 27 - :

Thus,

210 -122.4
Iol == T == 584A

12. For a three-phase, half-wave rectifier the transformer inductance L, per phase
is given as 4 mH. Other data are Vg = Vyy = V5 =180 V (RMS), f =50Hz, Ry
=25 Q, Lig & oo, a = 55°. Compute the overlap angle w, reduction in voltage
due to source inductance g,, and load current /4.

Solution

The circuit and waveforms are given in Fig. 2.28. From Eqns (2.92) and (2.93),

n

Vie = Vo — 8ua = Vo — o La X
Also,
Iy = Ve _ Vo= (/2m)ha X
Ry Ry
Vo

~ R+ (n/2m)X,
. (n/2m)V,, sin(mw/n)cos o
 Ru + (n/2m)X,

Substitution of the values gives

3 3
Vo = —V,, sin (z) cosa = — x 180+/2 sin (z) cos55° = 120.7V
b4 n b4 3
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—%180«/5 cos 55°
ha= 3 314
254+ —x — x4
27 1000
120.7
=—— = 3895A
3.1
From Eqn (2.88),
(1 + @) fuX,
cos = cos¢ — ————
g * Vi sin(ar /n)

Substitution of values yields
38.95 x 314 x 4/1000

cos(i + 55°) =cos 55° —
180+/2 x +/3/2

=0.3517
Therefore,
u+ 55 = 69.4°

This gives the overlap angle as

o= 14.4°
The reduction in voltage is
" paXe = = %3805 x e Xt g336y
- = — s = — X% 3895 x = 23.
Bua = 5 2 1000

Hence

Ve = 120.7-2336 = 9734V

Vie _ 97.34

Ly = —
4 R 2.5

=3894 A
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13. A three-phase, half-wave rectifier has an input voltage of 185 V (RMS) at
50 Hz at the secondary and its transformer leakage inductance is 2 mH. Other
data are u = 20°, Rig = 3.5 Q, Ljg = 00, and o = 63°. Compute the load current

L4, reduction in voltage g,«, and net load voltage V.

Solution
The circuit and waveforms are given in Fig. 2.28. The load current Ij4 can be
found from Eqn (2.88):
@+ 0 Na X
cos(a = cose¢ — ———
H Vi sin(ar /n)

Substitution of values gives
Iq x 314 x 2/1000
185v2 x (+/3/2)

cos(63° 4+20°) = cos63° —
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which gives Iy = 119.82 A. Also,

n 3 314 x 2
_IldXs = — x 119.82 x

. = — 3503V
e = o0 o 1000

Via="Vy — 35.93

3J3
- 2£ x 185+/2 c0s63° — 35.93

=98.23 — 3593 = 623V

14. A three-phase, half-wave rectifier is supplied by a three-phase ac input of
175 V (RMS). It supplies a dc motor load with a back emf of 90 V. Other data are
Ri=Ry=128, Lig =00, a =58° and Ly = 1.8 mH. Determine /jq, g+, and
Ve

Solution

V.« can expressed in two ways. From Eqn (2.93),

V/wl = Va — 8ua

n . (T n i
— (_> V,, sin <—) cosa — — g X; @
27-[ n 27T
Also,
Vie = Ep + IaR, (i)

Equating Eqn (i) with Eqn (ii) and solving for Ij4 gives
_ (n/m)V, sin(r/n)cosaa — E
B R, + (n/2m)X,

On substitution of the numerical values, the current is obtained as

3.3
2£175\/§ 0s 58° — 90

_ 27
ha= 3 314

Ly

1.2 + — x —— x 1.8
2w 1000
18.459
= = 1256 A (2.242)
1.470

The load voltage is given as
Vie=Ep + LaR,
=90 + 12.56 x 1.2
=105.1V

Finally, the reduction in voltage is
Sua = E La X,

3 1256 x 21t g
o S Jo00

=339V
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15. A three-phase, half-wave rectifier supplies a dc motor load consisting of
R, + L, + Ep,where R, =3 Q, E;, =130V, and o = 50°. If the rectifier operates
on the border of continuous and discontinuous conduction, determine the load
power factor and the value of L, of the motor armature.

Solution

The parameter a is calculated as

130
23072

o = a+30° = 50°+30° = 80°
From the firing angle chart in Fig. 2.21, cos ¢ is read as 0.45.

oL, _1
tan ¢ = R = tan(cos " 0.45) = 1.9845

_ R, x 19845 3 x 1.9845

L,

w 314
=0.019 Hor 19 mH

16. A single-phase dual converter is used for controlling the speed of a separately
excited dc motor as shown in Fig. 2.40(a). It is supplied by a single-phase ac
source of 240 V at 50 Hz. Normally, rectifier P is used for motor operation. It is
required to brake the motor in a regenerative manner by operating rectifier N in
the inverting mode (quadrant IT) with oy = 120°. If the motor is initially running
at 1500 rpm, the combined inertia of the rotor and load (J) is 1.2x 1073 kg m?,
and the average current through the motor is 0.2 A, determine the time required
for the braking of the motor.

Solution

The output voltage of rectifier N just at the start of regenerative braking is

n . (T
Vay = (—) V,, sin (—) cos o
bid n

For the single-phase rectifier N,
2 LT n
Vay = (2) V,sin (5) c0s120° = — L x 24042 x 0.5 = — 108V
b4 b4

The average value of the terminal voltage is V,y, = —108/2 = —54 V. Hence
Epay) = 54 V. The kinetic energy dissipated for braking purposes = (1/2)J >
=1/2x 1.2 x 1073 x [27 x 1500/60]> = 14.8 J. The electrical energy returned
back to the source is equal to the kinetic energy dissipated. That is, electrical power
of the motor x time required for braking = kinetic energy dissipated. Thus,

Eb(av)lavt = 14.8
or

54 x 0.2 xt = 148
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This gives

17. A three-phase, half-wave controlled rectifier is fed by a 254-V (RMS) (line-
to-neutral), 50-Hz supply and provides an adjustable dc voltage at the terminals
of a separately excited dc motor. The back emf is related to w as E;, = 1.05 w and
the full load armature current I, = 400 A. The motor operates at 50% of the full
load at a speed of 180 rad/s. If @ = 50° and the conduction is marginal, determine
the values of R, and L.

Solution

50% of full load = 400/2 = 200 A
E,=1.050=1.05x 180 = 189 V
V, =3+/3/271 x 2542 cos50° = 191 V
=E,+ IR,
This gives
Vo —E, 191 —189

R, =
1, 200

= 0.01 @

o' =o +30° =50° 4+ 30° = 80°
a=189/254+/2 = 0.526
From the chart of Fig. 2.21, for a = 0.526 and &’ = 80°, cos ¢ = 0.2.

wlL -1
?=tan(cos 0.2) = 4.899

4.899 x 0.01 x 1000
L= mH

314
=0.156 mH

18. A single-phase bridge rectifier is operated with extinction angle control with
B = 45°. The ac supply voltage is 160 V (RMS) and a load resistance of 23 2
is connected at the output of the rectifier. Determine the (a) distortion factor,
(b) displacement factor, (c) input power factor, (d) average load voltage, and
(e) average load current.

Solution

The waveforms are given in Fig. 2.50(b). From Eqns (2.202)—(2.204), the various
factors are determined as below.

242 cos(B/2)

n(r —p)
24/2(c0s 22.5°) 096
V(= /4) '

(b) Displacement factor cosp; = cos(8/2) = cos22.5° = 0.924
(c) Input power factor = & cos¢; = 0.96 x 0.924 = 0.887

(a) Distortion factor u =
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V(1 4cosB)  1604/2(1 4 cos45°)
g B g

(e) Average load current = 123/23 =5.35 A

19. A single-phase, half-controlled rectifier is operated with symmetrical pulse

width modulation with the angle § = 56°. The ac supply voltage is 220 V (RMS)

and the load resistance is 21 €2. Compute the (a) distortion factor, (b) input power

factor, (c) average load voltage, and (d) average load current.

Solution

The waveforms are given in Fig. 2.51.

(a) From Eqn (2.162),

= 123V

(d) Average load voltage =

24/2sin(B/2)
NET

24/2 sin 28° 1328
/T x56xm/180 1752
From Eqn (2.212), the displacement factor = cos ¢; = 1.
(b) Input power factor=u cos¢p; = 1 x 0.76 = 0.76
(c) Average load voltage=(2V,, /) sin(5/2) = (2 x 220ﬁ/7r) sin28° = 93V
(d) Average load current =93 /Ry = 93/21 = 443 A
20. The specifications of a rectifier supplied by asymmetrical voltage [Fig. 2.61(a)]
are V1 =230 V and Vi, = 115 V at 50 Hz. Other data are Ry = 15 Q2 and « =
70°. Find the average load current /, with (a) Ljg =0 and (b) Ljg = 63.7 mH.
Solution
The waveforms for an inductive load are shown in Fig. 2.61(b).
(a) With no load inductance, the load current waveform is in phase with the load
voltage waveform.

distortion factor u =

o, =m rad or 180°

wrad 7 rad
Vo= — [ / Vor(nd(or) + / vQ(wt)d(wr)]
0

27 rad 0 rad
180°

1 180°
[ / 2302 sinwt d(wt) + /
7

27 0° 70°

115+/2 sinwt d(wt)]

1
= 2—[230x/§(cos 70° — cos 180°) + 115+/2(cos 70° — cos 180°)]
JT

1
= —[436.52 + 218.26]
21
=1042V

Ve 104.2
Ry 15
=695A
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™~
LT
Thy

Vst = 23042 sinot

R L
s P

vsp = 1152 sinot

NN
T
Thy

Fig. 2.61

(b) With load inductance
tan oL 314 x 63.7 133
angp = — = —— = 1.
R 1000 x 15

Hence,
¢ =53.12°, cos¢p = 0.6
Here o' = @ = 70°. From the chart in Fig. 2.19, with o’ of 70° and cos ¢ = 0.6,
o, =232°=qa,
Also,
o, —a =232°—=70°=162° < 180°
Hence the conduction is discontinuous.

V, = 1 [ / " Vi(wt)d(wt) + / - Vsz(wt)d(wt)]
2 o o
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where V| = 230+/2 sin wt and Vo = 115+/2 sin wt. Thus,

1
V, = 2—[230«/§(cosoz —cosa,) + 115v2(cosa — cosa,)
T

1

= 2—[23oﬁ(cos 70° — c0s232°) + 115+/2(cos 70° — cos 232°)]
T

=744V

Ve 744
Iy = Rq 15 ~ 496 A

21. The following data pertain to the single-phase, half-wave controlled rectifier
circuit of Fig. 2.62. Neglecting the ON state drop across the thyristor, determine
the mean load current and the mean load voltage. Draw the current and voltage
waveforms. The data are ac supply voltage = 300 V (RMS), supply frequency =
50 Hz, load resistance Ry = 15 €2, load inductance Lijq = 0.2 H, and firing angle
a =90°.

Solution

The waveforms are given in Fig. 2.62. The peak of ac supply voltage = 30042 =
424.3 V; X4 of reactor = wLijg = 100 m x 0.2 = 62.8 Q2. The expression for the
current is obtained from Eqn (2.21) as

Vv,
i(t) = —————[sin(wt — ¢) — sin(a — p)e~Ru/Lwli=e/w)]
RE + X
L1 Vld //// 2500

190° '

+ I

T Rig i
Vs @ Vid i !
l Lig T | i
i /\

ot ——

Fig. 2.62
Here
¢ = tan"1(62.8/15) = 1.336
o = m/2rad

o 1.57
= = 0.005s
w 2w x 50
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Thus,
424.3
V152 4+ 62.82
=6.57[sin(wt — 1.336) — 0.337¢ 7]
i1a(t) becomes zero at t+ = 0.01387 or at an angle of 250°. Thus «, = 250° or

4.357 rad.
The mean load current can be obtained as

w o, /w )
I, =— / fa(H)dt
2 o/w

100 0.01387
- [6.57 sin(wt — 1.336) — 2.214e™""1d1

2 Jo.oos

ia(t) = [sin(wr — 1.336) — sin(1.57 — 1.336)e~15/0-20-0.005)

This gives
I, = 1.57TA
Also,
Vo = IoyRy = 1.57 x 15 = 2355V

The value of V,, may be checked by direct computation as
1 4357
V. sinwt d(wt)

o= 5
21 Jis7

1
= —Vulcos1.57 — cos4.357]
2w

1
= —(424.3 x 0.348)
21
=23.50V

Exercises

Multiple Choice Questions

1. Considering a single-phase rectifier in which extinction angle control is used
for improving the power factor, if the angle g is 50°, the input power factor will
be .

(a) 0.75 (b) 0.87
(c) 0.96 (d 1.13

2. In the case of a single-phase rectifier in which symmetrical PWM is used for
improving the power factor, if the angle 8 is 60°, the input power factor will
be nearly

(a) 0.85 (b) 0.67
(c) 1.12 (d) 0.78
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. In a single-phase rectifier in which sinusoidal PWM is used for improving the
power factor, the modulation index M should not be allowed to go above unity
because .

(a) some new high-frequency harmonics will get introduced

(b) the harmonic content will remain the same as for M < 1

(c) some low-frequency harmonics will get introduced

(d) both low-frequency and high-frequency harmonics will get introduced
. The circuit for selective harmonic elimination method not only helps in
improving the power factor but also eliminates  with it.

(a) all the high-frequency harmonics which are multiples of the carrier
frequency
(b) all the low-frequency harmonics which are submultiples of the carrier
frequency
(c) some high-frequency harmonics which are multiples of 4 with respect to
the input supply frequency
(d) some selected harmonics
. In the sinusoidal PWM method of improving the power factor, if the carrier
ratio is 6 and n = 1, then the four nearest sidebands will be
(a) (2,4,8,10) (b) (3,5,9,11)
() (1,3,7,9) (d) (2,4,12,14)

. In the sinusoidal PWM method of improving the power factor, if the carrier
ratio is 8, then the pulses per half-cycle will also be 8, provided

(a) the zero crossings of both the waveforms occur at the origin
(b) the peak of the reference waveform and the zero crossing of the carrier

waveform occur at the origin
(c) the peaks of both the waveforms occur at the origin

(d) the peak of the carrier waveform and the zero crossing of the reference
waveform occur at the origin

. In the sinusoidal PWM method of improving the power factor, if the carrier

ratio is 9, then the pulses per half-cycle will be 9, provided

(a) the peak of the carrier waveform and the zero crossing of the reference

waveform occur at the origin
(b) the zero crossings of both the waveforms occur at the origin

(c) the peak of the reference waveform and the zero crossing of the carrier
waveform occur at the origin
(d) the peaks of both the waveforms occur at the origin

. The disadvantage of the method of selective harmonic elimination is that

(a) some required harmonics are also eliminated along with unwanted ones
(b) some spikes may occur in the output voltage waveform

(c) the peak of the available voltage exceeds the rated value

(d) the peak of the available voltage becomes limited

. The ripple frequency of a three-phase fully controlled full-wave rectifier is
times that of the supply frequency.

(a) 6 (b) 3

(©) 9 (@ 12
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The peak inverse voltage of a thyristor in a centre-tapped secondary type of

transformeris _ times that of the maximum voltage read at one of the
secondaries.

(a) 4 (b) 2

(c) 8 d 6

In a three-phase transformer supplying a three-phase rectifier, it is advantageous
to use a zigzag winding for the secondary because

(a) the losses are minimum with it

(b) it helps in preventing the saturation of the iron core

(c) it helps in getting a nearly sinusoidal output voltage

(d) ithelps in preventing the eventuality of the transformer being overloaded
The maximum output voltage obtainable with a fully controlled full-wave 3¢

rectifieris _, where V is the RMS magnitude of the phase-to-neutral
voltage of the secondary.

(a) 43V /37 (b) 652V /7

(©) 2v/6V/m (d) 3v6V/x

The condition suitable for the inverting mode of operation of a single-phase
bridge rectifier is

(a) « being greater than 90°

(b) an extra inductance in series with a dc motor load, with & >120°

(c) abattery in series with a dc motor, with « in the range 90° < o <120°

(d) abattery and an extra inductance in series with the load, with o >120°
A three-phase, half-wave controlled rectifier is supplied by a transformer with a
secondary voltage of 200 V (RMS) and feeds an R + E;, load with Ry =20 €2 and
E;, =50 V. If the firing angle measured from the point of natural commutation
is 12°, then the extinction angle «, of the thyristor will be

(a) 155° (b) 162°

(c) 167° (d) 171°

A three-phase controlled rectifier feeds an R + E, load. The data for the rectifier
is V; =220V (RMS), E, =140V, and R)q = 15 2. If the firing angle o measured
from the point of natural commutation is 8°, then the extinction angle ¢, of the
thyristor will be

(a) 140.5° (b) 135.5°

(c) 123.3° (d) 160°

A three-phase controlled rectifier feeds an R + E), load. The data for the rectifier
is V=240V (RMS), E;, =130V, and Ry =24 Q. If the firing angle o measured
from the point of natural commutation is 15°, then the duration of conduction
of a thyristor will be

(a) 80.5° (b) 110.4°

(c) 104.8° (d) 102.2°
A three-phase, half-wave controlled rectifier feeds a purely resistive load. The
data are V; = 200 V (RMS) and Ry4 = 20 2. If the firing angle « is 25°, then
the extinction angle «, of the rectifier is .

(a) 135° (b) 145°

(c) 155° (d) 165°
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A three-phase controlled rectifier feeds a purely resistive load. The data are
Vs =220 V (RMS) and R4 = 15 Q. If the firing angle « is 45°, then the duration
of a conduction of a thyristor will be

(a) 110° (b) 125°

(c) 105° (d) 100°
A three-phase controlled rectifier feeds a purely resistive load. The data are
Vs =240 V (RMS) and R = 24 Q. If the firing angle « is 90°, then the average
current delivered to the load is .

(a) 8.50A (b) 9.65A

(c) 3.38A (d) 6.75 A

If the n-phase rectifier for which transformer leakage inductance is to be
considered has a firing angle o = 0°, then the commutation angle p can be
determined from the expression

Vm SiIl(Tl'/n) [d Vm

aycosuy=14+——- b) coscu=1— ———
@ H I, X, ®) H X, sin(mw/n)
VmXS IdXS

() sinu =1 (d) cospu=1

~ VusinG/n)
For an n-phase rectifier in which the transformer leakage inductance L, is
significant, the expression for the reduction in average voltage at the load with
a firing angle o will be

(@) (n/2m)hawL; (b) @2m/n)hawL;

(¢) Bn/2m)VyhawLy (d) @ /n)(VmwLg/1a)

For an n-phase rectifier in which the transformer leakage inductance has to
be taken into consideration, the commutation angle © can be found from the
expression

- 1; sin(mw/n)

(a) cosa = cos(o + ) — 13X/ V,y, sin( /n)
(b) cos(a + ) = cosa + V,, sin(iwr/n)/ 1, X
(c) cos(a + ) =cosa — 1;X;/V,y, sin(m/n)
(d) cos(a + ) =cosa + V,, sin(w/n)/1; X,
The rectifier efficiency of a single-phase bridge rectifier feeding an R + L load

willbe _ than that with a pure resistive load; also its derating factor will
be  than that with a pure resistive load.

(a) more, more (b) less, more

(c) less, less (d) more, less

The rectifier efficiency of a single-phase centre-tapped secondary type of

rectifier feeding an R + L load willbe _ than that of a bridge rectifier
feeding an R + L load; also its derating factor will be than that of the
bridge rectifier.

(a) less, more (b) less, less

(c) more, more (d) more, less
A dc motor fed by a dual converter will operate inthe ~ quadrant for
forward braking andthe _ quadrant for reverse braking.

(a) first, fourth (b) second, fourth

(¢) third, fourth (d) fourth, second
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A dc motor fed by a dual converter will operate inthe _ quadrant for
reverse motoring and the ~ quadrant for forward motoring.

(a) second, first (b) fourth, first
(c) second, third (d) third, first

The reversal of rotation of a separately excited dc motor using the field reversal
method is disadvantageous because

(a) it affects the commutation of the armature current

(b) it causes voltage spikes due to the presence of armature inductance
(c) it leads to excessive current in the armature

(d) its implementation is not as easy as the method of armature reversal

The average load voltage that is obtained for the circuit of Fig. 2.63(a) will be
_ that obtained with the circuit of Fig. 2.63(b).

(a) less than (b) more than
(c) equal to (d) much more than
N Thy Th,
\ Rig
ac Load
supply @

Lig

ZX D4

\;X Thy Th,
Rig
sua:ply @ Drw ZX Load

D,

Lig

/N Th,

Ths

Fig. 2.63

In a single-pulse circuit using an interphase transformer, the peak magnitude of
the voltage of the reactor willbeequalto | where V,, is the peak of the
phase-to-neutral voltage, and the frequency of this reactor voltage is ,
where f is the ac supply frequency.

(@) 3Vn/2,6f (b) Vm/2,3f
(¢) 3Vm/2,3f (d) Vim/2,6f
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30. In a single-phase bridge type of controlled rectifier supplying an R + L load,

discontinuous conduction occurs when the magnitudeof Lis _ and the
firing angleais .
(a) small, large (b) small, small
(c) large, large (d) large, small
31. The presence of a freewheeling diode is essential in the circuit of Fig. 2.64
because it
(a) improves the power factor of the circuit
(b) helps in preventing the flow of large current through the thyristors when
they are just triggered
(c) prevents the flow of reverse current through the thyristors which are in
the OFF state
(d) prevents the flow of large forward current through the thyristors which
are in the OFF state
7N Ty Th,
Riq
ac D ZX Load
supply@ w
Lig
N The Ths
Fig. 2.64
32. A three-phase rectifier supplies a current of 20 A to an R 4 L load, and its
transformer leakage inductance is 5 mH. If the ac supply frequency is 50 Hz
and the firing angle « is 30°, then the reduction in the average voltage at the
load willbe .
(a) 25V (b) 15V
(c) 125V @ 35V
33. As compared to a simultaneously controlled dual converter, a non-
simultaneously controlled converter presents power factor to the input
supply.
(a) alower (b) a higher
(c) the same (d) a much higher
34. For an n-phase rectifier with an R + E;, load, if the back emf obeys the inequality

E, > V, cos(w/n), where V,, is the peak value of the phase-to-neutral voltage,
there will be discontinuous conduction .

(a) for low values of « (b) for large values of «

(c) for all values of « (d) only when o > sin~'(E, /Vi)
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35. For a three-phase, half-wave controlled rectifier in which the transformer
inductance L; is significant and for which the following data are given, the

commutation angle u willbeequalto . Thedataare o« =0°, [jg =2 A,
X,=2Q,and V,,= 100~/2 V.

(a) 10.3° (b) 8.8°

(c) 15.4° (d) 14.7°

36. In the case of a three-phase, half-wave controlled rectifier feeding a purely
resistive load, if two values of the firing angle « measured from the point of
natural commutation are 20° and 40°, respectively, then the extinction angles

measured from the origin will be and respectively.
(a) 170°, 190° (b) 170°, 180°
(c) 140°, 200° (d) 140°, 160°

37. In the case of the single-phase, half-controlled rectifier bridge of Fig. 2.65,
if the load is highly inductive and the ac supply voltage has a line-to-neutral
magnitude of 100 V (RMS), then the average voltage at the load with a firing
angle of 60° for the thyristors will be approximately V.

7N Th,

suap(;ﬂy @ DFW ZX Load

Sle ] Tmo1m

Fig. 2.65

(a) 67.5 (b) 75.0
(c) 87.5 (d) 80.0

38. For the three-phase, full-wave half-controlled rectifier of Fig. 2.66, if the load
is highly inductive and the magnitude of the ac input voltage is 100 V (RMS),
then the average voltage at the load with a firing angle of 60° for the thyristors

will be approximately V.
(a) 212.5 (b) 195.0
(c) 175.5 (d) 162.0

True or False

Indicate whether the following statements are true or false. Briefly justify your choice.
Refer to the charts in Figs 2.19 and 2.21 wherever necessary.

1. For the three-phase rectifier of Fig. 2.67, the maximum reverse voltage that is
applied across any thyristor is 3.5V,,, where V,, is the peak of the phase-to-
neutral voltage of the transformer secondary winding.
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N The /N Th Ths
S § Rid
Three-phase
ac supply
Lig
%XEM ZEDZ D3
Fig. 2.66
va VsR Th1F
Th
v, Vsy 2
Three-phase pY M
ac supply
VpB Vs Th?’i
Load
|
Fig. 2.67

2. The operation of the half-controlled rectifier circuit of Fig. 2.68 gets affected
if the diode Dgw is removed from the circuit.

Zng Ds

Rid
Drw ZX Load

Lyg

ac
supply

ZF Thy D,

Fig. 2.68

3. Considering hoist operation using a dual converter, while the hoist is going
down, the operation is in quadrant I'V for a short time before the hoist reaches

the bottom.
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. For a three-phase rectifier feeding a purely resistive load, the range of « for

continuous conduction is 0°< wt < 45°.

. For a three-phase, half-wave rectifier feeding an R + L load, the data are

secondary voltage of transformer V; = 110 V (RMS), E, =625V, Rig =1 ,
Ly =17 mH, and @ = 50°. These operating conditions lead to discontinuous
conduction.

. In a dual converter circuit supplying a dc motor load, denoting the left and

right converters as A and B, respectively, converter A with o4 > /2 operates
in the second quadrant and converter B with ap < /2 operates in the third
quadrant.

In an n-phase rectifier in which transformer inductance L; is considered in all
phases, the reduction in the average voltage at the load end is independent of
the firing angle «.

The dc output voltage obtained with a firing angle « for a three-phase, half-wave
rectifier with a purely resistive load is less than that with an R 4 L load.

. For a three-phase rectifier supplying a ripple-free load current I,, fed by a

Y/ Y -with-neutral transformer and feeding an inductive load, the ratio of the
average ac power rating to the dc power rating is 1.17.
If an n-phase rectifier feeding an R + L load operates on the border of

continuous and discontinuous conduction, then the expression for a¢cp will
be

sin ¢+ sin(Zﬂ/n _ ¢)e(2ﬂ/n tan ¢) )

-1
acp = tan
cp <cos ¢ — cos(2m /n — p)er/ntang)

Among (a) the single-phase, half-wave rectifier, (b) the centre-tapped
secondary type of rectifier, and (c) the single-phase, full-wave bridge rectifier,
the centre-tapped secondary type of rectifier gives the best performance.

For a centre-tapped secondary type of single-phase rectifier, the data are
Vs (secondary voltage of transformer) = 100 V (RMS), Rjqg =5 2, Lig =20 mH,
and o = 60°. These operating conditions lead to continuous conduction.

The peak inverse voltage to be withstood by each thyristor in a centre-tapped
secondary type of rectifier is equal to 1.5 V,,, where V,, is the peak value of
the ac voltage of one of the secondaries.

In an n-phase rectifier with purely inductive load, the expression for the average
current is

n

2
where o’ and «, are measured from the origin of the sine wave and [, =
Vm / a)le.

Considering a three-phase, half-wave controlled rectifier circuit feeding an
R + E;, load, if the load current waveform is as shown in Fig. 2.69, it can
be inferred that E,< V,,cos(;r/n) and the firing angle obeys the inequality
o>m/2—m/n.

Iy =1, —I[(a, —a')cosa’ +sina’ —sina)]

The method of extinction angle control gives a better input power factor than
the symmetrical PWM method.



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Exercises 263

fig

SN N

Fig. 2.69

In the sinusoidal PWM method of improving the power factor, the value of the
modulation index can be either less than or more than unity but cannot be less
than 0.5.

Though the extinction angle control method gives a leading power factor, it
cannot be used to correct the power factor of highly lagging loads.

Symmetrical pulse width modulation cannot be applied to the half-wave
controlled single-phase rectifier because the duration of conduction of a diode
and that of a thyristor are not equal.

The sinusoidal PWM method cannot be practically implemented because of
limitations of hardware modules.

The rectifier efficiency of a centre-tapped secondary type of single-phase
rectifier with R 4 L load is less than that of a single-phase, full-wave bridge
rectifier with R + L load, because in the former case each secondary carries
current for only half the time, whereas in the latter case the secondary winding
carries current all the time.

Therectifier efficiency of a single-phase, full-wave bridge rectifier with a purely
resistive load will be greater than that with an R + L load, because in the former
case, the load current will be in phase with the load voltage.

In the case of transformers feeding rectifiers, it can be stated in general that as
the derating factor increases, the rectifier efficiency increases.

For a three-phase rectifier fed by a transformer having inductance L, the data
are V,, =110 V (RMS), I,y =5 A, Ly =3 mH, and o = 0°. With this data the
commutation angle p will be equal to 10°.

In a three-phase rectifier fed by a transformer with inductance L, the data are
Ve =180 V (RMS), I,y = 6 A, Ly, = 2 mH, and o = 45°. With this data the
rectifier commutation angle pn will have a value of 12°.

Braking a separately excited dc motor using the method of plugging is faster
than the method of dynamic braking because more power is dissipated by the
former method.

Regenerative braking using the field reversal method is preferable to the
armature reversal method because the field current is very small and hence
reversal can take place much faster.
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From the point of view of ease of control, a dual converter with simultaneous
control is preferable to that with non-simultaneous control because the former
is simpler and continuous conduction is guaranteed. The latter condition is
facilitated because of the capability of the motor to rotate in either direction.

A dual converter cannot be used for the control of a dc series motor as easily
as for the control of a separately excited dc motor.

The correspondence between the ep-i, and a)-Td diagrams used for
understanding four-quadrant operation is exact; using one is as good as using
the other.

For a rectifier fed by a star/zigzag type of transformer, the primary current
waveform approximates more closely to a sinusoidal waveform than in the
case of a star/star-with-neutral type of transformer, but the rectifier efficiency
of the former will be lower than that of the latter.

The average voltage of a three-phase, full-wave rectifier will be three times
that of a three-phase, half-wave rectifier, provided the firing angle « has the
same value in both the cases.

Short Answer Questions

L.

6.

For the half-controlled bridge rectifier of Fig. 2.70. determine the (a) output
RMS voltage and (b) average output voltage. Assume a firing angle of «.

. Repeat the derivations (a) and (b) of Question 1 with D; and D, of Fig. 2.70

replaced by thyristors Ths and Thy.

. Derive an expression for the firing angle « when an n-phase rectifier feeding an

R + L load operates on the border of continuous and discontinuous conduction.

Explain why the load voltage for an n-phase rectifier in which the leakage
inductance of the transformer has a significant value is less than that for a
rectifier with a negligible leakage inductance.

. What are the possible alternatives to be considered in the case of a three-phase

controlled rectifier that has to feed an R + E};, load where E}, is the back emf?
Explain how V,, and I, can be obtained in each case.

ZiTm Thy
>

ac Drw /\ Load

supply
%X D1 D2

Fig. 2.70

Lig

Sketch the waveforms of viq and ijq for a three-phase half-controlled rectifier
feeding an R + E}, load; also derive the expressions for their mean values.
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Describe the four-quadrant operation of a hoist using a thyristorized dual
converter.

Give the circuit and waveforms of a three-phase, full-wave half-controlled
bridge rectifier.

Derive the expression for the load current ij4(¢) for a continuously conducting
n-phase rectifier with firing angle «. Assume that the ac voltage is sinusoidal
in nature and the load is inductive.

What are the merits and demerits of the selective harmonic elimination method
of improving the power factor?

Justify the following statement: ‘“The control circuitry of the symmetrical PWM
method of power factor improvement is more complicated than that of the
method of extinction angle control.’

What are the merits of the sinusoidal PWM method of power factor
improvement over the multiple PWM method?

Given a choice between the multiple PWM method and that of sequence control
of rectifiers, which is preferable and why?

Given a choice between any one of the conventional methods of power factor
improvement and the method of extinction angle control, which is preferable
and why?

List out the various methods of improving the input power factor using rectifier
circuits and describe the best among them.

Explain how unwanted harmonics can be eliminated using the selective
harmonic elimination method.

Discuss the various features of the inverting mode of a single-phase fully
controlled bridge converter, with special reference to load conditions conducive
to this mode.

For a three-phase, half-wave controlled rectifier with R + E}, load, discuss the
conditions for which conduction is discontinuous irrespective of the value of «.

With the help of a circuit diagram, discuss the operation of a six-phase, half-
wave circuit with an interphase transformer.

Derive an expression for determining the overlap angle, given the firing angle
o, input supply voltage, load resistance, and load inductance, for an n-phase
rectifier in which the transformer inductance L has a significant value.

Define the ripple factor and derive an expression for it. Explain how the
ripple factor decreases with an increase in the number of phases of a rectifier
transformer.

How is four-quadrant operation made possible with the help of a dual converter?
Describe an application of it.

Give the circuit and waveforms of a three-phase, full-wave half-controlled
bridge rectifier assuming the load to be highly inductive and derive an
expression for the average load voltage.

Discuss the simultaneous and non-simultaneous types of control of a dual
converter. Give their merits and demerits.

Define the (i) rectifier efficiency and (ii) derating factor of a rectifier. Derive
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the expressions for these two factors for a single-phase bridge rectifier feeding
an R + L load.

Show that a transformer with star/star-with-neutral and one with delta/star-
with-neutral windings and with the same turn ratios have the same rectifier
efficiency and derating factor.

Explain why a zigzag type of secondary is preferred for a three-phase
transformer with a star primary. Support your argument with suitable
waveforms.

Establish the approximate correspondence between the ej-i, plane and w-T,
plane for dc motor operation when it is supplied by a dual converter.

Explain why the dual converter method is superior to the rest of the methods
for the purpose of regenerative braking.

Discuss the conditions under which dynamic braking will become a necessity
for a dc motor.

Explain why a narrow trigger pulse may fail to trigger the thyristors used in a
single-phase bridge rectifier with R + L load.

Assuming continuous conduction, derive an expression for the load current
1, at the point of transition from one thyristor to another for a single-phase
controlled bridge rectifier.

Problems

1.

2.

SUpply@ g Deyw /\  Load

The single-phase controlled bridge rectifier of Fig. 2.71 has an input supply
voltage of 120 V (RMS) at SO0 Hz. Rjg =5 2 and Ly =0.02 H. If the firing angle
a of the thyristors is kept at 60°, (a) draw the load voltage and load current
waveforms, (b) compute the RMS and dc magnitudes of the load voltage,
(c) determine the magnitude of the dc load current.

7N Thy Thy

Rid

Lig

™~

X Thy Ths

Fig. 2.71

Ans. (b) 107.6 V, 81.0 V; (c) 16.2 A

If the single-phase, half-wave converter of Fig. 2.72 has a purely resistive load
with Rj4 as 8 2 and the firing angle « of the thyristor as 7 /2 rad, determine the
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(a) rectification efficiency, (b) form factor, (c) transformer utilization factor,
(d) peak inverse voltage of the SCR, and (e) ripple factor of the output voltage.

\VE,

s g

@ v=120/2 sinwt Ry

Fig. 2.72

Ans. (a) 20.3%, (b) 2.22, (c) 4.93, (d) 170 V, (e) 1.784

. The 3¢ half-wave converter shown in Fig. 2.73 is operated by a 3¢,
Y-connected, 210-V (line-to-neutral), 50-Hz supply. The load resistance Ry =
10 €2, the load inductance is zero. If it is required to obtain an average output
voltage of 50% of the maximum possible output voltage, calculate the (a) firing
angle o, (b) RMS and average load currents, (¢) RMS and average thyristor
currents, (d) rectifier efficiency, and (e) transformer derating factor. [Hint: See
Worked Example 3.]

VR Th1
vy Thy
—srr—f
Z:] Ths
Rig
Fig. 2.73

Ans. (a) 67.7°; (b) 16.54 A, 12.28 A; (c) 9.55 A, 4.1 A; (d) 14.47%; () 6.91

. A single-phase fully controlled bridge rectifier supplies a load composed of
Ry, Li4, and back emf E,. The given data are V=220 V (RMS), E,=62.5V,
Lig =15.6 mH, o =40°, and f =50 Hz.

(a) What value will the resistance Rjy have if the conduction is required to

be just continuous.
(b) Determine the average values of the load voltage and current.
(c) Sketch the waveforms of the load voltage and current.
Ans. (a) 3.67 Q2; (b) 151.7V,243 A

. For the 3¢ rectifier of Fig. 2.74, assuming that the battery is absent and the
load consists of Rjq and Ly (a) compute the overlap angle w, reduction in load
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voltage due to the commutation inductance L, and the load current. Sketch
the load voltage and current waveforms. The given data are Vg = Viy = Vi =
160 V (RMS), Ly =2 mH, f =50Hz, Rig =1.8 2, Ljg = 00, and o =40°. (b)
Repeat the above computations with a battery voltage E;, = 50 V in the load
circuit. [Hint: Use the trial and error method for the computation of x.]

+
VsR Vsy VsB
V,
ne Rid
Ls Ls Ls
Thy Thy Ths | _
Lig
O
Fig. 2.74

Ans. (a) u =16.8°, 8,4, =205V, I}y =68.2 A;
by u=114° g, =133V, 4 =445 A

6. A 3¢ half-wave converter has a 50-Hz ac source and supplies an inductive load.
It operates on the border of continuous and discontinuous conduction. If all the
elements of the rectifier are ideal, determine the value of the load inductance
Ly4. Data for the converter are @« = 70°, Rjqg = 5.0 2, f =50 Hz.

Ans. 17.2 mH approx.

7. Find the mean values of the load voltage and current for the rectifier fed by the
centre-tapped secondary type of transformer given in Fig. 2.75. Also sketch
their waveforms. The data are vy; = vy = 125 V (RMS), E, =88.0V, Ry =
3Q,Ly=11.5mH, o =50° and f =50 Hz.

N[
LA
Thy

Vs1

&
R|d L|d Eb

Vs2
N[
LA
Th,

Fig. 2.75

Ans. V=92V, 1, =133 A



Exercises 269

8. Find the rectifier efficiency for a phase-controlled single-phase bridge rectifier

with the following data: V; =100 V (RMS), o =30°, Ry =15 R, and Ly = co.

Draw the waveforms of the rectified voltage and current, and also that of the

current through a thyristor. Determine the ripple factor of the output voltage.
Ans. ng = 78%, ripple factor = 0.58

9.(a) A three-phase, half-wave rectifier feeding a resistive load is supplied by

a star/star type of transformer. The data are V; = 230 V (RMS) (line-to-
neutral), Vig = 160 V (dc), Rig = 1.2 Q. Determine the value of «.

(b) If the firing angle is kept at the value computed in (a) and a load inductance
of 0.6 mH is included in the load, find the new values of average voltage and
current at the load. Also determine the RMS value of the current through a
thyristor.

Ans. (a) 58.3°;(b) 160V, 133.3 A,97.6 A

10. The specifications of a rectifier supplied by an asymmetric voltage as shown

11.

12.

in Fig. 2.76 are v;; =220 V (RMS), v5, = 110 V (RMS) (line-to-neutral), f =
50 Hz, Rig = 12 ©, o = 80°. Find the average load voltage and current I, with
(a) Ly =0and (b) Lig = 10 mH.

Ans. (a) V, =872V, 1,=727A;(b)V,=864V,1,=72A

N[
L1
Thy

Vs1

¢ v
Rld le

Vs2
~[
L1
Thy

Fig. 2.76

In the 3¢ rectifier of Fig. 2.77, the values for the various quantities are V,=
108 V (RMS) (line-to-neutral), f =50 Hz, Rig =1.5 2, Lig = 00, @ = 38°, and
commutation inductance Ly= 1.2 mH. Determine the (a) angle of overlap u,
(b) mean value of load voltage V., and (c) mean value of load current /4.
Ans. (a) 13.7°, (b) 88.87 V, (c) 59.24 A

A three-phase, half-wave controlled rectifier is fed by a 277-V (RMS) (line-to-
neutral), 50-Hz supply and provides an adjustable dc voltage at the terminals
of a separately excited dc motor. The motor specifications are R, = unknown,
L, =unknown, E;, = 1.2 w, where w is the angular speed of the motor, and full
load armature current I, = 500 A. The motor operates with full load current at
a speed of 200 rad/s. If &« = 40°, and conduction is just continuous, determine
the values of R, and L,,.

Ans. R, =0.0164 Q, L, = 0.344 mH
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VpR pr VpB
VsR Vsy VsB
Rig
Ls Ls Ls
Thy Thy Ths
le = oo
2112
Fig. 2.77

13. Find the mean values of the load voltage and current for the three-phase
converter shown in Fig. 2.78. Sketch the waveforms of the voltage and current
through a thyristor and also those at the load. The transformer and converter
elements are ideal. The data are V; = 160 V (RMS) (line-to-neutral), £, =80V,
Rld =2 Q, and o = 65°.

Ep —
Vsr Vsy VsB BE
Vid R
Thy Thy Ths
+
Fig. 2.78

Ans. 61.8V,947 A

14.(a) A circuit is connected as shown in Fig. 2.79(a) to a 230-V (line-to-neutral),
50-Hz supply. Determine the average load voltage and current if the load
comprises Rig = 12.5 @, Ljqg = 0.15 H, and the firing angle o = 70°.

(b) Repeat the computations of (a) with a diode connected as in Fig. 2.79(b).
Neglect the drops across conducting devices.
Ans. (a) 2.57 V,0.205 A; (b) 52.76 V, 4.22 A

15.(a) For the rectifier circuit of Fig. 2.80, determine the (i) RMS values of current
in the secondary winding of the transformer, (ii) average current in the load,
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Th
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Fig. 2.79

(iii) average value of current in the bypass diode, and (iv) mean value of
rectified voltage. The data are & = 50°, V; =200 V (RMS) (line-to-neutral),
f=50Hz, Ry=12 Q, and Ly = oc.

(b) At what firing angle does the conduction become just discontinuous if the
bypass diode D is removed and the infinite inductance replaced by a finite
conductance Lig = 65 mH?

VpR Vpy VpB
VsR Vsy VsB
ZX Dew R4
Thy Thy Ths
Lig=eo

Fig. 2.80
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Ans. (a) (1) 12.0 A, (ii) 13.2 A, (iii) 2.2 A, (iv) 158.5 V;

(b) 77° (by trial and error)

16. The single-phase bridge rectifier of Fig. 2.81 has to deliver a dc current of 30 A
at a dc output voltage of 100 V. If it is supplied by a single-phase transformer

of ratio 4:1, compute the primary and secondary voltages and currents. Also
calculate the ripple factor for the load voltage waveform. Assume that the load

is highly inductive.
%X Dy D,
Load
@ Vp Vs = Vi sinot
ZE D4 Ds
Y
Fig. 2.81

Ans. Primary—444 V, 7.5 A; secondary—111 V, 30 A; ripple factor = 0.48

17. The centre-tapped secondary type of rectifier of Fig. 2.82 delivers a dc current
of 15 A at a dc output voltage of 110 V. If it is supplied by a single-phase
transformer of ratio 3:1, compute the primary and secondary voltages and
currents. Also determine the ripple factor for the load voltage. Assume « to be
zero and that the load is highly inductive.

Fig. 2.82

Ans. Primary—366.6 V, 5.55 A; secondary—122.0 V, 16.67 A;
ripple factor = 0.48

18. The three-phase, half-wave rectifier of Fig. 2.83 delivers a maximum dc current
of 20 A at a maximum dc output voltage of 150 V to a load which is highly
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inductive. If the transformer ratio is 5: 1, compute (a) the primary and secondary
voltages and currents and the (b) ripple factor. Assume « = 0°.

VsR Vsy VsB
Load
D D, Ds

Fig. 2.83

Ans. (@)Vy(LtoL)=1283V, I; =11.55, V,(Lto L) =641.3 V,
I, =1.88 A; (b) ripple factor = 0.54

Compute V,, and I, for a three-phase, half-wave controlled rectifier feeding an
R + E}, load and having the following data: input voltage V; =200 V (L to N)
(RMS), E;=141.4V, Rig =3 2, and « = 30°.

Ans. 184.5V,26.2 A

A single-phase bridge rectifier is operated with extinction angle control with
the angle 8 =50°. The ac supply voltage is 150 V (RMS) and a load resistance of
20 €2 is connected at the output side of the rectifier. Compute the (a) distortion
factor, (b) displacement factor, (c) input power factor, (d) average load voltage,
and (e) average load current. Draw the load voltage and load current waveforms.

Ans. (a) 0.95, (b) 0.9, (c) 0.86, (d) 1109V, (e) 5.55 A

A single-phase, half-controlled rectifier is operated with symmetrical pulse
width modulation with the angle 8 = 60°. The ac supply voltage is 200 V (RMS)
and the load resistance is 25 Q2. Compute the (a) distortion factor, (b) input
power factor, (c) average load voltage, and (d) average load current. Draw the
load voltage and load current waveforms.

Ans. (a) 0.78, (b) 0.78, ()90 V, (d) 3.6 A

A three-phase, half-wave controlled rectifier is fed by a 282-V (RMS) (line-to-
neutral), 50-Hz supply and has a separately excited dc motor as its load; R,=
0.015 2. The relationship between Ej, and w is E=kw, where k =1.2 V/(rad/s),
o =50°, and E,/V,,= 0.4. If the conduction is just continuous, determine the
value of L, and the speed at which the motor rotates.

Ans. 0.1 mH, 1270 rpm

A three-phase, half-wave rectifier is fed by a star/star transformer whose
leakage inductance is to be considered. If the commutation angle © and the
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firing angle « are 10° and 35°, respectively, determine the value of L; for
the transformer and the mean value of the load current. The other data are
Vi RMS) (LtoN) =110V, Rig=2 2, Ljg =00, and f =50 Hz. Assume E;=
60 V.

Ans. Lg=2.5mH, I,y =19.1 A

The single-phase, half-wave circuit of Fig. 2.84 is supplied by a single-phase
ac source of 15 V (RMS), the load consisting of Rig =2 2 and Ljg = 15 mH.
If the diode and thyristor drops are 0.7 V and 1.6 V, respectively, and o = 50°,
find the (a) average load voltage, (b) percentage drop across the load voltage
due to the devices, and (c) load current.

\VAE

ac D Load
@ R

Fig. 2.84

Ans. (a) 4.97 V, (b) thyristor drop 10.4% (the diode contribution is for the
negative part of the voltage waveform and of duration 67%), (c) 2.49 A

The single-phase, half controlled bridge rectifier shown in Fig. 2.85 supplies a
load consisting of Rig = 1.5 2 and Lig = 12 mH. The other data are V(RMS)
=20V, diode drop = 0.7 V, thyristor drop = 1.6 V, and o = 45°. Determine the
(a) average load voltage, (b) percentage drop across the load voltage due to the

devices, and (c) load current.
\JX Thy Thy

@ ZX Dew Load

™~

\ Dy D,

Fig. 2.85

Ans. (a) 13.07 V, (b) 14.96%, (c) 8.71 A
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26. A three-phase, half-wave controlled rectifier is supplied by an ac source with
a voltage (L to N) of 100 V (RMS) and feeds an R + E, load. If the load
resistance is 5 2 and the back emf is 70.7 V, what is the range of values of «
for which the conduction will be discontinuous? Find the average load voltage
and the load current for the load voltage waveform with this border case. Draw
the waveforms of load voltage and current.

Ans. o« >0°, V,=11695V, [,=9.25 A

27. The three-phase, half-wave controlled rectifier of Fig. 2.86 feeds an R + E,,
load with a load resistance of 8 €2 and E}, of 100 V. If the supply voltage (L to N)
is 200 V (RMS), state the value of « in the range 0 < o < 120° for which there
will be border case conduction. Determine the average voltage and current at
the load for this value of «. Also calculate the ripple factor for the load voltage
waveform.

s

Ep =
g VsR g Vsy g VsB

Vid

Thy Thy Ths
+

Fig. 2.86

Rig

Ans. o =9.3°, V,=230.8V, I,=16.35 A, ripple factor = 0.124

28.(a) A single-phase controlled bridge rectifier feeds an inductive load as shown
in Fig. 2.87(a). The data are V= 30 V (RMS), drop across a conducting
thyristor = 1.5 V, o = 45°, Ry = 2 Q, and Xjq = 2.5 Q. Determine the
average voltage and current at the load and the percentage mean voltage
drop due to the thyristors.

(b) Now, if a freewheeling diode is connected at the load as shown in
Fig. 2.87(b), repeat the computations of (a) assuming that the drop across a
conducting diode is 0.7 V. Also find the percentage mean voltage drop due
to the freewheeling diode.

Ans. (a) 16.1 V, 8.05 A, 15.7%; (b) 20.63 V, 10.31 A, 10.52%,
% mean drop due to the freewheeling diode = 0.76%

29. For the six-phase rectifier of Fig. 2.88, determine the net average voltage and
the current at the load. Also compute the ripple factor, percentage voltage drop
due to thyristors, and the maximum RMS current through the thyristors. The
data are V(L to N) (RMS) =100V, Rqg =2 2, Lig = 15 mH, f =50 Hz, and
a = 30°. Drop across a conducting thyristor = 1.5 V. Assume that the load is
highly inductive.

Ans. Vu=1155V, I,=57.75 A, r,= 0.115,
% drop due to a thyristor = 1.3%, Ithmrms) = 27.58 A
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CHAPTER 3

Dc Choppers

3.1 Introduction

A dc chopper is a power converter whose input is a fixed dc voltage and
output a variable dc voltage. Dc choppers can be realized using thyristors,
gate turn-off power transistors (GTOs), metal oxide semiconductor field effect
transistors (MOSFETSs), or integrated gate bipolar transistors. Dc choppers are
used in variable speed dc drives because of high efficiency, flexibility, quick
response, and capability of regeneration. Their applications include subway cars,
machines hoists, forklift trucks, and mine haulers among others. Earlier, for
traction purposes, series dc motors controlled by dc choppers were preferred
because of the high starting torque provided by them. However, a series motor
has the following limitations:

(i) its field voltage cannot be easily controlled by power electronic converters,
(i) when field control is not employed the motor base speed has to be set equal to
the highest desired speed of the drive; this implies using fewer field ampere
turns and therefore lower torque per ampere at low speeds, and
(iii) the implementation of regenerative braking is not easy.

Besides being free from these drawbacks, a separately excited dc motor can also
be operated to give the characteristics of a series motor. Hence the present trend
is to use separately excited motors fed from dc choppers for traction as well as
other applications.

After going through this chapter the reader should

e know the principle of a dc chopper,

e understand the working of a step-down chopper and its application to a
separately excited dc motor,

e know the derivation of the expressions for its current and developed torque
and also the determination of its speed—torque characteristics,
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e getacquainted with the principle of a step-up chopper and its practical utility
in the regenerative braking of dc motors,

e become familiar with two kinds of two quadrant choppers,

e get acquainted with the various methods of operation of a four-quadrant
chopper,

e understand how the speed—torque characteristic of a dc series motor can be
drawn with the duty ratio as a parameter, and

e become familiar with the various turn-off circuits employed in choppers.

3.1.1 Principle of a Dc Chopper

The principle of a chopper can be understood with the help of the circuit shown in
Fig. 3.1(a). The switch Sw is repeatedly kept on for ton seconds and off for Topr
seconds. Thus the time period of the chopper is T = Ton + Topr and its frequency
is 1/t cycles per second. The average load voltage Vj4 can be obtained as

1 T 1 TON T
Vld:_/ vgdt = —|:f Edt-l--/ 0dli|
T Jo T LJo ToN

Eton
— 3.1
T
Sw
+
+ v
E = . Rig
(a)
Vid
TOFF
"~ ToN t— >

(b)

Fig. 3.1 (a) Simple circuit explaining the principle of a chopper; (b) waveform of
load voltage

Thus, if T is kept constant and Tpoy is varied from O to 7, Vig varies from 0
to E. Though the principle of a basic chopper is explained with the help of a
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mechanical switch, in a practical chopper the switch consists of a semiconductor
device, namely, a thyristor, transistor, GTO, etc. As these devices need a separate
commutation circuit, the device along with this commutation circuitry is termed
as a dc chopper. It is symbolically represented by a thyristor enclosed in a dashed
square as shown in Fig. 3.2.

Fig. 3.2 A chopper with resistance load

Figure 3.1(b) gives the output of the switch type of chopper shown in Fig. 3.1(a).
As stated above, the turn-on time of the device can be varied but the frequency of
switching ( fcn = ) is kept constant. For the chopper shown in Fig. 3.2, the output
voltage profile will be similar to that given in Fig. 3.1(b); the output current will
be a scaled version of the voltage because the load is resistive. By Fourier analysis
it can be shown that this load current is composed of an ac voltage superimposed
over a dc component. With a dc motor, which can be modelled asan R + L + E,,
type of load, the load current waveform will no longer be rectangular in nature
but consist of exponentially rising and falling curves as shown in Fig. 3.3. In
addition, the load voltage may not be zero during Topr and the conduction may
be continuous or discontinuous. The waveforms of the practical chopper given in
Figs 3.3(b) and (c) clearly demonstrate these features.

3.2 Step-down and Step-up Choppers

Two types of classifications exist for dc choppers. The first one depends upon
whether the load voltage is lesser or greater than the source voltage. In a step-down
chopper the load voltage is always a fraction of the source voltage. The chopper
considered in the previous section is a step-down one. A step-up chopper, like a
step-up transformer, provides an output voltage which is greater than the source
voltage. The second classification is based on the quadrant of the v-i plane in
which the operating point of the chopper falls; such choppers will be considered
in the next section.

3.2.1 Step-down Chopper

A practical application of the step-down chopper is the speed control of a
separately excited dc motor. Here, an external inductor is usually connected in
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series with the motor load and serves to smoothen the load current waveform.
In all future discussion, it will be assumed that L is the sum total of L., and
Lo, Where Ly, is the external inductance and L., is the small inductance of
the armature.

Figure 3.3(a) shows the circuit of a such a step-down chopper with a dc motor
load. Though for clarity the motor field is not shown, it is assumed that a separate
field circuit with a fixed voltage source exists. Chapter 7 deals with dc drives for
which dc choppers can be employed with variable supplies for both the armature
and the field circuits. Figures 3.3(b) and (c) show the waveforms, respectively,
for discontinuous and continuous conduction. When the chopper is on, that is, in
the interval 0 < t < gy, the load voltage will attain the source voltage E and the
motor current as well as the %LC 2 energy of the motor circuit will increase. Next,
when the chopper is off, this energy will be released through the freewheeling
diode Dgyw and will get released in the load resistance. The continuity or otherwise
of the load current will, however, depend on the L /R ratio of the load circuit. As
elaborated later, the chopper frequency also influences this aspect.

The load voltage of the chopper depends on the continuity or otherwise of
conduction of the load current. In the case of continuous conduction [Fig. 3.3(c)],
the load current freewheels through Dgw as stated above, in which case the load
voltage becomes nearly zero. Hence the average load voltage is governed by
Eqgn (3.1). On the other hand, for discontinuous conduction the load voltage as
well as current will be those shown in Fig. 3.3 (b). During the interval (ton, ;) the
load current freewheels through Dgw and falls down in an exponential manner,
finally decaying to zero. Though the load current stops at t;, the motor continuous
to run due to inertia. As a consequence of this, during the interval (z;, 7), the load
voltage attains a value equal to Ejp, which is the back emf of the motor.

The source current will be discontinuous under both discontinuous and
contionuous conduction states. This discontinuous but periodical source current
gives rise to harmonic ac components through the other loads connected to
the source. When the source is not an ideal one, the harmonic current leads
to electromagnetic interference (EMI) by means of conduction and radiation.
LC filters may be properly designed and employed to minimize these effects.
Harmonics and filters are, however, beyond the scope of this book.

| | L
Dt I

Fig. 3.3(a)
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Fig. 3.3 Step-down chopper:
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The load current waveform, though superior to that obtained with a purely
resistive load, still has some ripple content. If the magnitude of this current is
greater than the full load armature current of the dc motor, it may increase the
temperature of the armature windings due to ohmic dissipation. The ripple may
also cause pulsating flux to be produced in the interpole windings which are in
series with the armature, resulting in additional eddy current loss in the interpoles
and damping of the commutating flux.

The voltage v;, across the inductor L can be defined as

P
L din

v = L— (3.2)
Rearrangement of Eqn (3.2) gives
diy = %det
Integrating both sides from O to T gives
T 1 T
/0 di(t) = Z/o v dt
or
. . L [r
i1a(7) — ia(0) = —/ vrdt (3.3)
L Jo

In the steady state, ijg(7) = i1q(0) = I; (say). Hence Eqn (3.3) can be written as

1 T
0= — dt
L/OUL

/ vdt = 0 3.4)
0

or

Equation (3.4) demonstrates that the area under the voltage profile of the inductor
sums up to zero over the period t of the chopper. An expression for the load
voltage of the motor load (which is inductive) is derived below, based on this
principle. From Fig. 3.3(a), the KVL equation for the interval 0 < ¢ < 7oy can
be written as

E = vy + v + Eb (35)
Solving for vy gives
vy = E—vgp—E, for0 <t < 10N (3.6)

For the interval ton <t < 71, i.e., a duration of Topr seconds, the freewheeling
diode conducts and v; becomes

vy = —(vgr + Eb) (3.7
The application of Eqn (3.4) to the values of v; in Eqns (3.6) and (3.7) now gives
(E —vg — Ep)ton = (Vg + Ep)ToFF (3.82)
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The relationship in Eqn (3.8a) is illustrated in Fig. 3.4. This equation can be
written as

(E —vg — Ep)ton = (Vg + Ep)(T — ToN)
or
Eton — (vr + Ep)ton = (Vg + Ep)T — (VR + Ep)TON
That is,

Et
vg + Ep = ON

(3.8b)

If ton and 7 are fixed and if the circuit attains a steady state, vg in Eqn (3.8b) can
be considered as the average voltage across the motor resistance and written as
vg. Also, the average load voltage can be written as Vj4 and taken to be equal to
vg + Ep. Thus, Eqn (3.8b) becomes

E
Vg = ZON (3.9)

VL

Fig. 3.4 Voltage across the inductor during one period

Equation (3.9) shows that with continuous conduction and with the circuit
attaining a steady state, the basic chopper equation remains as in Eqn (3.1) and that
the average load voltage can be controlled from 0 to E volts by varying the ratio
Ton/T from O to 1. The control of the average load voltage V)4 as explained above
is called time ratio control. It can be further subclassified depending on the type
of control—fixed frequency control or variable frequency control; the chopper
period t is kept constant and toy is varied in the former and vice versa in the
latter. Variable frequency control is seldom resorted to because, with a large t (or
with a low chopper frequency), the load current waveform becomes discontinuous
as shown in Fig. 3.3(b) and this may deteriorate the motor performance; secondly,
it complicates the design of the input filter.
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A drawback of the step-down chopper is that the load current waveform varies
between low and high limits and hence has a ripple content. Though this may
be somewhat reduced by the inductor L, increasing the chopper frequency has
a marked effect in smoothing the current waveform. The switching frequency
obtainable with a thyristorized chopper is of the order of hundreds of hertz,
whereas with a power transistor, frequencies of the order of tens of kilohertz
are realizable. With MOSFETs, frequencies up to hundreds of kilohertz have
been used.

3.2.2 Analysis with Dc Motor Load

The step-down chopper of Fig. 3.3(a) is analysed with the assumptions that the
load current is continuous and the circuit operation has attained a steady state.
With the chopper Ch; turned on at ¢ = 0, the circuit behaviour can be expressed
as

diyg

LW'FRaild = E—E, forO <t <1toN

This can be rewritten as
@+Raild _ E—E,
dt L L
with the initial condition #14(0) = Ii,. The solution of Eqn (3.10) with this initial
condition can be written as

(3.10)

E—FE
ha(f) = (R—b)(l — e Ty 4 Ipine ™™, 0 <t < 10N (3.11)
a
with T, = L/R,. Att = 19N, Ch; is turned off and ijq becomes
E—E
ia(ton) = Imax = (R—b)(l - e_rON/Ta)“‘Imine_rON/Ta (3.12)
a

Again, with the chopper turned off at gy, the freewheeling diode Dgw starts
conduction and, neglecting the drop across the conducting Dgw, vy becomes
zero. The circuit behaviour can now be written as

diy =~ Ra. Ep ,

—ig=——, 0t <71 or ToN <t <71 3.13
g T e 7 <t <7topr (Or ToN <1 < 7) (3.13)
where t' = t — ton. The initial condition for the differential equation is ij4(¢) =
Inax at ¢’ = 0. The solution of Eqn (3.13) is given as

E , ,
ild(t/)z_R_b(l — e "y f Ixe™ T, 0 <t' < Topr (or Ton <t < T)
a

(3.14)
At t’ = ToFp, i1q attains the value of I;,. Thus,
E
Inin = — —2(1 — &7/ Ty 4 [ oo/ Ta (3.15)
R,
Using the relation topr = T — Ton in Eqn (3.15) gives
E
Loin = — —b(l _ e_(T_TON)/Tu) 4 Imaxe—(f—fow)/Ta (3.16)

R,
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Equations (3.12) and (3.16) can now be solved for Iy,,x and I, as

E(1—e ™My [E,

= 3.17
= ey T R (3.17)
and
E (eTON/Ta -1 E
Inip = o~ — =~ (3.18)
R, (e"/Ta — 1) R,
The current ripple can now be obtained as
iy = Tnax — Inin _ i 1 4 /T — gton/Ta _ ptore/Ta (3.19)
2 2R, et/Ta — 1
The average load current denoted as ijq(av) can now be expressed as
1 TON TOFF
ld@av) = z |:/ ia(r)dt +/ ild(t/)dt/] (3.20)
0 0

Substituting the expressions for ijq(¢) and i14(¢") in Eqn (3.20) and performing the
integrations gives
. E ton e
)y = —— — — 3.21
I1d(av) R R, (3.21)

where e, is taken as a variable. This back emf is proportional to the speed. Hence
it can be written as e, = K|, iiqav) can be expressed as a function of w. Thus,
E ton

. Ko
) = R T TR,
a a

The average torque developed by the motor, which is proportional to the flux as
well as to the load current, is written as

Ty =K ®siyg(w) (3.23)

(3.22)

where K; is the torque constant, numerically equal to K, the voltage constant
associated with the back emf [refer to Eqn (7.2)]. @ being constant, K, ® ; can
be replaced by K|, with units N m/A. However, when associated with ey, the units
of K{ are V/(rad/s). Now T, becomes

Ts = Kiha(w)
Using Eqn (3.22), 7, can be expressed as

— E TON K{a)
Ta=K/| —— — — 3.24
=M [Ra t R, ] 524
Equation (3.24) can now be solved for w as
E R, =
w=— N _ ST (3.25)

K ot (K)?
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Figure 3.5 shows the speed—torque curves with low chopper frequency taking
the per-unit (p.u.) value of the speed, w/w;aeq, as the ordinate. The regions of
continuous and discontinuous conduction are demarcated by a dashed line.

1.0
0.8
T 0.6
- . Contin 0.8
D t uous
spesd . \\Ossepiners e
p.u wa
0.2

Torque —
0.2 75 (Nm)

Fig. 3.5 Speed-torque curves with low chopper frequency

The speed—torque characteristics of Fig. 3.6, drawn with a high chopper
frequency, show that the region of discontinuous conduction is reduced compared
to that in Fig. 3.5. It can therefore be concluded that increasing the chopper
frequency has the effect of smoothing the speed—torque curves in the region of
continuous conduction.

1.0

T 0.8
Speed

p.u. 0.6

Continuous

conduction w

! T
. . orque
Discontinuous 0.2 —
conduction Ta (Nm)

Fig. 3.6 Speed-torque curves with high chopper frequency

3.2.3 Step-up Chopper

The circuit and waveforms of a step-up chopper are, respectively, shown in
Figs 3.7(a) as well as (b) and (c). The source voltage V; in Fig. 3.7(a) can be
a motor working in the inverting mode. Ch; is alternately switched on and off for
the durations ton and Tog, respectively. The waveforms shown in Fig. 3.7(b) are
obtained for the chopper of Fig. 3.7(a) after the circuit attains the steady state.
In mode 1 the chopper is switched on and the inductance L gains energy. The
equation governing this mode is

Ve =L — 3.26
7 (3.26)
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where Vi is the average source voltage. The solution of Eqn (3.26) can be written
as

, Vit
i(t) = + Iin (3.27)
L,

where I, is taken to be the inital current (at ¢ = 0) for this mode. The quantity
Vi /L being positive, i has a positive slope. At t = 7on;,

V.t
il(TON) = Inax = — oN + Inin (328)
Ly
In mode 2, Chy; is turned off and the equation governing this mode is
dip
Vs —E = L1— 3.29
1 (3.29)

where t' = t — Ton. With the initial condition i5(0) = Iy, i2(¢") can be obtained
as

Vi — E
() = ( : )t’ + Imax (3.30)
L,
i>(¢t") must have a negative slope; otherwise the current continues to rise, leading to
an unstable situation. Therefore the condition for power transfer from the inductor

to the load is

or
Vs <E

Att’ = toFF, i2(t') attains the value I;,. Equation (3.30) can now be written as

Vs —E
[min = ( ) Torr + Imax (331)
Ly
A combination of Eqns (3.28) and (3.31) yields
Vston = (E — Vi)Torr (3.32)

Equation (3.32) can also be obtained from the condition given in Eqn (3.4), which
states that, under steady-state conditions, the net area under the curve of inductor
voltage is zero over the interval T and can be graphically represented by the striped
figure in Fig. 3.7(b). Equation (3.32) can be rewritten as

Vit Vst
E = = (3.33)
TOFF T — TON
where
ToFF = T — TON

Dividing both the numerator and denominator of Eqn (3.33) by t and defining

TON
N5
T
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Fig. 3.7 Step-up chopper: (a) circuit, (b) waveforms, (c) circuit for regenerative
braking
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results in the equation

(3.34)

where § isin therange 0 < § < 1.

Equation (3.34) shows that power transfer takes place with the load voltage
being greater than that of the source. Though theoretically the upper value of
the load voltage can be very large, it will be limited by any filter that may be
used in the chopper circuit. If the load is considered to be a battery as shown in
Fig. 3.7(c) then the operation described above can be interpreted to be that of a
motor operating as a generator (source) and supplying power to a load (battery),
with the back emf E; (source) being less than the battery voltage E (load). This
aspect is elaborated below.

The capacitor C in Fig. 3.7(a) serves two purposes. Just at the moment of
switching on the chopper Chy, the source current i; and the load current i}y may
not be the same. In the absence of the capacitor C, the turn-off of Ch, will force
the two currents to have the same value, causing high induced voltages in the
inductance L and as well as in the load inductance. Secondly, C will reduce the
load voltage ripple. The diode D prevents any flow of current from the load side
to the source or into the chopper Ch,.

The main advantage of the step-up chopper is that the source current waveform
will have a low ripple content. Whereas most applications require a step-down
chopper, the step-up chopper finds application in low-power battery-driven
vehicles such as golf carts, trolleys, etc. The principle of the step-up chopper
is also used for regenerative braking of motors. Figure 3.7(c) shows the chopper
circuit along with a separately excited dc motor which, with its supply cut off,
works as a generator. For clarity, the field circuit, which is assumed to provide
constant field current, is not shown in the figure. Here, the back emf E, serves the
same purpose as that of the voltage V; of Fig. 3.7(a) and the battery with voltage
E can be interpreted as the load. When the dc motor runs without the input supply,
its kinetic energy gets converted into electrical energy, which is transferred to the
battery (E) by the step-up chopper action. Consequently, the motor speed falls
down and Ej, also gets reduced. It can be inferred from this that the mechanical
power of the shaft can be converted and transferred to the battery as long as the
motor has a non-zero speed. This justifies the term regenerative braking mode for
this mode of operation. The next section gives a detailed analysis of the dc motor
working under such a regenerative mode.

3.3 Choppers Based on the Quadrants of Operation

The step-down chopper discussed in Section 3.2.1 operates in the first
quadrant of the V-I plane and, hence, can be called a first-quadrant chopper.
The applied voltage and current of a normal motor are considered to be
positive and hence can be controlled by a first-quadrant chopper. Some other
choppers—second-quadrant, two-quadrant, and four-quadrant choppers—are
now dealt with in detail.
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3.3.1 Second-quadrant Chopper

The second-quadrant chopper gets its name from the fact that the flow of current
is from the load to the source, the voltage remaining positive throughout the range
of operation. Such a reversal of power can take place only if the load is active,
implying thereby that it should be capable of providing continuous power output.
A dc motor which, after disconnection of its input supply, works in the regenerative
braking mode, is an example of such a load. Figure 3.8(a) shows the circuit of a
second-quadrant chopper which consists of a source that is a battery of voltage
E, a chopper connected across the source and a diode, a separately excited dc
motor (load), and an additional inductance L. This extra inductance is necessary
for successful operation of the second-quadrant chopper. Figure 3.8(c) gives the
waveforms for this chopper, under the assumption that its operation has attained
steady state.

To bring out the feature of the regenerative mode, Fig. 3.8(a) is redrawn as
Fig. 3.8(b) in which the motor is replaced by its equivalent circuit (back emf E},
armature resistance R,, and inductance L,). For convenience, L, is merged with
the external inductance L; and the following are defined:

L =L+1L,
and
R = R,

A comparison of the step-up chopper of Fig. 3.7(c) with that of Fig. 3.8(b) reveals
that the latter is just a swapped version of the former (the source in one becomes
the load in the other and vice versa). The following analysis aims at showing
that the operation of the second-quadrant chopper of Fig. 3.8(a) is identical to
that of the step-up chopper of Fig. 3.7(a) with some approximations. Thus, it will
be shown that the circuit of Fig. 3.8(b) is appropriate for being operated in the
regenerative braking mode.

3.3.1.1 Analysis of the second-quadrant chopper circuit of Fig. 3.8(b)
The chopper Ch; is turned on at ¢+ = 0 and kept in this condition during the
interval 0 < t < 7gy; the inductance L gains energy. The circuit behaviour in this
interval is described by the equation

. diyg
Riyg + LE = Ep, 0<t <10\ (3.35)
with the initial condition i14(0) = I;,;,. The solution of Eqn (3.35) is given as

E
ia(t) = Inine ®E 4 ?h

(1—ef"), 0<t<t0n (3.36)
At 't = 10N, i)q attains the value Ip,x. Thus, Eqn (3.36) becomes

E
Inax = Inmine” RPN 4 ?”(1 — e~ (R/Lyox) (3.37)



Choppers Based on the Quadrants of Operation 291

Is
Source E ;
L L= L1 + La ild
™~
is p,
R 4
s = fig —>
ource £ — Chy 1 \/ | vid Load
A E, —
(b)
e [ 1] ]

Vid

i TON

t—

t—

(c)

Fig. 3.8 Second-quadrant chopper: (a) circuit, (b) equivalent circuit, (c) waveforms
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The differential equation governing the circuit during the next interval, that is,
during
ToN <t <1

is

. diyg
Rlld+Ldl" +E, = E
or
di
Riw+1L2% — E_E, (3.38)
dt’
with ¢’ related to the time ¢ as
t =1t— TON

and with the initial condition
ia(t" = 0) = Inax
The solution of Eqn (3.38) can be written as
(E — Ep)
R

During the interval tony < ¢ < 7, which is the same as 0 < ' < togF, the energy
previously stored in the inductor L is fed back to the battery source. The load
current ijy(¢) reaches the value Iy, at ¢’ = Topr and Eqn (3.39) becomes

E — Ep)
—(R/L)torr + ( b
R
Equations (3.37) and (3.40) can be solved for the currents I,,x and Iii,. The load
current profile is assumed to be linear during both the intervals. Now, defining /4
as the average load current, its approximate value can be obtained as
I max T I min

L = — (3.41)

An exact value for Iy can, however, be obtained by averaging the area under the
characteristics, the total duration being the chopper period. Thus,

L[ [ E
Ly=— { / [Imine(R/L)’ - ?”(1 - e(R/L)’)j| di
0

ia(t') = Inae ®7E 4 (1 —eREy, 0 <1t < topr (3.39)

(1 — ¢~ (R/Dymorr) (3.40)

Imin = Imaxe

T

¢ E—-E
+ / [Imaxe‘(R/“("’ON) + b
TON R

The expression inside the second integral in Eqn (3.42) is that of Eqn (3.40) with
Torr replaced by r — Ton.

The current i)4(¢) will be continuous provided the chopper frequency is fairly
high and the externally introduced inductance L, is sufficiently large.

(- e_(R/L)(t—‘EoN))i| dt} (3.42)
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3.3.1.2 Equivalence of Figs 3.8(b) and 3.7(a) In the analysis made above,
the resistance R is just the armature resistance of the dc motor, which is
usually very small. Similarly, the armature inductance L, is small, and L can
be considered to be nearly equal to L. This approximation is now incorporated
in the expressions for Iy« and Iy,. Thus, Eqn (3.37) can be approximated as

E R,

Tmax = mineo + E |:1 - (1 - L(I)N):| (3.43)
E
= Iy + N (3.44)
Ly
Similarly Eqn (3.40) can be approximated as
E—E,
Inin = Imax + I TOFF (345)
1

If the voltages V; and E of Fig. 3.7(a) are, respectively, replaced by E and Ej,
then Eqns (3.44) and (3.45), respectively, become the same as Eqns (3.28) and
(3.31), which are derived for the step-up chopper. It is now evident that the second-
quadrant chopper of Fig. 3.8(b) will function as a step-up chopper. Corresponding
to Eqn (3.34) of the step-up chopper, the following equation can be shown to hold
good for the second-quadrant chopper by manipulating Eqns (3.44) and (3.45):

E, = _E (3.46)

1-356
where § is the duty ratio ton /7 of this chopper. This confirms the remarks made
earlier that under the regenerative braking mode, power transfer takes place from
the load (motor) to the source if the load back voltage Ej, is greater than the source

voltage E.

3.3.2 Two-quadrant Chopper

The two-quadrant chopper (Dubey 1989) is just a combination of the first- and
second-quadrant choppers. Two such choppers are dealt with here, one operating
in the first and second quadrants and the other in the first and fourth quadrants.
Evidently there is flexibility for the motor to operate in any one of the quadrants,
instantaneous changeover being possible in both the cases.

3.3.2.1 Two-quadrant type-A chopper Figure 3.9 shows the circuit
diagram of a two-quadrant chopper providing motor (load) operation in the first
and second quadrants. With Ch; off, D, not conducting, but with Ch; on, the
circuit works as a first-quadrant chopper. Again, with Ch; off, Ch; on, and D not
forward-biased, it works as a second-quadrant chopper. An important precaution
to be taken is that the choppers Ch; and Ch; should not be switched on at the same
time, as this will cause a direct short circuit across the source. To ensure this, the
control signal ig; for Ch; is kept on for a duration toN and then ig,, the firing
signal of Ch,, is applied during the time interval 7oy to 7, this duration being
equal to topr. Depending on the load time constant 7, = L,/R,, the chopping
period t, and the conducting period ton of Chj, the following four possibilities
exist. As before, the positive direction of the current is taken to be the direction
from the source to the motor.
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Ch,

fig —

Fig. 3.9 Two-quadrant type-A chopper

(i) Inin > 0 and both ..« and I, are positive The dc motor works only in
the motoring mode with only the chopper Ch; and the diode D) in operation.
When Ch; is switched on at time ¢ = 0, current flows from the source to the
motor and the inductor L gains energy. At time Ton, Ch; is turned off but the
current continues to flow in the same direction and finds a closed path through the
motor, the freewheeling diode Dy, and the inductor L. Evidently the instantaneous
load current iy4 is positive throughout, and hence the average current )y is also
positive. Therefore the chopper operates in the first quadrant. Figure 3.10(a) gives
the waveforms for this condition.

(ii) Inax > 0, Inin < 0, and 1y is positive In this case, the instantaneous motor
current can be positive or negative as shown in Fig. 3.10(b) but its profile is such
that the average load current is positive. It is assumed that the circuit operation
has attained a steady state. When i, is applied to Ch; at ¢ = 0 the load current is
negative and D, conducts it. The drop across D; reverse-biases the main thyristor
of Chy, thus preventing conduction. The supply voltage E will be greater than Ep,
and hence diyy/dt will be positive. When i}y reaches zero, D, stops conduction
and Ch; gets forward-biased. As ig; is still present, Ch; starts conduction and
continues to do so till 7on. The firing signal ig, of the thyristor Ch, is started at
ToN but the chopper cannot conduct because the current is in the positive direction.
As the source is isolated, D; freewheels the inductive current. The slope dijq/dt
being negative, i)y becomes zero after some time and D, stops conduction. When
i1 crosses to the negative side, Ch; starts conduction because its firing signal is
still present. This condition remains till time t at which instant ig; is applied
again. The sequence is now repeated. The quantities ton, T, and 7, are such that
the average load current iy4 is positive; the motor operation is therefore represented
in the first quadrant. The presence of the chopper Ch;, and the diode D, facilitates
continuous flow of current irrespective of its direction.

(@iQ) Imax > 0, Imin < 0, and 14 is negative The sequence of events for this
case is exactly as given above except that Ton, T, and T, are such that the average
load current /)4 is negative. Hence the motor operates in the second quadrant. The
waveforms for this condition are given in Fig. 3.10(c).
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iG1

Fig.3.10 Waveforms with different values of duty cycle (ton/7) for the
two-quadrant type-A chopper. (a) Imin > 0, lig positive; (b) Inin < O,
lmax > 0, 4 positive; (€) Imin < 0, Imax > 0, Iiq negative; (d) lnax < O,
liq negative
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(iv) Inax < O In this case the instantaneous load current is always negative as
shown in Fig. 3.10(d). Hence the average load current is also negative and the
motor operates in the second quadrant. D, conducts from 0 to ton, dijq/dt being
positive. The current rises from I, attaining I;,x at Ton. Ch; starts conduction
at ToN, as i 1s applied, and this condition continues till 7, from which moment
onwards the sequence repeats.

The following remarks pertain to the two-quadrant type-A chopper:

()

(b)

(c)

(d)

(e)

®

€3]

(h)

For cases (ii)—(iv), during the conduction of D,, the instantaneous current
is negative but the load voltage is positive and hence the load power is
negative. This can be interpreted as follows. The kinetic energy of the motor
gets converted into electrical energy and is fed back to the source, thereby
implying that the motor operates in the regenerative braking mode.

The choppers Ch; and Ch; can conduct only when their respective triggering
signals are present and the instantaneous current through them is positive.

The motor current flows all the time because of the presence of sufficient
inductance L in the load circuit. During the conduction of D, and Ch; the
source is connected to the load and di\q /dt is positive; during the conduction
of D and Ch; the source is isolated from the load and dijg/d¢ is negative.

Itis tacitly assumed that Ch; is started by applying the firing pulse i, exactly
when Ch; stops functioning. In practice, a small interval, of the order of a
few microseconds, has to be provided at the end of the pulse ig; so as to
allow for the commutation of the main thyristor of Ch;; a similar interval
has to be provided for the commutation of Ch;.

The average load voltage vy, average load current i)y, and average source
current i; are dependent variables, whereas e, the time constant 7, turn-on
time Ton, and period t are all independent variables.

The average current through the motor is given by

E(ton/7) — E
By = (ton/7) — Ep (3.47)
Ria
It is either positive or negative, respectively, depending on whether
Eton/t >E) or Eton/T < Ep; the motor will accordingly operate in the

first or second quadrant.

The conducting diodes D; and D, keep the choppers Ch, and Chy,
respectively, in the reverse-biased condition and prevent their inadvertent
conduction.

At low speeds, the back emf E;, is small and the machine works only in
the motoring mode. However, both motoring and regenerative braking are
possible when Ej, is large, that is, when the motor speed is high.

3.3.2.2 Two-quadrant type-B chopper Figure 3.11(a) gives the circuit of
a two-quadrant type-B chopper that can operate in the first and fourth quadrants.
This is achieved by the two methods of control described below.
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Method 1 1t is seen from the waveforms of Fig. 3.11(b) that both the choppers
are turned on and off, respectively, during Ton and topp (= T — Ton). The load
voltage has the values +E and —E, respectively, for these intervals. When the
two choppers are turned off, the current through the inductor L continues to flow
in the same direction, making the diode pair D, D, conduct, thus feeding the
load energy back to the dc source. The average load voltage is obtained as

1 TON T E
Vo = L [ / Edi + / (—E)dt] = Llon—tom)  (348)
T 0 TON T

i|d o

(a)

—
:T } t— >
—
: E | t—
£ i
T ~— TON —>1< TOFF —>{ I Vld
Vid Z
t—
—Ef--emeneeee- : .
i’min L | | i
L) L

Fig.3.11 Two-quadrant type-B chopper (method 1): (a) circuit, (b) waveforms

Equation (3.48) shows that for the condition Ton > Topr, viq 1S positive and the
current flows in the circuit constituted by the positive terminal of the battery, Ch,
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L, the motor, Ch,, and back to the negative terminal of the battery. Both the average
load voltage v}4 and the average load current i)y being positive, the operation of the
motor can be represented as a point in the first quadrant; this is just the motoring
mode. When ton < Topg, Vig 1S negative but iy4 is positive because it flows from
terminal a to terminal b, the direction of the current remaining unchanged even
when the diode pair conducts. Hence, this operation can be depicted as a point
in the fourth quadrant, implying thereby that the motor operates in the inverting
mode.

Regenerative braking of a dc motor 1t is shown in Chapter 2 that single-phase
and three-phase rectifiers give first- or fourth-quadrant operation depending on
whether the firing angle is less or more than 90°. Fourth-quadrant operation, called
the inverting mode, facilitates regenerative braking of the dc motor (Dubey 1989).

It follows that for regenerative braking of motors using the chopper of
Fig. 3.11(a), Ton has to be made less than topr and the motor armature terminals
have to be reversed by areversing switch as shown in Fig. 3.12. It should, however,
be ensured that the inductor L is outside the reversing switch.

Reversing switch

Fig. 3.12 Reversal of the armature for regenerative braking

Method 2 1n this method two separate sequences are followed, one for obtaining
first-quadrant operation and the other for fourth-quadrant operation.

Sequence I Inthis sequence, Ch; is turned on at 0 and off at T + t,.. Ch; is turned
on at ¢t = 0, off at 7,, again turned on at t, and off at 2t + 7,. This sequence
is repeated after 27 seconds [Fig. 3.13(a)], the turn-on and turn-off times of the
two devices being displaced by 7 seconds. The device pairs that conduct during
each interval are given at the bottom of the figure. During any interval, at least
one of the choppers is on, and hence the diodes D; and D, can never conduct
simultaneously. The average load voltage is given by

1 [o
Vie=— / E dt
T Jo

Et,
T

(3.49)
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(b)

Fig. 3.13 Two-quadrant (type-B) chopper (method 2): (a) waveforms for sequence

I, (b) waveforms for sequence 2
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Equation (3.49) shows that, with 7/t varying from 0 to 1, Vi4 varies from O to £
volts. vy and i)g are always positive and therefore (vyq, i1q) can be represented as
a point in the first quadrant.

Sequence 2 From the waveforms for sequence 2 shown in Fig. 3.13(b), it is seen
that Ch; is switched on from 0 to Ton and again from 27 to 27+ 1oN; also Chy
is switched on from t to 7 + ToN to ensure that the two choppers do not conduct
together. Again, both D; and D, conduct and both the choppers are off during
the intervals ton to T and 7 + Ton to 27, the devices that conduct during each
duration being noted. The average load voltage is given by

T
Via = l/ (—Eyr = —ECZTN _ g (22 -1) (3.50)
T Joon T T

It is seen from Eqn (3.50) that vy varies from —E to 0, with the duty ratio
changing from O to 1. However, with the average load current remaining positive,
the operating point falls in the fourth quadrant. To facilitate regenerative braking,
the armature terminals of the motor should be reversed using a reversing switch, at
the same time ensuring that the inductance L is kept outside the reversing switch.

General remarks on the two-quadrant type-B chopper This circuit, shown
in Fig. 3.14, has the advantage that it can be made to operate in the first and
second quadrants using a mechanical switch Sw instead of the chopper Ch; in
Fig. 3.12. This can be achieved as follows. Keeping Sw permanently closed gives
first-quadrant operation regardless of Ch being on or off. On the other hand,
irrespective of Ch being on or off, keeping Sw permanently open gives second-
quadrant operation. However, the armature terminals have to be reversed by a

switch in the latter case.
S L\
0 D, ZX

Dy /\ Chaz

Fig. 3.14 Circuit of a two-quadrant (type-B) chopper for operation in the first and
second quadrants

3.3.3 Four-quadrant Chopper

The circuit of a four-quadrant chopper is shown in Fig. 3.15 in which the inductor
L is assumed to be composed of the armature inductance and an external inductor.
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Three methods of control are possible for the operation of this chopper as
elaborated below.

oe

om’ Y A b, ol V| 0

Chyi \/ /\ D, Ch4§ v Dy /\

[ Xer

Fig. 3.15 Circuit of a four-quadrant chopper

Method 1 The circuit is operated as a two-quadrant chopper to obtain (a) first-
and second-quadrant operation as well as (b) third- and fourth-quadrant operation.

Sequence 1 To obtain mode (a), Chy is permanently kept on; terminals a and b
are always kept shorted by ensuring conduction by either Chy or D4 and terminals
a and c are always kept open. The choppers Ch; and Ch; are controlled as per
the following four steps.

(a)

(b)

(©
(d)

If Ch; and Chy are turned on at ¢t = 0, the battery voltage E will be applied to
the load circuit and current will flow from X to Y as shown in Fig. 3.16(a);
this direction is the positive one. Thus the load voltage during this interval
is kept at +E.

When Ch; is turned off at tox, the current due to the stored (1/2)Li>
energy of the inductor L drives the current through D, and Chy as shown in
Fig. 3.16(b). Ch,, which is turned on at 7oy, does not conduct because it is
shorted by D;.

Ch,, which is on, conducts the current when it reverses, as shown in
Fig. 3.16(c).

Finally, when Ch; is turned off at 7, current flows through the path consisting
of the negative of the battery, Dy, the motor, L, D;, and the positive of the
battery as shown in Fig. 3.16(d). If the machine were to be operated as
a generator, this circuit facilitates regenerative braking. The zero crossing
instants of the current waveform depend upon the values of E, E,, L, and the
armature resistance R, of the motor. It is seen that Ch; does not conduct till
ijg becomes positive and Ch; does not conduct till i}y flows in the negative
direction. Also, D4 conducts the reverse current and applies a reverse bias
against Chy. The devices that conduct during each of the intervals are shown
in Fig. 3.17(a), which gives the waveforms of this mode.



302 Dc Choppers

e

oe

O
[
O
O

S S R AL

©
e

o )

T e

Fig.3.16 Circuit conditions of a four-quadrant chopper with method I: (a) Ch, and
Chy turned on; (b) Ch, turned off, Ch4 remaining on; (c) Ch; turned on,
Chy4 shorted by Dy; (d) Ch; turned off, Chy, shorted by D4
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Sequence 2 For the circuit to provide third- and fourth-quadrant operation, Chs is
permanently kept on. Terminals a and ¢ remain shorted due to conduction by either
Chj or Dj; terminals a and b remain open throughout. The relevant waveforms are
shown in Fig. 3.17(b) (in the figure, /5 denotes the current through the battery).

i; i

1 TON T T+ ToN Dot —

iG2 | | |

i3

G4

Vid

hd

Regeneration :

Fig. 3.17(a)

(a) Chyistriggered on at ¢ = 0 but starts conduction only when a reverse current
flows through the path consisting of the positive of the battery, Chs, the
motor, L, Chy, and the negative of the battery. A voltage equal to —F is
applied at the load terminals.

(b) When Ch; is turned off at oy, the inductor continues to drive the current in
the reverse direction through the path consisting of Chs, the motor, L, and
D,. The load voltage then becomes zero.

(c) Chy is triggered at ton but starts conduction only when the current flows in
the positive direction, flowing through the closed circuit consisting of Ch,
L, the motor, and Ds.
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Fig.3.17 Four-quadrant chopper: (a) waveforms for sequence |—first- and

second-quadrant operation, (b) waveforms for sequence 2—third- and
fourth-quadrant operation

(d) When Ch; is turned off at 7, a negative battery voltage is applied to the load
but positive current flows through the negative terminal of the battery, D,
L, the motor, D3, and back to the positive terminal of the battery.

It is seen that either Ch; or Ch, conducts current when iy becomes positive
or negative, respectively. This is because, even though their control signals are
present prior to the zero crossing of the load current, the conducting diodes D,
and D, apply a reverse bias, respectively, across Ch; and Ch;,. The devices that
conduct during each interval are given in Fig. 3.17(b).

This circuit suffers from the disadvantage that either Chjz or Chy are kept on for
a long time, which may lead to commutation problems. An important precaution
to be taken is that the choppers Ch; and Ch; should not conduct simultaneously,
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as otherwise the source gets shorted through them. To ensure this, a small interval
of time has to be provided between the turn-off of Ch, and the turn-on of Ch; and
vice versa; this feature, however, limits the maximum chopper frequency.

Lo
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Figs 3.18(a) and (b)

Method 2 1In this method, the four-quadrant chopper provides first- and fourth-
quadrant operation similar to method 2 of the two-quadrant type-B chopper. Thus
the chopper pair Ch;, Ch4 and the diode pair D,, D3 conduct alternately; the other
chopper pair is permanently kept off. Accordingly the waveforms will be identical
to those of Figs 3.13(a) and (b), respectively. Likewise, for obtaining second- and
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Fig. 3.18 Waveforms for four-quadrant chopper operation (method 3): (a) first-
quadrant operation, (b) fourth-quadrant operation, (c) second-quadrant
operation, (d) third-quadrant operation
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third-quadrant operation, the chopper pair Ch,, Chs and the diode pair D;, Dy
of Fig. 3.15 conduct in alternate intervals with the chopper pair Ch;, Chy always
kept off. The waveforms in this case will be similar to those of Figs 3.13(a) and (b)
except for the fact that the instantaneous current in both cases is always negative.
Thus the operating point will be in either the second or the third quadrant.

Method 3 This method consists of operating the same combinations of chopper
pairs, as in method 2, to provide four-quadrant operation. However, the chopper
pairs are controlled in such a way that if one of them conducts during some
interval, the other pair is off. The waveforms for the first, fourth, second, and
third quadrants are given, respectively, in Figs 3.18(a), (b), (c), and (d).

3.4 Speed Control of a Chopper-controlled Dc Series
Motor

The inductive load for the choppers discussed so far is taken as a separately excited
dc motor. However, in some applications such as traction and hoist control, the
dc series motor (Dubey 1989) is preferred because of the high starting torque
provided by it. As its name implies, the series motor has its field in series with
the armature, implying that the field current remains the same as the armature
current. Figures 3.19(a) and (b), respectively, give the circuit and speed—torque
characteristics of a dc series motor. In Fig. 3.19(a) R, and L, are, respectively,
the armature resistance and inductance; R, and L, are, respectively, the field
resistance and inductance. Since the total inductance (L,+ L) is large, it is
assumed that the current ripple is small and the inductive drop is negligible. The
aim of the following analysis is to (a) derive a steady-state relationship between
speed and torque and (b) examine how a chopper can be employed to obtain a set
of speed-torque characteristics.

Ry Ly

83> 62> 64

Speed ©

Torque 7y —

(@) (b)

Fig. 3.19 dc series motor: (a) circuit, (b) speed—torque characteristics

The basic equation is that of the applied voltage, which is given as
v, = ep+ Ri, (3.51)
where R = R, + R;. In turn, e;, can be expressed as

€p = Kl¢fwm (352)
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where K is a constant. The ¢ -1, characteristic for a series motor is just the
magnetization characteristic. In the linear region the field flux is proportional to
the field current i ;, which, here, is the same as the armature current i,. Thus,

¢ = Kig (3.53)
where K is a constant. Using Eqn (3.53), the back emf becomes
e, = K Kjizop (3.54)
This expression for e, can now be substituted in Eqn (3.51), giving
v, = K Kri,w, + Ri, (3.55)
The torque developed by the machine is given as
7. = Kipgia = KiKy(in)’ (3.56)

where Eqn (3.53) is made use of for replacing ¢ ;. Combining Eqns (3.55) and
(3.56) and solving for w,, gives

, R

a
YV TdKle KK,

The resistance R is usually very small and hence can be neglected, the speed now
becomes

(3.57)

Wy

Va

VT K\ K>

If a first-quadrant chopper is interposed between the source (with a fixed
voltage E) and the chopper, Eqn (3.57) can be written as

w, = LToN/T) (3.59)

VT.K K,
For high values of torque, the armature current, which is the same as the series
field current, is large and the magnetic circuit saturates. The field flux ¢ ¢ therefore
attains a constant value, say, K4. Equation (3.56) for 7, now gets modified as

(3.58)

Wy =

Ta = KiKyi, (3.60)
and the armature voltage becomes
v, = K1K4w,, + Ri, (3.61)
Equations (3.60) and (3.61) can be used to solve for the shaft speed:
" RT,
Oy = — d (3.62)

KKy (K Ky

Neglecting R as before and assuming that a chopper (supplied by a battery of
E volts) controls the armature voltage of the motor, Eqn (3.62) gets modified as
E
Wy, = E(ron/7) (3.63)
KK,
Thus, Eqns (3.59) and (3.63) define the speed—torque characteristics, respectively,
for small and large values of torque. Accordingly, it is seen from Fig. 3.19(b) that
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for a fixed duty ratio ox /7 and for low and medium values of 7, the speed—torque
characteristics attain a very inverse shape as given by

Tda),zn = constant (3.64)

It is also seen that Eqn (3.64) is just another version of Eqn (3.59). Figure 3.19(b)
also shows that for high values of ’Td the characteristics become parallel to the
torque axis, implying that, for a fixed duty ratio, the speed becomes constant
for high values of torque. Thus, each of the speed—torque characteristics in
Fig. 3.19(b) corroborates the relations in Eqns (3.59) and (3.63).

Braking of adc series motor The two-quadrant type-B chopper can also be used
for regenerative braking of a dc series motor, taking the necessary precautions,
to ensure that the series field is kept outside the reversing operation.

3.5 Commutation Circuits

It is stated in Section 3.2 that the basic chopper consists of one or more
semiconductor devices along with commutation circuitry. Choppers differ from
one another in the type of commutation circuitry employed. Commonly occurring
commutation circuits can be broadly categorized into the following groups.

Voltage commutation This consists of applying a negative voltage across the
conducting thyristor for a period long enough to successfully turn off the thyristor.
The Jones, Morgan, and voltage commutated choppers come under this category.

Current commutation In current commutation a reverse current equal to or
greater than the current in the conducting thyristor is made to pass through
the thyristor to turn it off. Turn-off is then ensured by applying a negative
voltage against it. The modified parallel resonant chopper and the special
current-commutated chopper are examples of this type of commutation.

Load commutation This consists of transferring the load current flowing
through one pair of thyristors to a second one. A typical load commutated chopper
employs voltage commutation with the help of a capacitor connected in the centre
of a bridge circuit that has a thyristor in each of its arms. Four simple commutation
circuits have been discussed in Section 1.5. Some more commonly occurring
circuits are now described here.

3.5.1 Modified Parallel Resonant Turn-off Circuit

The parallel resonant turn-off circuit given in Fig. 1.41(a) can be modified to that
of a first-quadrant chopper circuit, shown in Fig. 3.20, by means of additional
elements, namely, a diode D, an inductance L, and a freewheeling diode Dgw.
The various circuit conditions occurring during the operation of this chopper are
given in Figs 3.21(a)—(c) and the waveforms are given in Fig. 3.22. For Dgw to
conduct the load current, the conditions to be fulfilled are that the thyristor should
be off and the capacitor current should be below the load current /4. The sequence
of operations that take place is now described.

At time £y, a gate-triggering signal is applied to the thyristor Th; to turn it on.
This sets up an LC-oscillatory current in the loop consisting of C, L, and Thy;
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Drw ZX Load

Fig. 3.20 Circuit for modified parallel resonant turn-off

simultaneously, current Ijq flows in the load circuit consisting of E, Th;, and the
load. At 1y, i. reverses and v, attains a negative maximum of — E volts. Again, at
1y, i attains a value equal to Ijq and Th; turns off. As long as Th; conducts (that
is, prior to its turn-off), a reverse voltage equal to the forward conducting drop of
the thyristor is applied across the diode D, keeping it off. After Th; is turned off,
the load current flows in the circuit consisting of E, C, L, and the load. However,
from £, to t3 the magnitude of i. is in excess of ;4 and this excess current flows
through D;. The duration from ¢, to #3 is the commutation time available for the
thyristor, because the conducting diode applies a negative voltage equal to its
forward drop across Th;. At t3, i, drops back to i3 and D; stops conduction;
v attains a positive value E, which is less than E. The new circuit condition,
as shown in Fig. 3.21(c), comes into operation and the capacitor subsequently
charges to E with the X-plate having positive polarity. This condition remains
till #4, at which moment Th; is fired so as to start a second cycle of operation. As
the thyristor conducts both the load current as well as oscillatory current during
to to ty, its rating should exceed the sum Ij4 + I.,,. During #; to t,, i. gradually
rises and iy, gradually falls to zero, their sum being equal to Ij3. The diode
Drw starts conduction at #3 and the current through it rises exponentially to reach
Iy and remains at this value till Th; is fired again at 4. Because the reverse
LC-oscillatory current stops the conduction of the thyristor, this chopper comes
under the category of current-commutated choppers.

The analysis consists of three stages corresponding to three modes of operation.
For the capacitor charging mode shown in Fig. 3.21(a) the results of the forced
RLC circuit with the non-zero initial condition [case (vii) of Appendix B] hold
good. The unforced LC circuit with an initial condition [case (iii) of Appendix B]
applies for the closed LC circuit of Fig. 3.21(b). Figure 3.21(c) shows the circuit
in which the L and C elements carry a part of the load current )4, the diode
Dgw conducting the other part. The duration of conduction of D; determines the
commutation time. If 7. is the circuit time available for commutation, it can be
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Fig. 3.21 Circuit conditions for the modified parallel resonant turn-off chopper:
(a) just after tg, (b) just after t;, (c) just after t3

1 . f ha
t, = —|m—2sin — (3.65)
® Iem

For successful commutation of the thyristor the inequality

fe > toFr (3.66)

expressed as

has to be satisfied. The maximum continuous current of the thyristor is equal to
the sum of the load current and LC oscillatory current. Thus,

E
Ithm = — + Iem (3.67)
Ryq

C
L
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Fig. 3.22 Waveforms of the modified parallel resonant turn-off circuit

where

Iem = E Z
Given the battery voltage E, load resistance Ryg, and the turn-off time fopg, the
elements L and C can be designed to provide sufficient circuit time #, for reliable
commutation. From Eqn (3.67), I, can be written as

E
Im = I — — (3.68)
Th;M Rld

Writing I, in terms of E, C, and L and using Eqn (3.67) gives

EC—I £
L~ ™M R

Finally,

c I 1
= = M _ (3.69)

L E  Rug
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From Eqns (3.65), (3.66), and (3.68), the following inequality is obtained:

P La
~vLC |:JT 2 sin {—(ITth — E/Rld)” > fOFF (3.70)

Considering only the equality in Eqn (3.70) and solving for ~/LC gives
1
VLC = o (3.71)
T —=28in" { —mM—————
(Ithym — E/Ru)

Multiplication of Eqns (3.69) and (3.71) yields
IOFF [ITth/E - l/Rld]

C = (3.72)
T —2sinT {—m—————
(Itnym — E/Ria)
Also, the division of Eqn (3.71) by Eqn (3.69) gives
t
L — OFF (3.73)

N e eyt
E Rig (Ith,m — E/Ry)

The actual value of C should be higher by 10-20 % than that given by Eqn (3.72)
to ensure successful commutation.

3.5.2 Morgan Chopper

The circuit, three circuit conditions, and waveforms of the Morgan chopper are,
respectively, given in Figs 3.23, 3.24, and 3.25. The uniqueness of this circuit
is that a saturable core reactor (SR) replaces the inductor for the purpose of LC
oscillation. The load is assumed to consist of a dc motor running at constant
speed. The latter depends upon the load voltage, which in turn depends upon the
frequency of the gate triggering signal ig, the values of the capacitor C, and the
size of the SR. As shown in Fig. 3.23, the cathode of the thyristor is connected to

Fig. 3.23 Circuit of a Morgan chopper
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the centre of the SR. The unsaturated reactance of the SR is assumed to be very
large; hence the corresponding current will be negligibly small.

Prior to the starting of the sequence of operations, the capacitor is assumed
to be charged to the battery voltage E with positive polarity at the X-plate. The
sequence of operations starts with the thyristor Th; being triggered at #y. The
load current then flows through the battery E, Thj, the lower half of the SR, the
external inductance L, and the motor; simultaneously a current i. flows in the
closed circuit comprising of the capacitor C, Thy, and the upper half of the SR
as shown in Fig. 3.24(b). The high unsaturated reactance of SR causes a very
small current to flow through this circuit from #; to #; and thus slightly decreases
the capacitor voltage v.. At t, the SR saturates and an LC oscillatory current
sets in, in the anticlockwise direction with a frequency of (1/2)w/L;C, where
Ly is the low post-saturation inductance of the SR. From ¢, to t,, which is the
half-cycle time of the oscillatory current, v, changes from +E to —E. At 1,, the
LC oscillatory current starts flowing in the clockwise direction. However, because
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Fig. 3.24 Circuit conditions for a Morgan chopper
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of the reversal of the current in the SR, it comes out of saturation and offers a
very high impedance to the current. This situation exists till ¢3, at which time
the reactor flux builds up in the opposite direction. At #4, the SR gets saturated
and then along with C an oscillation is set up in the opposite sense through Th;.
When at s, this oscillatory current exceeds /4, Th; turns off; the circuit condition
at this moment is shown in Fig. 3.24(c). At f, i. falls below I}y and, due to the
freewheeling effect of the load (that is, the motor) inductance together with L,
ipey Slowly starts increasing as shown in Fig. 3.25. i, gradually falls to zero and
correspondingly ip,, gradually increases to ;4 and remains so till the gate firing
signal for Th; occurs at #7, thus turning it on. The cycle repeats from #; onwards.

When Dgy starts conduction at ¢ the load voltage drops down to zero, whereas
the voltage across the SR and C combination increases. As a consequence of this,
the capacitor charges quickly to +E.

The duration from 7, to t5 is the extra time available for the conduction of the
thyristor due to the presence of the saturable reactor. This interval can be split
up into two subintervals as follows: (a) the duration after saturation when current
flows in the reverse direction (¢, to #3) and (b) the duration before saturation when
current flows in the forward direction (#3 to fs).
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Fig. 3.25 Waveforms of a Morgan chopper

The saturable reactor together with the inductor L and the freewheeling diode
Dgyw enables a fairly constant current to be maintained in the motor load. Since
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the load current is terminated by the LC oscillatory current, the Morgan chopper
can be categorized as a current-commutated chopper.

3.5.3 Jones Chopper

The circuit diagram, two circuit conditions, and waveforms of a Jones chopper
(Ramshaw 1975) are given, respectively, in Figs 3.26, 3.27, and 3.28. Here, an
autotransformer replaces the saturable core reactor of the Morgan circuit and helps
the process of commutation of the main thyristor Th;. An auxiliary thyristor Th,

Dy

L/2 (upper)
L/2 (lower)

Load

Fig. 3.26 Circuit of a Jones chopper

Load

(a)

L/2 (upper)
L/2 (lower)

L/2 (upper)
L/2 (lower)

Load

Fig. 3.27 Circuit conditions of a Jones chopper: (a) just before firing of Th;, (b) just

before turn-off of Th;
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and a diode D, also form part of this chopper circuit. The circuit operation starts
with the assumption that prior to the turning on of the main thyristor Th;, the
capacitor C is charged to a voltage Ey, which is slightly less than the battery
voltage E. At fy, Th; is fired and the following two circuits come into operation
simultaneously: (a) E, Thy, L/2 (lower), and the load and (b) the oscillatory circuit
consisting of C, Thy, L/2 (upper), and D;. Att, the oscillatory current i, becomes
zero and tends to reverse, but its reversal is prevented by D,. During the period #y
to 1, v, reverses and attains a value —E’, where |E’| > | E|. This is because the
flow of load current in L/2 (lower) induces a voltage equal to double its voltage,
above L/2 (upper), due to autotransformer action. The Y-plate of C also attains
the value —F and remains so till #, because D; becomes open-circuited due to
reverse-biasing. Th; is fired at #, and the capacitor C discharges through it, thereby
applying a reverse voltage across Th; and turning it off at #,. The autotransformer
action of the inductor ensures that the magnitude of E’ is greater than that of the
supply voltage E.
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Fig. 3.28 Waveforms of a Jones chopper



318 Dc Choppers

From #, onwards, the series circuit consisting of the battery, C, Th,, and L/2
(lower) comes into operation and the capacitor gets charged, with its X-plate
positive. At t3 the capacitor current goes below the holding current value (/y) of
Thy, thus turning it off. v, then attains a value equal to 4+ E( and remains so till #4.
The cycle repeats from ¢4, onwards. As the capacitor voltage causes Th; to turn-off,
the Jones circuit comes under the category of voltage commutated choppers.

The Jones circuit is also called a coupled-pulse commutation circuit because
of the coupling of the upper and lower halves of L. The combination works as
an autotransformer whose effect increases with the increase of load current. The
circuit turn-off time provided by this chopper increases with the increase of v,.

3.5.4 A Special Current-commutated Chopper

Figure 3.29 shows a chopper circuit which works with the principle of forced
current commutation. The waveforms for the circuit operation are given in
Fig. 3.30. It is the LC oscillatory current that opposes the load current flowing
in the main thyristor Th; and turns it off. The commutation process is helped by
the diode D, as well as the auxiliary thyristor Th,. The inductance L which is
in series with the load is assumed to be sufficient for the circuit to function as a
first-quadrant chopper. Also, prior to the firing of the main thyristor, the capacitor
C is assumed to be charged with its X-plate positive to the battery voltage E by
closing the switch Sw.

Dy

H%

Thy L
L]

Thy ZX D,
%

Y

X
Rid
c Ly
E— Sw Load

DFWZX Lig

Fig. 3.29 Circuit of current-commutated chopper

At tp, when Thy is fired, the load current flows through the battery, Th;, L, and
the load. At ¢;, the commutation of Th; is initiated by the firing of Th,, since the
oscillatory current i, initially flows through C, Thy, and L. At t,, i, reverses and
Thy, turns off; the oscillatory current now flows through C, L, D, and Th;. At #3,
i. becomes equal to the load current /iy and Th; turns off. The elements L; and C
conduct the load current from this moment onwards. During the interval #3 to 4
the oscillatory current, which is in excess of 14, flows through D,, thus applying
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areverse voltage across Th; and commutating it. At ¢4, D; stops conduction, and
if the freewheeling diode Dgw is not forward-biased, the oscillatory current flows
through the battery, C, L, D,, L, and the load. From #s onwards i. decreases
to zero and the current through Dgyw increases to Iy, implying thereby that the
load is short-circuited through Dgw. By this time the capacitor C charges to +E
through the charging circuit comprising the battery, C, and R and remains at
this level till Th; is fired at #7. The next cycle of operations is initiated from #;
onwards. The commutation time provided for Th; is the interval from #; to 24
during which a negative voltage equal to the forward drop of D is applied across
it. This duration depends upon L and C as well as the load current. For reliable
commutation of Thy, I.,, which is the peak oscillatory current, must be at least
twice the load current /4. As usual, the analysis of the circuit aims at designing the
commutating elements L; and C. The behaviour of the circuit during the period
of LC oscillation can be written as

Ldi"+1/'dr 0 (3.74)
—_ — le = .
Ydar T C
with the initial conditions
v.(0) = E
and
(0) = L 0
le = =
dt t=0
Noting that i, = C(dv./dt), Eqn (3.74) becomes
d%v,
L.C e +v. =0 (3.75)
or
d*v, 1
——Ct——u. =0 3.76
ar T’ (376)

Equation (3.76) is seen to be the equation of a harmonic oscillator and hence v,
can be written as

v.(t) = E coswt 3.77)
where w = 1/4/LC. Thus,
. dv, :
I, = = — wCE sinwt
dt

For the equation for i, maximum oscillatory current is

I CE cE E < (3.78)
cm — w = — = —_— .
VL C L,

To determine L and C, I., and I,4 are assumed to be related as

Iem = klyq
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Fig. 3.30 Waveforms of the current-commutated chopper

where k is any real number. /4 can be expressed as

I E
4 = =
Ry

where R4 is the load resistance. Thus, assuming that

Iem = E ¢ = ki —kE (3.79)
cm — Ll - d = Rld .

Eqn (3.79) provides one relation for the unknowns C and L, namely,

C k
- - = (3.80)
L, Ry

The second relation is obtained from the fact that the duration from #; to 4 should
be greater than the turn-off time of Th;. Thus with

Iq 1

1 1
I = = oty — 1) = sin”! (;), and w(ts — 1) = 7 —sin”! <;>
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Thus,

1
o(ts —13) = 7w — 2sin”! (%>

fhy—13 = é [n —2sin”! (%)} (3.81)

Taking 1/w = +/LC, the requirement that ¢4 — #3 > fopr can be used to write
the inequality

or

1
vLC |:7T —2sin”! <%>] = TOFF

or

t
JL.C > OFF 1 (3.82)

-2 ()]

Taking the inequality in Eqn (3.82) to be an equality and solving Eqns (3.80) and
(3.82) gives the values of C and L,. Thus,

k t
C = — x OFF (3.83)
Ria 7 —2sin”! 1
k
and
R 1
L = -9« OFF (3.84)

k= [m —sin™'(1/k)]

The actual value of C is now taken to be slightly greater than that computed above.
L can then be suitably corrected using Eqn (3.80) or Eqn (3.82).

3.5.5 Load commutated Chopper

A special type of chopper in which four thyristors are connected in a bridge
configuration and a capacitor is connected in the centre of the bridge is the load
commutated chopper, the circuit of which is shown in Fig. 3.31. Three circuit
variations for this chopper are given in Fig. 3.32 and the waveforms in Fig. 3.33.
As in the other cases discussed above, the inductance L and freewheeling diode
Dryw are essential for maintaining the load current at a constant value. During
the operation of the circuit, the load current is switched from one thyristor pair
(Thy, Ths) to the other (Th,, Thy), thus justifying its name. It is indeed a voltage
commutated chopper, since the capacitor voltage is applied in a reverse fashion
across each of the thyristors in a pair to turn them off. The following sequence of
operations gives a detailed description of the circuit.

It is assumed that v,, the capacitor voltage, is the voltage of the X-plate with
respect to the Y -plate and is equal to — E volts prior to the firing of the first device
pair, namely, Th; and Ths. The firing of these thyristors initiates the reverse
charging of the X-plate of the capacitor by the load current /4; v, thus charges
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Fig. 3.31 Circuit of a load commutated chopper

from —FE to +E. The corresponding circuit condition is given in Fig. 3.32(a).
When V, attains the voltage +FE at ¢, the capacitor C stops conducting and Dy
starts conducting the entire load current. This condition is shown in Fig. 3.32(b).

At 1, the thyristors Th; and Thy are fired and, through these devices, a reverse
voltage equal to E is applied across each of the thyristors Th; and Th, turning
them off. v, now starts charging from +E to —E and reaches zero at #5. Th; and
Ths will successfully commutate if the circuit time #3 — ¢, is greater than the fopp
of the thyristor. At #4, v, attains a value of —E and remains in this state till #s, at
which moment Th; and Thj are fired again to repeat the next cycle.

The time for which the main thyristor conducts, toy, is determined from the
equation

1 TON
¢ o

where C is the value of the capacitor that is used in the bridge. Performing the
integration in Eqn (3.85) gives

Lqdt = 2E (3.85)

Laton _2E
Cy
or
2CE
Ton = —! (3.86)
Lq
From Eqn (3.9) of Section 3.2.1,
E
Vi = TTON = Etonfun (3.87)

where f., = 1/7 is the chopper frequency. Substitution of the expression for ToyN
from Eqn (3.86) in Eqn (3.87) gives
2EC,

Via = Sen (3.88)
hq
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Fig.3.32 Circuit conditions of a load commutated chopper: () Th; and Th;
conducting load current, (b) all thyristors turned off, (c) Th, and Thy
conducting load current

For determining the value of C, the maximum value of fcn, namely, fohmax), 1S

taken and correspondingly /4 is taken to be equal to /igmax). But

Thus,

Vial Sehmaxy

2E%C,

E

E = —fch(max)

Ld@max)
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or
C, = _Jamay) (3.89)
2Efch(max) '

Alternatively, C can be determined as follows: Let topr = t3 — f,. An inspection
of the waveform of v, suggests the equation

1 (5

—_— Igdt = E

C2 15)
or

La(t; — 1) _E

C
This gives
Lig(t; — ¢t
C, = M (3.90)

E

Now C is chosen from among the capacitances given by Eqns (3.89) and (3.90)
as

C = max(Cy, ) 3.91)
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3.5.6 Voltage commutated Chopper

The simple voltage commutation circuit of Fig. 1.39(a) can be modified to that
of the voltage commutated first-quadrant chopper shown in Fig. 3.34 to facilitate
the voltage control of an inductive load. As before, Dgw conducts the current of
the inductive load circuit when neither of the thyristors Th; and Th; conduct. The
auxiliary thyristor Th; is turned off when the capacitor charges to +E with the
Y-plate having positive polarity.

Thy Ly
~C
L1
1X
Thy G Ty
>f
R
1 v Load
E= Dy Ly Dewly
Id

Fig. 3.34 Circuit of a voltage commutated chopper

The sequence of operations of the circuit can be understood with the help of
the waveforms given in Fig. 3.35, which is drawn for the circuit after it reaches the
steady state. Prior to the firing of Thy, the capacitor is initially charged with the X -
plate positive with respect to the Y -plate. When Th; is fired at #y, it conducts both
the oscillatory current of the L; and C elements as well as the load current. After
completing one half-cycle at ¢, the oscillatory current is reversed and stopped by
D,. At this moment the Y-plate of the capacitor attains a potential of —FE volts.
When Th; is triggered at £, v, is applied in a reverse manner across Th; and it
turns off; also, the Y-plate of C starts charging from —E to +E, with the current
through C remaining constant at ligmax) = E/Rig because of the large value of
L.

At 14, v, attains a voltage of +E with the Y-plate positive with respect to the
X-plate, and C gets open-circuited. The cycle repeats when Th; is fired again at
ts. The diode Dpw conducts the load current from #4 to #s. This current is highly
inductive due to the load inductance L4 as well as the external inductance L,. The
capacitor conducts the load current during the interval #, to ¢4, which is assumed to
be maintained at its maximum value of [jgmax) = E/Rig. Also, during the interval
t, to 13, v charges from — E to 0. Assuming the duration #; — ¢, to be greater than
the turn-off time of Th;, the charge equation is written as

1 (o
- / Lymandt = 0—(—E) = E (3.92)
15}

Performing the integration on the left-hand side yields

CE = lgmax(tz — 1)
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Fig. 3.35 Waveforms of a voltage commutated chopper

or

Ild(max) (t3 - t2)
E

Imposing the condition #3 — #, > topr and using Eqn (3.93) gives the inequality

C = (3.93)

C > Fa(max)toFF
- E
The value of the commutating inductor L; has to determined based on the
following two conflicting requirements: (a) the peak of the capacitive current
should be less than or equal to Ith,m — lidmax), Where Itpm is the maximum
current rating of Th; and (b) the half-cycle time of the LC oscillation should be
as small a fraction of the chopper time period 7 as possible. These two conditions
can be quantitatively expressed as follows.
The first requirement on I, gives

C
E T < Ith,m — Ddmax

(3.94)



Applications 327

or
£ 2
L>C|——— (3.95)
Ith M — Ddmax)

To convert Eqn (3.95) into an equality, Ith,m — flgmax) can be multiplied by a
factor b, where 0 < b < 1. Thus,

£ 2
L =2¢C (3.96)
|:b(ITh1M - Ild(max))]

This gives the lower bound for L. The second requirement can be interpreted as
follows. As per Eqn (3.9) the average output voltage of the chopper is

T
Vg = EX (3.97)
T
To get as large a variation for vy as possible it should be possible to vary ton/t
in the range

where d should be as small a fraction as possible. A limitation with the voltage
commutation circuit is that a minimum interval equal to #; — 7y is necessary for
the capacitor voltage to change from + E to — E. Thus, ton/T cannot become less
than #; — fy/t, or d = (t; — tp)/7. This in turn implies that #; — #y, which is the
half-cycle time of the LC oscillation, should be as small a fraction of the chopper
period as possible. Taking d to be equal to, say, 0.1, the inequality

01 < a+/LC

T

is obtained. This gives the second inequality for L as
1 (0.17)\°
L>—(—
T C\«m

1 /0.17\>2
L=z (T) (3.98)

Equation (3.98) gives the upper bound for L. A compromise must be made
between the values obtained in Eqns (3.96) and (3.98) to arrive at the proper
value of L.

Taking the equality sign gives

3.6 Applications

Dc choppers are useful in surface as well as underground traction, where the source
voltage is required to be converted into different levels with high efficiency. In
servos, quick response is a desired feature, and choppers fit this requirement,
provided they are used for the armature control of these servos; the field can
be either of the separately excited type or of the permanent magnet type.
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Two-quadrant choppers find application in low-power battery-operated vehicles
because they can also be operated in the regenerative braking mode, which enables
increased mileage per charge of the battery. A four-quadrant chopper can be used
in reversible drives, a ready application of which is in hoists used in mines and
hydropower stations.

3.7 Advantages and Drawbacks of Dc Choppers

With a high chopper frequency, a fairly smooth output can be obtained with
dc choppers. As against this, the ripple content in controlled rectifiers can be
decreased only by increasing the number of output pulses. For example, in high-
voltage dc transmission a 12-pulse output is obtained by connecting star—star
and star—delta transformers in series. This shows that in multiphase rectifiers,
the complexity of the equipment increases with the number of output pulses.
However, there is a practical limitation on the number of output pulses. On the
other hand, the frequency of dc choppers can be increased to hundreds of kilohertz
and even megahertz, respectively, with power transistors and MOSFETs. The size
of the inductor also decreases considerably with such high chopper frequencies.
As a result, the region of discontinuity for the w-T curves will be smaller in the
case of dc choppers than for controlled rectifiers. The drop in speed with increase
in torque is lower for a dc chopper than for a phase-controlled rectifier.

The main advantage of a step-up chopper is the low ripple content in the
source current waveform. The two-quadrant chopper provides flexibility for the
dc motor to operate both in the motoring mode as well the regenerative mode. A
four-quadrant chopper has still more flexibility by way of application to reversible
motors also.

The drawback of a step-down chopper is that the source current is discontinuous
and hence a high harmonic content is presented to the source. The cost of the
commutation circuit forms a significant part of the cost of this chopper, the
additional inductor in the load circuit also contributing to the cost.

A particular problem encountered during the regenerative braking of a
separately excited motor is violation of the safe value of the motor current. This
can be seen from Eqn (7.55) in which § cannot be decreased below a certain value
because of commutation problems. On the other hand, the motor speed may
exceed the maximum limit, thus increasing the value of E;. Such a contingency
is possible for a traction vehicle going down a steep slope.

Although regeneration can be provided by multiquadrant choppers, the source
cannot normally store this energy. The only alternative left is to resort to dynamic
braking, which involves power loss and decrease in efficiency.

Summary

The step-down chopper is a viable alternative to the controlled rectifier as a
source for the separately excited dc motor. The step-up chopper, on the other
hand, facilitates regenerative braking of a dc motor. If the resistance on the load
side of a second-quadrant chopper is neglected, this chopper becomes identical to
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a step-up chopper. This implies that the second-quadrant chopper is appropriate
for regenerative braking of a dc motor. When a changeover of conduction from
the first quadrant to the second quadrant or vice versa is desired, a small interval
has to be provided for the commutation of the thyristor in the outgoing chopper.

The two-quadrant chopper contains the features of both first- and second-
quadrant choppers and hence provides flexibility of operation. By properly
changing the sequence, first- and fourth-quadrant operation is also possible with
a two-quadrant chopper. To ensure the continuity of current in chopper-based
drives, the inductance L on the load side should be fairly large.

In four-quadrant operation, choppers can be made to conduct continuously or
partially, depending on whether the motoring or braking operation is desired. The
diodes across the thyristors help in returning inductive energy from the load to
the source and also facilitate successful commutation of the thyristors.

For facilitating the two-quadrant operation of a dc series motor, the series field
has to be kept outside the reversing operations.

A chopper, in all chopper circuits, consists of one of the turn-off circuits
described in Sections 1.5 and 3.5. The inductor and capacitor of the chopper have
to be properly designed to enable reliable turn-off. The provision of a second
thyristor, called the auxiliary thyristor, helps in efficient turn-off of the main
device. The voltage and current waveforms of the various circuit elements help in
understanding the circuit operation as well as the determination of the inductance
and capacitance values.

Worked Examples

1. Determine the commutating elements for a voltage commutated chopper with
the following data: £ = 80 V, Itp,m = 11.0 A, and fopr of the main thyristor is
25 ps. The chopper frequency is 600 Hz and Rjq = 15 Q.

Solution
E 80
Lhimaxy = — = — = 533 A
1d(max) Ru G
From Eqn (3.94),
C > Td(max)fOFF
- E
Substitution of values gives
5.33 x 25 x 1076

80

Therefore, C can be chosen as 1.7 pF. Here,
Ithym — hamaxy = 11.00 —5.33 = 567 A
From Eqn (3.96), the lower bound for L with, say, b = 0.7 is

E 2 » 80\’
L=Cl—s—ns) =17x10°( ") = 0.69mH
0.7 x 5.67 0.7 x 5.67
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From Eqn (3.98), the upper bound for L is
1 (017’
C\ &

1 0.1\’
" 1.7 x 10~ \ 6007

=1.66 mH

L=

Therefore, L can be chosen as 1.2 mH. Hence, L and C should be taken as 1.2
mH and 1.7 pF, respectively.

2. Design the commutating elements for a current-commutated chopper with
the following data: £ = 180 V, Rjq = 30 Q, topr of Th;=40 ps. Also, Iy, is 1.5
times Iq.

Solution

I 1
¢ =sin"! <—> =15 = 41.8° or 0.73 rad

T —2¢p=m—2x0.73 = 1.68 rad

From the relation between I, and Ij4 given as data and the relations between L
and C given in Eqns (3.80) and (3.82),

and
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Multiplying «/C/L by ~/LC gives C. Thus,

1.5 40
C = —=—x—x10°F = 1.19 yF
30~ 1.68
Also
40 x 10 30
L = ——— x— = 048mH
1.68 1.5

The commutating elements L and C are, respectively, 0.48 H and 1.19 pF.

3. For a modified parallel resonant turn-off circuit, /., is 1.2 times I)y. Other data
are £ =120V, Ryg = 60 €2, topr of Th =45 ps. If Ity is 4.2 A, determine the
value of L and C.

Solution
Ta 1
I 1.2
Hence sin~! (ha/Iem) = 56.44° or 0.985 rad. From Eqn (3.71),
\/ﬁ _ TOFF _ 45 x 1076
[ —2sin"! (La/Iem)] 7 —2 % 0.985
This gives

VLC = 3842 x107°
Also, from Eqn (3.69),

L E Ry
That is,

C 4.2 1
— = — — — = 0.0183
L 120 60

Therefore,

/C
C = a x ~/LC = 0.0183 x 38.42 x 107°*F = 0.7 yF

and

[ L
L = ExVLC:Z.lmH

4. The following data are provided for a modified parallel resonant turn-off
circuit: £ =150 V, C = 035 pF, L = 2.5 mH, Ry = 100 Q. Determine the
turn-off time and the maximum current capacity of the thyristor.

Solution

From Eqn (3.69),
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This gives

I —E,/C + E
ThM = 2 Ru

0.35 x 10-¢ L 150
2.5 x 1073 100

=328 A

=150

Also, from Eqn (3.70),

I
torr = VLC |:7r —2sin~! <I£>:|

cm

Here,
035 10-6
Cm_E,/ — 150 X — 1775 A
25 % 103
E 150
= — = — = 15A
Ry _ 100
Therefore,
I 1.5
7—2sin ' [ 24) = 7z —2sin ! [ =) = 1.128
Iem 1.775
VLC = 0.35x 1076 x 2.5 x 10~3 = 2.96 x 1073
Hence,

forr = 2.96 x 107 x 1.128 = 33 us

5. The following data pertain to a load commutated chopper: £ = 150 V, Rjq =
45 Q, Lamax) = 6 A. The maximum chopper frequency is 1200 Hz and the turn-off
time is 36 ps. Determine the value of C.

Solution

From Eqn (3.89),

Ild(max) _ 6
2E fen(max) 2 x 150 x 1200

Also, from Eqn (3.90),

C, = = 16.67 uF

Co — Dhamax)(ts — 1) lamavforr 6 X 36 X 106 _ 144 yF
2= E - E 5o H

Finally,
C = max(Cy, C;) = 16.67 uF

6. A step-down chopper supplies a separately excited dc motor with a supply
voltage E =240 V and back emf E;, = 100 V. Other data are total inductance L
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= 30 mH, armature resistance R, = 2.5 €2, chopper frequency = 200, and duty
cycle = 50%. Assuming continuous current determine /,x, Imin, and the current
ripple.

Solution

The circuit and waveforms are given in Fig. 3.3. From Eqn (3.17),

E 1 — ¢~ on/Ta E,
I, = —|—) - =2
e R, ( 1 —e /T > R,

Hence,

TON _ 0.0025
7, 0.012

T 0.005

T, 0.012
(1 —e ™71y =0.188, (e ™V — 1) = 0.2316

(1—ey=0.34, (e 7T —1) = 0.5169
Hence,

240  0.188 100
= — - — = 13.0A
2.5 0.34 2.5

From Eqn (3.18),
E [eTON/Tu _ 1i| E,

R, | e”/Te —1 R,
240  0.2316 100
=— X - — = 30A
5 05169 2.5
The current ripple is
Im X Imin 13 -3
Aig = = = =5A

2 2

7. A step-down chopper feeds a dc motor load. The data pertaining to this chopper-
based drive is £ =210V, R, =7 , L (including armature inductance) = 12 mH.
Chopper frequency = 1.5 kHz, duty cycle = 0.55, and E;, = 55 V. Assuming
continuous conduction, determine the (a) average load current, (b) current ripple,
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(c) RMS value of current through chopper, (d) RMS value of current through
Drgw, and (e) effective input resistance seen by the source, and (f) RMS value of
load current.

Solution

(a) The circuit and waveforms are given in Fig. 3.3. The average load current is
given by Eqn (3.21) as

E TON Eb

g = —— — —

R, T R,

Substitution of values gives

210 55
Ild =—x055 - —

7 7

=8.64 A

(b) The current ripple is given by Eqn (3.19) as

E { 1 + et/Ta — eION/Ta — eTOFF/Ta }

Ala = 5p et/Te — 1

Here,

12 x 1073

L,
T = —_— =
“7 R 7

1 1 x1073

T = =
1.5 x 103 1.5

T T _ 9389
T, 15x 12

055x 1072 7
T;N _ ;(—5 x = x 1073 = 0214
045 x 10~ 7
forr _ D0 X X — %1073 = 0.175
T 15 12

Substitution of values gives

210 1+ 1.475—-1.239 —1.191
X

2x7 1475 -1

(c) It is assumed that the load current increases linearly from /Iy, to I during
(0, Ton)- Thus the instantaneous current i)y can be expressed as

Aiyg = = 142 A

, Lo — I
in = Inin + ————1, 0 <t < 10N
TON

The RMS value of the current through the chopper can now be found as

1 TON
Ihnrms) = = / (110)%dt
0
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Here,

T (Iax — Iin)?
Ich(RMS) = {\/% [Iéin + Imin(lmax - Imin) + %]}

where

E [e'on/Ta _q E,
Inin=— | —/77— Py
R, |: e/l — 1 i| R,
210 [ 1.239 -1 55
=—|—— | — = = 15.095 — 7.857 = 7.24 A
7 11.475-1 7
E [1=e¢ "N
max — — | YT - E Ra
R, |: 1 — e /T :| bf

210 (1 — 0.807) 55
=——— — — =17.981 — 7.857 = 10.12 A
7 (1-0.678) 7

Thus,

Iehrms) = \/TOTN [7.242 +7.24(10.12 — 7.24) +

=+0.55 x 76.03
=6.46 A

(d) The RMS value of current through Dgyw can be found as

] TOFF ) ,
IDFW(RMS>=,/;/ ()?dt’ (f' =1t — 1oNn)
0
2.88)2
=\/—tOFF [(10.12)2 4 S Y 1012 x 2.88]
T

(where Imgyx — Imin = 10.12 —7.24 = 2.88 A)
=4/0.45x76.02=5.85A

(e) Average source current = (tTon/T) X average load current

(10.12 — 7.24)2]
3

7.24 +10.12
= 0.55 x % =0.55x8.68=4.7T A

Hence, the effective input resistance seen by the source =210/4.77 = 44 Q.

1 ToN
(f)RMS value 0f10adcurrent=\/— |:/ {ia(0)}?dt + /
T LJo 0

with ' =t — ton. This is seen to be nearly equal to the average load current,
namely, 8.68 A.

TOFF

{ild(t')}zdt’] = 8.72A
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8. A step-down chopper has the following data: Rjy=0.402, E=420V, E, =25 V.
The average load currentis 175 A and the chopper frequency is 280 Hz. Assuming
the load current to be continuous, and linearly rising to the maximum and then
linearly falling, calculate the inductance L which would limit the maximum ripple
in the load current to 12% of the average load current.

Solution

The circuit is given in Fig. 3.3(a). The expression for the current ripple in
Eqn (3.19) can be written with substitutions ton = 87 and topr = (1—68)t, where
disintherange0 < § < 1. Thus,

Aiyg =

E 1 + ef/Ta — eSI/Tn — e(l_a)f/Tn
2R, [ et/Te — 1 :|

with § = ton/7. Differentiating the ripple current with respect to § and equating
this to zero gives the value of § for maximum ripple:

dAia) _ (_Lesr/n> L Lot _

d5 Tu a

This yields

/T (1-8)t/T,

= e
or
§ =1-96

This gives § = 0.5. Substituting this value of § in the expression for Aiyy gives

E 1+er/Ta _ 2€O.SI/T,,
Aiyg =
2R, et/Ta — 1
_ (eO.SI/Ta _ 1)2
- E/2R“ |:(eO.5r/Ta _ 1)(e0.5r/Ta +1)

E eO.Sr/Ta -1
2R, |:eo.51/ra T 1i|

Rq

where f = 1/t is the chopper frequency. If 4 fL >> R,, then tanh (R,/4fL)
~ R,/4fL.Thus,
E R, E
2R, 4fL _ S8fL
The condition Aligmaxy = 12%14 gives
E

8fL

Algmaxy =

= 0.12 x 175
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Hence,
E 420
L = = = 0.0089 H
8f x0.12 x 175 8 x 280 x 0.12 x 175

= 8.9 mH

9. A 240-V, separately excited dc motor has an armature resistance of 2.2 €2 and
an inductance of 4 mH. It is operated at constant load torque. The initial speed
is 600 rpm and the armature current is 28 A. Its speed is now controlled by a
step-down chopper with a frequency of 1 kHz, the input voltage remaining at
240 V. (a) If the speed is reduced to 300 rpm, determine the duty cycle of the
chopper. (b) Compute the current ripple with this duty cycle.

Solution

(a) The equation for the motor is

V = E, + LR,
Substitution of values gives
240 = E, 4+ 28 x2.2
Thus,
E, = 240 — 28 x 22 = 1784V

Other quantities on the right-hand side of the expression for E;, remaining
constant, it can be expressed as

E, = kN
or
178.4 = k600
178.4
= —— = 0.297
600

The new speed is 300 rpm. Hence,
Epmewy = 0.297 x 300 = 89.1V

The new applied voltage with the same load torque, that is, the same armature
current, is

Voew = Ep + IR, = 89.1 + 28 x2.2 = 150.7V

The duty cycle of the chopper (ton/T) can be determined from the relation
T
Vaew = N input voltage
T

This gives

Vaew 150.7
N _ - = 0.628
T input voltage 240
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)T, = L/R, = 4x1073/2.2;7 = 1/1000 = 1073. Therefore,

T 2.2
—=— = 0.55
T, 4

TN _TONT _ 0628 x 0.55 = 0.345
T, t T,

forr _ T _ TN _ 55 — 0.345 = 0.205

. T. T,

The current ripple is given as

E (1+ et/Ta _ pton/Tu _ eTOFF/Ta)
Aiyg =

2R, e/Ta — 1
1507 141733 — 1.412 — 1.227
T2x22 " 1733 -1
—439A

10. A 220-V, 80-A, separately excited dc motor operating at 800 rpm has an
armature resistance of 0.18 €. The motor speed is controlled by a chopper
operating at 1000 Hz. If the motor is regenerating, (a) determine the motor speed
at full load current with a duty ratio of 0.7, this being the minimum permissible
ratio (b) Repeat the calculation with a duty ratio of 0.1.

Solution

(a) When the machine is working as a motor, E}, is obtained from the equation

E, = FE — bR, = 220 — 80 x0.18 = 220 — 14.4 = 205.6V
From the equation

E,=kN

When it is regenerating, the step-up configuration of Fig. 3.7(c) holds good. Thus,
E,=E(1-96) + I,R, = 2201 —0.7) + 80 x 0.18 = 66 + 144 = 804V

E, _ 804 _ .
== — = m
K~ 0257 i

(b) The speed for § = 0.1 is obtained as follows:
E, =220(1 —0.10) + 80 x 0.18 = 198 + 14.4 = 2124V

Therefore the speed is

11. A 250-V, 105-A, separately excited dc motor operating at 600 rpm has an
armature resistance of 0.18 €. Its speed is controlled by a two-quadrant chopper
with a chopping frequency of 550 Hz. Compute (a) the speed for motor operation
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with a duty ratio of 0.5 at 7/8 times the rated torque and (b) the motor speed if it
regenerates at § = 0.7 with rated current.

Solution

(a) The initial back emf is to be determined from the equation

E, = E — bR, = 250 — 105 x0.18 = 231.1V

Hence the back emf constant £k = 231.1/600 = 0.385. A fraction 7/8 of the rated
current /), =7/8x105 =91.875 A. The new E} is obtained as

E, = E§ — IR,
where § = 0.5 and 1, = 91.875. Its numerical value is
E, =250 x 0.5—91.875 x 0.18 = 108.46V

The new speed is

N E, 108.46 282 rpm
k 0.385
(b) When it is regenerating, Eqn (7.54) is to be used. Thus,
I - E, — E(1-9)
a = —Ra

or
Ey, = E(1-6) + I,R,
Substituting values gives
E, =2501-0.7)+105x 0.18=939V

From this, the speed N =93.9/0.385 = 244 rpm

12. A 300-V, 100-A, separately excited dc motor operating at 600 rpm has an
armature resistance and inductance of 0.25 2 and 16 mH, respectively. It is
controlled by a four-quadrant chopper with a chopper frequency of 1 kHz. (a) If
the motor is to operate in the second quadrant at 4/5 times the rated current,
at 450 rpm, calculate the duty ratio. (b) Compute the duty ratio if the motor is
working in the third quadrant at 500 rpm and at 60% of the rated torque.
Solution

(a) Ep, — I,R, =300 — 100 x 0.25 = 275 V. Back emf constant k = E;,/N =
275/600 = 0.458. Operation in the second quadrant implies that the motor works
as a generator. Hence the motor terminal voltage V,, is written as

V, = E(1—-5%§)
New current
4
1, = §><100 = 80 A
Hence,
E, =V, + I,R,
kN=E(1 —$6) + I,R,
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Substitution of values gives
0.458 x 450 = 300(1 —8) + 80 x 0.25

This yields § = 0.38.
(b) In the third quadrant, the machine works in the motoring mode but with reverse
voltage and reverse current. The voltage equation relevant in this case is

E,=V,—I,R,
where
E,=kN = 0.458 x 500
V,=ES§ = 3008
and

1,=0.6 x 100 = 60 A
By substituting numerical values, the equation becomes
0.458 x 500 = 300 x & — 60 x 0.25
This gives § = 0.813.

Exercises

Multiple Choice Questions

1. In a step-down chopper the load current ripple can be reduced by
(a) increasing L (b) increasing f.p
(c) both the above (d) none of the above
2. The regions of discontinuous conduction in the w-7 curves of a motor
controlled by a first-quadrant chopper can be decreased by

(a) increasing fo, (b) decreasing fep,
(c) increasing Rjg (d) decreasing Ryg

3. For the two-quadrant type-A chopper under operating conditions (ii) and (iii)

(Section 3.3.2.1), thedevices __are connected to the source for one part
of the period t and the devices ___ are connected for the other part.

(a) D, and Chy, D, and Ch, (b) D, and Chy, D; and Ch,

(¢) Chy, D, and Ch; (d) Dy and D,, Ch; and Ch,

4. Considering both the methods of the two-quadrant type-B chopper,

(a) viq can only be positive and ijq can be positive or negative
(b) viq can only be negative and ijq can be positive or negative
(c) vyg can be positive or negative and i)y can only be negative
(d) vy can be positive or negative and ijq can only be positive

5. For a two-quadrant chopper type-A, regenerative braking is

(a) possible at low speeds
(b) possible at high speeds
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(c) possible at both low and high speeds
(d) not possible at all

In a two-quadrant chopper type-A, the average voltage viy depends on

(a) TON and (b) TOFF and T

(c) only Ton (d) only topr
The two-quadrant _ chopper cannot work in the third and fourth
quadrants; the two-quadrant _ chopper can work in the first and fourth
quadrants.

(a) type-A, type-A (b) type-B, type-A

(c) type-A, type-B (d) type-B, type-B
For _ wvalues of torque, the w-T characteristics of a dc series motor
become parallel to the torque axis.

(a) low (b) medium

(c) high (d) very low

Apart from the two halves of the centre-tapped inductor, the various other
elements that support the load current in the Jones chopper, over a time period
are

(a) Thy, C, and Th; (b) C, Thy, and D,

(¢) Thy, C, Thy, and D, (d) Thy, Thy, C, and Dgw
In the Jones chopper the voltage E’ is greater than E because _, where

vy is the voltage of the whole inductor.
(a) v./2 (upper) adds to v,
(b) the diode drop across D adds to v /2 (upper)
(c) v /2 (lower) induces a voltage at vy, /2 (upper)
(d) the load voltage adds to v,

In the Jones chopper the current ip,,, rises slowly because the current through
falls slowly.

(a) Thy and C (b) Thy and D
(¢) Th; and Th, (d) Th; and D,
In the Jones chopper the diode D; conducts only when __ exceeds the

load current.

(a) the current through L /2 (upper) and Th;

(b) the current through Th; and L /2 (lower)

(c) the current through L /2 (upper) and Th,

(d) the current through C and Th;
In a load commutated chopper, during the conduction of Th; and Thj, the load
voltage vy4 falls from .

(a) Eto0 (b) 2E to —F

(¢c) Eto—E (d) 2Et00

In a load commutated chopper, the freewheeling diode Dgw conducts only
when _ do not conduct.

(a) Thy, Thy, Ths, Thy, and C (b) Thy, Ths, and C

(c) Th, and Thy (d) Thy, Thy, and C
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A load commutated chopper is so called because

(a) the load current freewheels through Dpw
(b) the load current alternately flows through the two thyristor pairs
(c) theload current through one thyristor pair commutates the other thyristor
pair
(d) the voltage of the capacitor which is charged by the load current
commutates the thyristor pairs.
As per the waveforms, the various components that support the load current in
a current-commutated chopper over a period of time are

(a) Thy, Thy, L, and C (b) Thy, L, C, and Dgw

(¢c) Thy, Thy, C, and Dgw (d) Thy, Thy, L, and Dgw
In a current-commutated chopper, the current ip,,, increases slowly because
the current through  falls slowly.

(a) Thy and C (b) Th, and L,

(¢) Th, and D, (d Lyand C

In a current-commutated chopper, the circuit turn-off time is facilitated by the
reverse voltage applied by the conducting element, namely,

(a) Thy () D,

() C (d) D
In a current-commutated chopper, the diode D; conducts the current only when

are not conducting.

(a) Th; and Dgw (b) Thy, D,, and Drw

(C) Thl, Dz, and DFW (d) Thl, Thz, and DFW
In the Morgan chopper, the current ip,,, slowly increases because the current
through slowly decreases.

(a) Thy and C (b) SR and Th;

(¢) C and SR (d) Thy, SR, and C

In the Morgan chopper, the circuit turn-off time occurs when the current flows
through the components

(a) Dgw, L, and the load (b) SR, L, and the load
(¢) Dgw, L, C, and the load (d) C, SR, L, and the load
In a voltage commutated chopper, the current through Cis _ for some
time after the thyristor turnsonandis _ for some time after it turns off.
(a) nearly flat, sinusoidal (b) sinusoidal, sinusoidal
(c) nearly flat, nearly flat (d) sinusoidal, nearly flat

In a voltage commutated chopper, current flows through C when the thyristor
Th, turns off at #, and it stops flowing at 74 because

(a) i, falls down naturally

(b) the load current ij4 cancels i,

(c) the voltage v, of the capacitor attains the value E
(d) the load voltage exactly opposes v,

In a voltage commutated chopper, the voltage across Th;, just after it stops
conducting i, willbenearly V.
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(a) 1.5 (b) 0.7
() 1.1 (d 0.3
25. In a modified parallel resonant turn-off circuit, the current through Dgw rises
slowly because the current through  falls slowly.
(a) Cand L (b) C and the load
(¢) L and the load (d) L and D,

26. In a modified parallel resonant turn-off circuit, the components that conduct
the load current over a period T are .
(a) Th], L, C, and DFW (b) Thl, L, C, and D1
(¢) Thy, C, and Dgw (d) Thy, L, C, D, and and Dgw

27. In a modified parallel resonant turn-off circuit, the circuit turn-off time is due
to the current flow through
(a) Land C (b) L, C,and D,
(¢) Dpw (d) the load

28. In a modified parallel resonant turn-off circuit, the diode D; conducts only
when
(a) the load current exceeds the peak oscillatory current
(b) the peak oscillatory current exceeds half the load current
(c) the load current exceeds half the peak oscillatory current
(d) the oscillatory current exceeds the load current

29. In a modified parallel resonant turn-off circuit with data £ =120V, Rjg =40 €,
C =2 pF and L = 10 mH, the maximum current through the thyristor (Itpy)

willbenearly  A.
(a) 10.3 (b) 4.7
(c) 85 (d) 7.8

30. In a modified parallel resonant turn-off circuit, if fopr = 20 us and the
relationship fig = 0.4l holds good, the quantity +/LC works out to nearly

(a) 5.43 x1073 (b) 10.84 x107°
(c) 8.62 x107¢ (d) 1631 x107°

True or False

Indicate whether the following statements are true or false. Briefly justify your choice.

1. The role played by the saturable reactor in a Morgan chopper is that
commutation of the thyristor is made more reliable.

2. The Jones chopper is more reliable than the Morgan chopper because of the
inductor present in it.

3. In a modified resonant turn-off circuit, the diode D which is connected across
the thyristor carries three-fourths of the load current for a short time and zero
current for the rest of the time.

4. The waveform of ip,, in a Jones chopper will be as shown in Fig. 3.37; the
diode Dgw will conduct when both Th; and Th, are not conducting.
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Fig. 3.37

. In a current-commutated chopper, the magnitudes of L and C determine the

circuit turn-off time of the thyristor.

In the current-commutated chopper of Fig. 3.29, the purpose of the diode D
is to carry the load current when no other device is conducting.

In the voltage commutated chopper of Fig. 3.34, the function of the diode Dgw
is to conduct load current when the auxiliary thyristor Th; is conducting and
the main thyristor Th; is in the blocked condition.

For better operation of the Morgan chopper, it is desirable that the freewheeling
diode dissipate the stored energy before the thyristor is turned on.

. The advantage of the Morgan chopper as compared to the Jones chopper is

that the voltage to which the capacitor will get charged is higher than that in
the Jones chopper.

In the current-commutated chopper circuit, the purpose of the diode D; across
the load thyristor is twofold: (a) to carry the excess oscillatory current and
(b) to keep the main thyristor reverse-biased.

In the load commutated chopper circuit, the purpose of the freewheeling diode
is to carry the load current when the current carried by the capacitor goes to
Zero.

In an auxiliary resonant turn-off circuit, care is necessary to see that the
capacitor does not discharge through the main thyristor Th; and the diode
D,.

Considering two-quadrant choppers, the type-A chopper operates in the first
and fourth quadrants whereas the type-B chopper operates in the first and
second quadrants.

A chopper-controlled, separately excited dc motor gives better performance
than a rectifier-controlled motor.

Power transistors are superior to MOSFETSs and thyristors as switching devices
in choppers.

The source current in a step-down chopper has a higher ripple content than
that in a step-up chopper.
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In the circuit of a four-quadrant chopper, if one semiconductor switch is kept
closed continuously and the other three switches are controlled, it is possible
to obtain two-quadrant operation.

Four-quadrant operation is also possible with field control of a motor but the
response in this case is not as fast as that obtained with armature control.

The performance of the modified parallel resonant turn-off circuit is inferior
to the conventional parallel resonant turn-off circuit.

In the current-commutated chopper, the switch Sw; has to be kept open
throughout the operation of the circuit, except when the load current becomes
excessive.

Short Answer Questions

1.

Derive an expression for the commutating capacitance used in a load
commutated chopper.

2. Explain the role played by the saturable reactor in a Morgan chopper.

3. With the help of the load current waveform, list out the various devices that

conduct this current in a Morgan chopper.

4. Discuss the relative merits and demerits of Morgan and Jones choppers.

10.

11.

12.

13.

14.

15.

Explain why the waveform of i, in a load commutated chopper is a straight
line parallel to the wz-axis and not exponentially decreasing.

Explain the role played by the diode D; across the thyristor in a modified
parallel resonant turn-off circuit. Give the waveforms for i., v., and i p, for this
circuit.

Give the classification of choppers based on quadrants; also give their circuit
diagrams along with a brief description of operation.

Give arguments in support of the following statement: ‘With a certain range
of ton, the operating point of the two-quadrant chopper (type-B) falls in the
fourth quadrant.’

Explain how the modified parallel resonant turn-off circuit gives better
performance than the normal parallel resonant turn-off circuit.

Explain the factors on which the circuit turn-off time depends in the case of a
modified parallel resonant turn-off circuit.

With the help of a waveform indicate the various devices that conduct the load
current during a time period t for a current-commutated chopper.

Show that the relation vig = Eton/7 holds good, even for an R 4 L type of
load, in a case of a step-down chopper with continuous conduction.

How can the regions of discontinuous conduction be reduced for the
speed—torque curves of a separately excited dc motor fed from a first-quadrant
chopper?

Explain how the two-quadrant type-B chopper can be made to operate in the
first and second quadrants.

Derive an expression for w,,, as a function of the torque 7, for a dc series
motor.
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Explain the necessity of a large inductance L in series with the motor armature
for a separately excited dc motor controlled by a four-quadrant chopper.

Explain how regenerative braking takes place for a separately excited dc motor
controlled by a four-quadrant chopper.

Derive expressions for the inductor L and the capacitor C used in a modified
parallel resonant turn-off circuit.

Give suitable diagrams for the various devices which conduct in a current-
commutated chopper when the oscillatory current slowly reduces from a value
equal to the load current.

For a current-commutated chopper, state what components help in the turn-off
of the main thyristor?

Explain the part played by the saturable reactor in the Morgan chopper circuit.
Support your answer with waveforms.

What are the devices that conduct the load current in a Morgan chopper circuit
during a time period t? When does the diode Dgw start conduction?

Compare the v, and i, waveforms obtained in the modified parallel resonant
turn-off and Morgan chopper circuits.

Compare the v, and i, waveforms occurring in the Morgan and Jones chopper
circuits.

Explain how a four-quadrant chopper will be useful in motor control.

Explain how the step-up chopper will be useful for regenerative braking of
motors.

Derive the expressions for L and C for a current-commutated chopper with
the load current related to the maximum oscillatory current as fjg = 0.41.,.

Problems

1.

Determine the values of L; and C; for the voltage commutated chopper of
Fig. 3.34. The data are E = 100V, Itpy = 7.5 A, topr of Th = 30 ps, chopper
frequency = 500 Hz. [Hint: Take b = 0.5; assume Ith,m = 2Jid(max)-]

Ans. C =1.7pF, L =23 mH

. The following data pertain to a current-commutated chopper: £ =200 V, Ry

=25 Q, topr of Thy =50 ps, Iy = 1.61y. Determine the values of L and C.
Ans. C = 1.8 uF, L =0.44 mH

. The following data pertain to a modified parallel resonant turn-off circuit: E

=150V, topr = 50 us, Ithnm = 5.0 A, L/l = /3/2. Determine the values of
L and C.
Ans. C=0.78 uF, L =2.35 mH
The following data pertain to a modified parallel resonant turn-off circuit: E
=120V, topp =45 ps. If Itny =4.2 A, and L and C are 1.98 mH and 0.66 uF,
respectively, find (a) the ratio 14/l and (b) Ryg.
Ans. (a) 0.812, (b) 60 2

. The following data are provided for a modified parallel resonant turn-off circuit:

E=140V,C=1.2uF, L =0.45 mH, Rj4 =50 Q. Determine the forr and Ithm
of the thyristor.
Ans. Itnm = 10.03 A, topr = 54.5 us
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6. A step-down chopper supplies a separately excited dc motor. The data for
the circuit are E = 220 V, back emf E;, of motor = 120 V, total inductance
(including armature inductance) L = 20 mH, armature resistance R, = 2 €2,
chopper frequency = 100 Hz, and duty cycle = 60%. Assuming continuous
current, determine In,x, Imin, and the current ripple.

Ans. Inax = 18.52 A, Iyin = —7.37 A, Ailg =1293 A

7. A second-quadrant chopper supplies a dc motor. The relevant data are E = 240
V,E, =130V, L =25mH, R, =2.5 €2, chopper frequency = 120 Hz, and ton/7
= 0.4. Derive the two expressions for the load current ijq during intervals Ton
and topp and find the average load current /q.

Ans. (i) ilg = 46.48¢710% 1 52(1 — 71901 0 < ¢ < 7N
(i) ijq = 48.0671000=700) 1 44[1 — ¢~ 10¢—ToN)] 7oy <t < 7;47.46 A

8. For a current-commutated chopper, the values for the commutating elements
L and C are given as 15 mH and 0.5 s, respectively. If the ratio Ijy/I.py, is
V3 /2, determine (a) the circuit turn-off time and (b) the load resistance that
can be supplied by the circuit.

Ans. TOFF = 90.7 us, R]d =200

9. The following data pertain to a load commutated chopper: E = 160 V, R4 =
40 2, Iigmax) = 5 A, maximum chopper frequency = 1000 Hz, and turn-off
time = 30 ps. Determine a suitable value for the capacitor C.

Ans. C =16 pF

10. A voltage commutated chopper has the following data: E = 150 V, [igmax) =
15 A, L=10mH, and C =0.5 pF. Compute the turn-off time and the maximum
chopper frequency.

Ans. TOFF = 4 us, fch(max) =450 Hz

11. A step-down chopper feeds a dc motor load. The data are £ =200 V, R, =
6 2, L (including armature inductance) = 10 mH, chopper frequency = 1.2
kHz, duty cycle § = 0.6, and E, = 60 V. Assuming continuous conduction,
determine the (a) average load current, (b) current ripple, (c) RMS value of
current through chopper, (d) RMS value of current through Dgw, (e) effective
input resistance seen by the source, and (f) RMS value of load current.

Ans. (a) 10.0 A, (b) 2.03 A, (c) 7.78 A, (d) 6.37 A, (e) 33.3 A, (f) nearly 10.0 A

12.  (a) The step-down chopper of Fig. 3.3(a) has the following data: R, =0.35 €2,
E =480V, and E, =20 V. Ijg = 190 A and chopper frequency = 300 Hz.
Assuming the load current waveform to be linear, calculate the inductance
L which would limit the maximum load current ripple to 14% of the
average load current.

(b) Derive the expression for the duty cycle ratio that gives the maximum
load current ripple used in part (a). [Hint: See Worked Example 8.]
Ans. L =15mH

13. A 220-V, separately excited dc motor has an armature resistance of 1.8 €2 and
an inductance of 5 mH. When driven at 500 rpm, the armature takes 25 A. The
motor is now controlled by a step-down chopper with a frequency of 500 Hz,
the input voltage remaining at 220 V. (a) Determine the duty cycle if the speed
is to be reduced from the original value of 500 rpm to 300 rpm, the load torque
remaining unchanged. (b) Calculate the current ripple with this duty cycle.

Ans. (a) 68%, (b) 9.45 A
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14.

15.

16.

17.

18.

Dc Choppers

A 250-V, 100-A, separately excited dc motor operating at 600 rpm has an
armature resistance and inductance of 0.15 €2 and 15 mH, respectively. The
motor speed is controlled by a chopper operating at 500 Hz. (a) If the motor is
regenerating, find the motor speed with a duty ratio of 0.6 with rated current.
(b) Compute the speed for a duty ratio of 0.1 with rated current, this being the
minimum permissible ratio.
Ans. (a) 294 rpm, (b) 613 rpm
A 240-V, 95-A, separately excited dc motor operating at 600 rpm has an
armature resistance of 0.2 2 and an armature inductance of 12 mH. Its speed
is controlled by a two-quadrant chopper (type A) with a chopper frequency of
450 Hz. (a) Compute the speed of the motor for a duty ratio of 0.6 at two-thirds
the rated torque. (b) Determine the motor speed if it regenerates at § = 0.65
and rated current.
Ans. (a) 357 rpm, (b) 280 rpm
A 250-V, 90-A, separately excited dc motor operating at 500 rpm has an
armature resistance of 0.18 €2 and an inductance of 14 mH. It is controlled
by a four-quadrant chopper with a chopper frequency of 450 Hz as in method
1 of Section 3.3.3. (a) If the motor is to be operated in the second quadrant at
three-fourths the rated torque at a speed of 300 rpm, calculate the duty ratio.
(b) Compute the duty ratio if the motor is working in the third quadrant at a
speed of 400 rpm with 40% of the rated torque.
Ans. (a) 0.49, (b) 0.77
Aload commutated chopper has the following data: E =120V, C =5 uF, Iigimax)
=40 A. Compute the chopper frequency and turn-off time of the thyristor.
Ans. fon =33 kHz, topr = 15 ps
A modified parallel resonant turn-off circuit has the following data: E =200V,
Rig =600 2, C =0.8 pF, and L = 0.2 mH. Compute the values of Ity and

TOFF.-
Ans. Itnm = 12.98 A, topr = 39 us
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CHAPTER 4

Ac Line Voltage Control

4.1 Introduction

Ac line voltage control involves controlling the angle of conduction in both the
half-waves of the ac voltage waveform. It is economical compared to other power
conversion equipment for the variation of the average power through a load. Some
of the applications of such ac voltage control are as follows.

(a) Control of heating in industrial heating loads.

(b) Control of illumination in a lighting control system.

(c) Control of the RMS magnitude of the voltage in a transformer tap changing
system.

(d) Speed control of industrial ac drives.

The impetus for the use of ac voltage control has arisen from the fact that ac is
employed for subtransmission and distribution all over the world. The following
methods have evolved for the control of the RMS magnitude of ac voltage in the
past.

(i) Obtaining a continuously variable ratio of voltages using a toroid
transformer or an induction regulator [Fig. 4.1(a)].

(i1) Fully switching on or off the ac voltage in an [Nx %, N (100 — x)%] manner,
where N is the number of integral cycles of the ac voltage; this method is
called on—off control [Fig. 4.1(b)].

(iii) Employing time-ratio control, which involves the variation of the ratio of
the on and off periods [Fig. 4.1(c)].

(iv) Periodically switching the supply once per half-cycle [Figs 4.1(d)—(f)].

(v) Periodically switching the supply several times per half-cycle [Figs 4.1(d),
(e), and (g)].

This chapter introduces single- and three-phase ac controllers to which fixed
ac supply is given and from which a variable ac output is obtained by the phase
control of the semiconductor switches.
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Fig. 4.1 Sources of variable voltage: (a) toroid transformer; (b) switching in an on—
off manner over integral cycles; (c) time-ratio control; (d)—(f) switching
once in a half-cycle; (d), (e), (g) switching several times in a half-cycle

After going through this chapter the reader should

e understand the different techniques employed in the industry for obtaining
a variable ac output from a fixed ac input,

e compute the RMS and half-cycle average values of load voltage and current
for single-phase ac choppers supplying resistive and inductive loads,

e know the different classifications of three-phase choppers and the methods
of deriving the expressions for the output voltage for different ranges of «,

e gain acquaintance with the concept of transformer tap changing using ac
controllers, and

e understand the problems that arise consequent to the use of ac controllers
as a source of supply for ac motors, and know the derivation of expressions
for harmonic torques.

After a discussion of the methods for voltage variation in Section 4.2, single-
phase and three-phase ac voltage controllers are dealt with in Sections 4.3 and
4.4, respectively. For the three-phase controllers, different connections will be
examined with regard to their performance. The sequence control of ac regulators
used in transformer tap changing will be discussed in Section 4.5. Finally, the
application of ac controllers, respectively, to sequence controllers and drives will
be investigated in Sections 4.5 and 4.6.

4.2 Methods for Ac Voltage Variation

Some methods which are commonly used for ac voltage control are examined
below in respect of their efficacy, which depends upon the number of switchings
needed and the harmonic content introduced into the output.
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4.2.1 Ac Voltage Variation by a Smoothly Varying Transformer

In this method, used in power distribution systems, the magnitude of the output
can be varied continuously [Fig. 4.1(a)]. This output, obtained at the secondary,
will be sinusoidal and of the same frequency as that of the source, provided the
primary voltage is of a sinusoidal nature. The drawbacks of this method are (a)
wear and tear occurring in the mechanically sliding contacts used for varying the
turn ratio and (b) losses inherent in a transformer.

4.2.2 On-off Control

On-—off control is a simple strategy consisting of turning on or off of a silicon
controlled rectifier (SCR), which is used as a semiconductor switch. In a
closed-loop temperature control system, for instance, the gate signal to the SCRis,
removed altogether or introduced with a firing angle equal to zero, depending on
whether the temperature of the heater is above or below the set value [Fig. 4.1(b)].
The disadvantage of such a control is the constant fluctuation of the actual
temperature about the desired value. However, because of its simplicity, this circuit
can be rigged up with minimum cost.

4.2.3 Time-ratio Control

In this technique [Fig. 4.1(c)], which is a modification of on—off control, the ratio
of the on and off periods is varied depending on the actual magnitude of the
output, say the temperature in a closed-loop temperature control system. Because
of the precision obtained by this technique, it is more accurate than on—off control.
Thyristors may be employed for switching the supply at zero crossing points.

4.2.4 Switching the Supply Once in a Half-cycle

This method is known as ac chopping, and the associated circuit is called an ac
chopper. It is widely used in single-phase circuits because only two thyristors are
needed for a single-phase ac chopper. The devices are connected in an antiparallel
manner and the load is connected on the output side of the chopper circuit. A single
TRIAC may as well be used [Figs 4.1(d)—(f)]. It gives the same performance as
two thyristors, with a simpler gate triggering circuit. The circuit and waveforms
of a typical single-phase ac chopper are, respectively, given in Figs 4.2(a) and
(b). Employing a zero voltage detector circuit facilitates the synchronization of
the firing signals with the ac supply waveform. A major disadvantage of the
single-phase ac chopper is that its output is non-sinusoidal.

The principle described above can be extended to construct three-phase ac
choppers, which are widely used in the industry. A certain amount of flexibility
exists in the configuration of three-phase choppers, as will be elaborated later. Like
single-phase choppers, three-phase circuits also give a non-sinusoidal, though
periodic, output. The magnitude of the various harmonics can be determined using
Fourier analysis. A feature of the waveforms is that the fundamental frequency
remains the same as that of the input supply. Though the harmonics are beneficial
for a few applications such as industrial heating, their presence is harmful for
a majority of industrial loads. The advantages of ac choppers are: the absence
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of moving parts, reliability, and efficiency. They also facilitate high switching
speeds.

4.2.5 Periodically Switching the Supply Several Times in a Half-cycle

With this method, which is illustrated in Fig. 4.1(g), the RMS value of the output
can be varied; it is rarely used because of the high switching losses associated
with it.

A modification of the single-phase chopper is the asymmetrical chopper, in
which one of the thyristors is replaced by a diode. This can be extended to three-
phase choppers also. Such controllers are called half-controlled ac choppers.
These are found to have almost the same performance features as fully controlled
choppers. Their advantage is that the circuit cost is reduced to the extent of the
number of controlled devices that have been replaced by diodes.

4.3 Single-phase Ac Choppers

A single-phase ac chopper consists of either an antiparallel connection consisting
of two thyristors or, equivalently, a single TRIAC interposed between the ac
supply and the load. The output voltage waveforms for once-in-a-half-cycle
and four-times-in-a-half-cycle types of switching are given in Fig. 4.1(g). As
already explained, the former method of switching is preferred because of lesser
complexity of the associated firing circuitry and reduced switching losses.

4.3.1 A Single-phase Chopper with a Resistive Load

Figure 4.2 shows the circuit and waveforms of a single-phase ac chopper with a
resistive load. The firing angles & and & + « are measured from the positive-going
zero crossing of the supply voltage waveform. For the resistive load, the load
current will be in phase with the load voltage, thus becoming zero at an angle of 7.
Th; conducts from « to 7, the duration 7 to ¥ 4 « being a no-device-conducting
period. Th; is fired at w + o and conducts up to 27; during this period a reverse
bias to the extent of the forward drop of Th;, exists across Th;. Th; is kept off
during the whole negative half-cycle, the duration of which is much more than
the time required to commutate it; likewise Th, commutates during the positive
half-cycle. The firing angles of Th; and Th; can be varied, respectively, from 0
to 7 and 7 to 2. Consequently, the RMS value of the load voltage can be varied
between the limits 0 and V,, /+/2. The output voltage is usually characterized by
the following two quantities: (a) the half-cycle average and (b) the RMS value.
With a firing angle « these quantities can be determined as follows.

Half-cycle average

1 T
Va = —/ V, sinwt d(wt)
s o

= ﬁ(1 + cos ) “4.1)
bid
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The RMS value

1 b4 1/2
Viarms) = [; / V2 sin? wt d(a)t):|
o

V2
As the output voltage is periodical but non-sinusoidal, it consists of the
fundamental as well as higher harmonic components. However, the dc component
will be zero as a consequence of the symmetry of the positive and negative
waveforms. Employing Fourier analysis, the load voltage can be written as

Vi o« sin2a"?
= 1 + 4.2)

T 21

Vg = Z[ancos(nwt)—i-bnsin(na)t)] (4.3)
n=1
where
1 2
a, = —/ vigcos(nwt)d(wt) “4.4)
T Jo
and
1 27
b, = —[ Vg sin(nowt )d(wt) 4.5)
T Jo

where vy = V,, sinwt for the intervals («, 7) and (o + 7, 27). In the case of
an induction motor load, the fundamental component (viq 1) is of interest. The
coefficients for this case are obtained as

Vi (cos 20 — 1)

= - - 4.6
ap . ) (4.6)
and
Vi sin 2o
bi=—|(@—a)+ 4.7
T 2
V4,1 can now be written as
vig,1(¢) = a; cos wt + b;sin wt
= Vid, 1m sin(wt + ¢1q,1) (4.83)
where
Vieam = (aj +bD)'? (4.9)
and
$u1 = tan”! (ﬂ) (4.10)
by
Also,
1
_(a12+b%)1/2 4.11)

Vid,1irMs) =
' V2

where a; and b are given in Eqns (4.6) and (4.7), respectively.
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The second and higher order harmonics are computed with the help of
Eqns (4.3)—(4.5) by substituting n = 2,3,. .. . These higher order harmonics are
harmful for an induction motor load and cause torque pulsations, cogging, and
other undesirable phenomena. However, in the case of heater type of loads, all
the components including the fundamental contribute to the heating effect. The
RMS value of the load voltage, Vigrwms), given by Eqn (4.2) is of interest in such
heating applications. The determination of the average and RMS values of current
for purely resistive loads is a straightforward computation. Thus,

Vi
Iy=—( 4 cosa) 4.12)
TR
Vv, o  sin2a]?
Lawrms) = \/;R |:1 - > } (4.13)

The amplitude of the fundamental component of the output current is

1
Laim = E(a%+b%)1/2 (4.14)

The output power is characterized by the power factor, which can be defined as

real power at the load
PF =

apparent input power
. Vl(zi(RMS)/ R
Viu/N2(Viarms)/R)
On simplification, this becomes

_ \/zvld(RMS)
Vin

4.3.1.1 A half-controlled s¢ ac chopper A half-controlled single-phase ac
chopper feeding a resistive load and its waveforms are, respectively, given in
Figs 4.3(a) and (b). Because of asymmetry in the voltage and current waveforms,
the dc component of the Fourier series for these waveforms will be non-zero.
Moreover, the even harmonics will also have non-zero magnitudes. To this extent,
it differs from the two-thyristor circuit of Fig. 4.2(a). If it is supplied by a finite
impedance source such as a single-phase transformer, the dc component may
saturate the transformer core. This effect is, however, negligible when the core is
large. The use of the single-phase ac chopper is therefore limited to ideal sources
whose impedance is zero. The even harmonics will also limit the application of
the circuit to a few kilowatts.
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Fig. 4.3 Single-phase half-controlled ac chopper with resistive load: (a) circuit
diagram, (b) waveforms

4.3.2 A Single-phase Chopper with an Inductive Load

The circuit of a single-phase ac chopper feeding an inductive or R + L load
is given in Fig. 4.4(a). The gating signal as well as load voltage and current
waveforms are shown in Fig. 4.4(b). The circuit equation for the chopper of
Fig. 4.4(a) is

di

LE+Ri = Vysinwt fora<wt <o, and 7 +a <wt <7 +a, (4.16)

The solution of Eqn (4.16) is of the form
. Vo . R
i(t) = A sin(wt — @) + Aexp <—Zt> “4.17)

where ¢ is the power factor angle. Imposing the condition i = 0 at wt = « (or
t = a/w) gives

0= """ Gin@ — )+ Aexp (2 ) 2 4.18)
= — sin(o — e — ) = .

7 S AT )
Equation (4.18) can be solved for A as

Vin .
A= — sin(or — ¢)eRe/@L) (4.19)
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Thus, the complete solution is

i(t) = % sin(wt — ¢) — e R/DI=/Ogin(q — ) (4.20)
Substituting the final conditioni = O at wt = «, gives the transcendental equation

sin(e, — @) = e~ R/@D@=D gin(q — ¢) 4.21)

By sorting out the terms containing «, and taking them to the left-hand side,
Eqgn (4.21) can be written as

e Rl gin(a, — ) = eRD gin(a — ¢) (4.22)

Equation (4.22) shows that given the load resistance, load inductance, and the
firing angle «, the extinction angle o, can be obtained; however, as the equation
is animplicit one, ¢, has to be determined in a trial and error manner. Alternatively,
it can be read from the chart of Fig. 4.4.(c), which is just a graphical version of
Eqn (4.22). Each of the curves in this chart gives the variation of «,, given «, with
the phase angle ¢ as a parameter. Three alternatives may be considered for the
argument (o — ¢) of the sinusoidal term on the right-hand side of Eqn (4.22).

(i) With o = ¢, the equation simplifies to
sin(e, — ) = 0
or
Qe —Pp=m (4.23)

Equation (4.23) shows that «, equals m + ¢, or the duration of conduction
o, — o becomes 7 radians. Th; conducts from « to w + « and Th, from
7w+ a to 2w + «. This is the borderline case between continuous and
discontinuous conduction.

(i) With o > ¢ the sinusoidal term on the left-hand side obeys the inequality

sin(a, — ¢) > 0 (4.24)
This gives two values of «,, namely,
oA —@Pp<T or o > ¢ 4.25)

The former inequality together with the inequality o > ¢ leads to the
inequality

e — 0 < T (4.26)

Equation (4.26) implies that the conduction is discontinuous [Fig. 4.4(b)];
it also shows that load voltage and current control is possible only for the
condition o > ¢. The second inequality in Eqn (4.25) does not help in
deciding whether the conduction is continuous or discontinuous.

(iii) For @ < ¢ the waveforms for the load voltage and load current will be
exactly those obtained with the load connected directly across the supply
voltage. This may be explained as follows. When Th; is given a gate
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triggering pulse ig; at an angle o < ¢, the thyristor will not turn on due to
the following reasons. (a) Th, will be conducting up to an angle ¢ because
of the inductive nature of the load and (b) Th; will be reverse biased by the
forward drop of Th, up to ¢; and in the absence of any triggering signals
from ¢ to 7 it will not fire. If now a triggering pulse is given to Th; at 7 + «,
it will turn on. The circuit then functions as a half-wave rectifier with only
Th, turned on at intervals of 2. The rectified waveform will, however, be
on the negative side. If i) is a rectangular pulse as shown in Fig. 4.4(b), Th;
will turn on and Th, will stop conduction at the angle ¢. It follows that if
i, 1s also a sustained rectangular pulse as shown, Th, will start conduction
at 7w + ¢ and not at = + «. The net effect is that the load waveforms will be
identical to those obtained when the load is directly connected to the supply
terminals.

It is evident from the above arguments that load voltage control is not possible
either with @ < ¢ or with o = ¢, and that the inequality o > ¢ is the only
condition for which the circuit will operate as an ac chopper.

Since the firing angle « of a thyristor can have a maximum value of 180
electrical degrees, the firing signals ig; and ig, in Fig. 4.4(b) are shown to be
rectangular in shape with widths ranging, respectively, from « to 7 and 7 + « to
27 radians.

4.4 Three-phase Ac Choppers

Three-phase ac choppers or controllers may be broadly classified into the
following four categories.

Category A Three-phase star connection with a neutral, which can be considered
as a combination of three single-phase ac choppers.

Category B Three-phase star connection with an isolated neutral, or a three-phase
delta connection.

Category C Three-phase circuit with the neutral consisting of a delta connection.

Category D Three-phase delta-connected controller in which the load resistance
is in series with an ac controller on each side of the delta.

A detailed description of the circuits and their waveforms is given below. The
load is taken to be resistive for simplicity.

4.4.1 Chopper Category A

The three-phase chopper of category A consists of a transformer secondary
winding having a star-with-neutral configuration with an antiparallel thyristor
pair. A balanced resistive load is considered, for simplicity of analysis, in each of
the secondary phases [Fig. 4.5(a)]. The gate triggering circuits for the thyristor pair
in each of the phases will be identical to those of a single-phase ac chopper. The
current ratings of the thyristors are arrived at under the condition of maximum
duration of conduction (i.e., with @ = 0). The behaviour of this circuit can be
understood by plotting the average value of the third-harmonic current iy flowing
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through the neutral as a function of the firing angle . Accordingly, the waveforms
of the phase voltages as well as those of i( for three possible ranges of « are plotted
in Figs 4.5(b)—(d). The magnitude of the instantaneous value of the current ij can
be arrived at as follows. When all the three phases are conducting, iy = 0. If just
one phase does not conduct, iy becomes equal in magnitude, but opposite in sign,
to the current that would flow in the non-conducting phase. Finally, if only one
phase conducts, iy will be equal to the current flowing in that phase.

For the first range of «, namely, 0 to /3, either two or three phases conduct.
Application of the criteria laid down above and an inspection of the figure reveals
that the duration 0 to /3 can be split up into two subintervals, namely, 0 to & and
o to /3. During the first period O to «, only the R-phase does not conduct and
hence i, the neutral current, will be exactly the negative of the R-phase current.
In the second subinterval « to 7r/3, all the three phases conduct and hence iy = 0.
The resultant waveforms for the different phase voltages as well as for i are given
in Fig. 4.5(b). Considering the symmetry of the phases, the RMS magnitude of
the current in the three phases can be written as

Vi |(RMS) Iy |(RMS) Vg |(RMS)
= = = |I 4.27
R R R [1|rMmS) (4.27)
The average value of iy can be determined as
1 « .
IO(av) = 77_/3 /O I, sin wt d(a)t)
31 T
=""(1 - cosa), 0<a<= (4.28)
T 3

In the second range, that is 77 /3 to 27t /3, either one or two phases will conduct.
The averaging interval remains 7 /3 in this case also, its duration being « to
o + /3. This interval can be split up into two subintervals: (a) « to 277/3 and
(b) 27/3 to « + 7/3. In the first subinterval, the phases R and Y conduct and i in
this case becomes equal to the negative of the instantaneous value of current in
phase B. During the second subinterval, only the R-phase conducts and i

Fig. 4.5(a)
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becomes equal to the current in this phase. The load voltage and neutral current
waveforms are given in Fig. 4.5(c).

VR Vy VB

Il
0 \ ot —

Range:0 < a < %

YOO
N \} \) N

N\

)

ot —

VNV

Range: § <a< 23—”
(c)

Figs 4.5(b), (c)
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VR vy VB

ot —

ot —

Range:2n/3<a<rm

(d)

Fig. 4.5 Three-phase ac controller with a star-connected load along with a neutral:
(a) circuit diagram; waveformsfor (b)0 < o < 7 /3,(c)7/3 < @ < 27 /3,
and(d)2n/3 <o <m

Io@av) can be expressed as

1 2 /3 T a+m/3
Towy = — / I, sin (a)t - —) d(wt) + / I, sinwt d(er)
/3 Lo 3 27/3

31, .
=""/3 sina—1), n/3<a <27/3 (4.29)
b

o/ (I 112) ——>

0 180 o (degrees) —

Fig. 4.6 Variation of the normalized value of Iy, with «

In the third range, with duration 27r/3 to , only one phase conducts, as shown in
Fig. 4.5(d). The average of the neutral current for this range may be determined
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as

3 4 31,
oy = — |:/ I, sin wt d(a)t)] = (1+cosa), 2n/3 <a <m (4.30)
T | Jy b4
For the complete range, 0 to m, if the normalized value Iy/(1,,/ ﬁ) is drawn
versus «, it will be as shown in Fig. 4.6.

4.4.2 Chopper Category B

In Figs 4.7(a) and (b), two connections of a three-phase chopper B, namely, a
three-phase star-connected load with an isolated neutral and an equivalent delta-
connected load, respectively, are given. The resistance in each phase of the star
connection is considered to be equal to Ryg, and hence in each phase of the
equivalent delta connection it will be equal to 3R)y. With this equivalence, the
voltages, line currents, and total powers drawn by the two circuits will all be
equal. With thyristors as the controlled devices, this circuit can also be termed as
a three-phase fully controlled ac chopper of category B. In this case the criteria
for conduction are arrived at as follows.

(a) Ifall the three phases conduct, the phase load receives its own line-to-neutral
voltage. Thus, the R-phase resistive load gets the R line-to-neutral voltage,
etc.

(b) If the phase voltage pertaining to a certain phase is switched off, the current
through the load resistance of that phase as well as the voltage across it will
become zero.

(c) Finally, considering a particular phase, say R, if the supply to only one
of the other phases, say Y, is switched off, then the resistive load in this
phase receives one-half of the difference of the line-to-neutral voltages of
the R- and B-phase. For instance, if vgy is the line-to-neutral voltage of
the R-phase, vpy that of the B-phase, and vgp the difference of these two
voltages, then the R-phase load gets a voltage vgp/2 = (vgy — vBN)/2.
Similarly, if only the B-phase supply is cut off, the R-phase load gets a
voltage equal to vgy/2 = (vgy — vyn)/2. The phasors vgy/2 and vgp/2
are shown in Fig. 4.7(c).

With resistive load considered for all the three cases discussed above, the load
current waveform will just be a scaled-down version of the load voltage waveform.
The total duration of the half-cycle can be divided into three ranges for the firing
angle. Figure 4.7(d), (e), and (f), respectively, give the R-phase load waveforms
for the three firing angle ranges, namely, O to /3, & /3 to /2, and 7 /2 to 51 /6.
A description of the operation followed by the derivation of the expressions for
the load voltages for each of the above-mentioned ranges is given below.

(i) 0 <« < mw/3:1tis assumed that the thyristors in all the phases are fired at the
angle o measured from the corresponding zero crossing. This holds good
for both positive- as well as negative-conducting thyristors. The duration o
to v, which is the positive-half-wave duration of the R-phase is divided into
five subintervals. In the subinterval « to 7 /3 all the three phases conduct
and hence, applying the criteria given above, the resistance in the R-phase
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ThY/ Ths/\ Th\/ Thy /N Ths\/ The/\  Thy

= Rid E Rid

(a) (b)

(c)

VR (supply) vy (supply) vg(supply)  vgr(supply)
Vry/2
T VR Y VRTB/Z

Vid

wot—

VR1 VRY/2  VRe/2

Range:0 < o< %
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Figs 4.7(a)—(d)
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v Vy VB
T R Vryl2 Vrel2

Vid

12
VRy/z VRB
Range: & g4
ange 3 <o< 5

(e)

VR VRy/ 2 Vy VB

\VTZ
le— o0 \ ot —
<—a+%

VRy/ 2 VRB/ 2

Range: % < ¢ < 28

(f)

Vid

Fig. 4.7 Three-phase ac chopper (category B) with star-connected load and
isolated neutral: (a) circuit diagram, (b) equivalent delta, (c) phasor
diagram. Load voltage waveforms for (d) 0 < o < /3, (e) 7/3 <« <
w/2,and (f) /2 < a < 57/6.

receives the R-phase line-to-neutral voltage. In the second subinterval,
namely, 7 /3 to « + (7r/3), the negative waveform of the B-phase voltage
is switched off. Hence the R-phase load receives a voltage equal to
vry/2. At o + (;r/3), the negative-wave-conducting thyristor of phase
B fires. So, during the subinterval o + (r/3) to 2w /3, all the three
phases conduct and the R-phase load receives its own phase voltage.
At 2 /3, the Y-phase positive wave is cut off and hence from 27 /3 to
(2 /3) + « the voltage across the R-phase load is vgp/2. At 2w /3) + «,
the positive-wave-conducting thyristor of the Y-phase fires; all the phases
now conduct and hence in the subinterval (277 /3) + « to 7 the R-phase load



Three-phase Ac Choppers 367

gets the R-phase voltage. Thus the total duration of conduction in the positive
half-cycle of the R-phase is w — «. Similarly, in the negative half-cycle of
the R-phase, the conduction starts at w + « and ends at 27. The duration
still remains (w — «), and the voltage segments of the R-phase load in the
negative half-cycle are obtained by the same criteria described above. It is
seen from the waveforms that during the interval 77 /3 to (7 /3) + « there is
a deficit of area for the waveform of vgy /2 with respect to the vg waveform.
Similarly, during the interval 27 /3 to (27 /3) 4 « there is excess area for the
waveform of vgp/2 with respect to vg. Though these positive and negative
areas do not appear to be identical, their half-cycle averages remain the same.
This is because the excess area obtained when the Y -phase is turned off is
equal to the deficit of area obtained when the B-phase is turned off. Using
this simplification, the half-cycle average can be obtained by integrating the
R-phase voltage waveform over the duration « to 7. Thus,

Vi [T
VR(av) = 7 / sin wt d(wt)

Vin
=—(1+cosa), 0 <a <m/3 4.31)
7

The RMS voltage of the R-phase load is determined based on the above
discussion as follows:

2 /3 a /3 [ 3y - 2
1% == V., sin wt)*d(wt LS ( t —)
R(RMS) |:27'r {/a (Vi sinwt) d(w )—{—/ﬂ/3 |: 5 sin ( wt + G }

27 /3
+ / (V, sin wt)*d(wt)
a+(/3)

27 /3)+a 3V e 2
+/ [—'" sin (ot — — } d(wt)
27 /3 2 < 6>
. ) 1/2
+ / (Viu sinwt) d(wt)
Q2r/3)+a
Vn% 1 (nm V3 sin2a 3 sin 2«
{7{5(5‘“‘7* 2 )+§<°‘+ 2 )

1 (7 V3 sin2a /3 3 sin 2«
+ = g—Ol—f——— +TCOS2(X +§ o + )

By sorting out similar terms, Vgrms) gets simplified to

1 3a 3 . 12
Veems) = Vin | 5 = — + ¢ sin 20| , 0<a<m/3 (4.32)
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Figure 4.7(d) illustrates the load voltage waveform obtained for this range
of «. The load current waveform will be a scaled-down replica of it.

/3 < a < w/2: Figure 4.7(e) gives the R-phase load voltage waveform for
this range of «. Itis seen that there are always two simultaneously conducting
phases in this case. The region of conduction for the positive half-wave of
the R-phase can be divided into the two subintervals « to (7/3) + o and
(r/3) + ato (27 /3) + «. Inthe former interval, phase B is cut off and phases
R and Y conduct. The voltage across the R-phase load is that of vgy /2. At
(r/3) + « the phase- B thyristor is fired and, as the instantaneous value of
vgp /2 is greater than that of vgy /2, the Y -phase thyristor turns off. Thus the
voltage of the R-phase load becomes vgp/2. When the Y-phase thyristor
starts conduction, at (27/3 + «), the condition of the R-phase voltage is
arrived at as follows. Since all the three phases conduct, the R-phase load
gets its own phase voltage but the instantaneous value of the R-phase voltage
is negative. The thyristor that conducts positive current is therefore reverse
biased; moreover, the negative-current-conducting thyristor has not yet been
fired. As aresult, the voltage across the R-phase load collapses to zero. The
total conduction period in the positive half-cycle for the R-phase load is
therefore 2/3. Because of symmetry, the same condition holds good for
the Y- and B-phase also. The half-cycle average of the R-phase load voltage
can be computed as twice that of one subinterval, i.e., 7 /3:

2 3 a+m/3
Vi =V, (%) /a sin (a)t 4 %) d(wt)

3V,
—f cos( n>, z§oz<z (4.33)
T 3

The RMS magnitude of the R-phase load voltage is obtained as

2
2 (/3)+«o 3
Vr®MS) = T /a %Vm sin (a)t + %) d(wt)

5 1/2
Qr/3)+ao ﬁvm T
+/ sin (wt——) d(wt)
(/3) +a 2 6
Simplification gives
172
V % 1+9 '2—1—3«/§ 2 / /3 < /2
=Vu|-4+-—sin200+—cos2« , t/3<a<m
RIRMS) 4" 167 167
(4.34)

/2 < a < 57/6: The two alternatives in this case are either the two phases
conduct simultaneously or none of the phases conducts. This range differs
from the above two cases in that the conduction is not continuous. As
seen from Fig. 4.7(f), conduction stops at the zero crossing of the voltage
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vry /2. The two thyristors Th; and Thy become reverse biased at this point.
Conduction resumes again at « + (7/3) when the negative-conducting
thyristor Thg of phase B is fired. The R-phase load now gets a voltage
equal to vgp/2. A unique feature of this range is that the thyristors Th; and
Thy in the R- and Y -phase have to be fired simultaneously at the angle o, and
the thyristors Th; and Thg in the R- and B-phase have to be fired at the angle
o + (7t /3). The subintervals in this range are decided as follows. The voltage
Vry /2 goes to zero at 5w /6 and hence the duration of this first subinterval
becomes (57 /6) — «, the averaging for this duration being relevant for the
waveform of vgy /2. The waveform of vg g /2 shows conduction at o + (57 /3)
and goes up to 7m/6, this duration also being equal to (57/6) — «. Hence
the half-cycle average of the total duration is obtained as twice that of one
subinterval, i.e., (57/6) — «.

The half-cycle average and RMS magnitudes of load voltage for this interval
are arrived at as below:

57/6
VR@) = <%) (?) Viu /a sin <a)t + %) d(wt)

_ V3V, [1 —sin (a — %)] . mj2<a<51/6 (435)

g
The RMS value of the R-phase load is determined as

2
2 S5m/6 \/§Vm . T
Ver®rMs) = | =— /d ( 5 sin (wt + E) d(wt)

21

2
s (A, "
+ / sin (wt — —) | d(wt)
a+(n/3)( 2 ( 6>)

After simplification, Vgrums) is obtained as

172

v v 5 3a+3sin2a+3ﬁcos2a 12 12 <a<51/6
=V,|=—— , w/2<a<5m
RRMS) 8 4z ' lén 167 *
(4.36)
1.0
VR(av)
2Vl
0
0° 180°

o—>

Fig. 4.8 Variation of the normalized value of Vg, with «
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The normalized values [Vg(av)/(2V,,/m)] for various values of « are plotted
in Fig. 4.8. The range in this case is 0 to 577/6 and not 0 to 7, the latter duration
holding good only for the single-phase case.

4.4.3 Chopper Category C

The three-phase half-controlled chopper circuit and its equivalent delta connection
shown in Figs 4.9(a) and (b) come under this category. The operation of the
three-phase load circuit with the delta-connected neutral shown in Fig. 4.9(c)
is identical to the above two circuits and so grouped with them. The circuit of
Fig. 4.9(a) is considered here for discussion. The essential difference between this
circuit and that of Fig. 4.7(a) is that the negative-current-conducting thyristors
Thy, Thy, and Thg in the latter circuit have been replaced here by diodes D;, Dy,
and Dg, which conduct throughout the negative half-cycle of their respective phase
voltages, thus justifying the name of this circuit. The operation of this circuit can
be explained with the help of the same criteria as for the fully controlled circuit
described in the previous section, any difference between the two cases being
due to the diodes. Another special feature of this circuit is that the firing angle
o exceeds  rad or 180° [Fig. 4.9(f)]. As before, the waveforms of the R-phase
load voltage are plotted assuming a resistive load.

S S S
¥ 7 §7

Dg
E Rid E Rid E Rig
(a)

Figs 4.9(a)—(c)



Three-phase Ac Choppers 371

ot —

ot —=

TThsli | B | ‘ Ths

ot —

: ivR | Vrgl2 |

‘
Vid |<— Ot——

‘ ot —
- 27/3 >

IR 7 S S ! o
- | . | /21 |
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Fig. 4.9(d)

(1) 0< o < m/2: The R-phase load voltage remains zero till the R-phase
thyristor Th; is fired at «. After «, all the three phases get connected to the
supply, and hence the R-phase load gets the R-phase voltage. At an angle
of 27 /3, the Y-phase is cut off and Ths does not conduct till & + (27/3).
During this interval the load waveform is that of vgp/2. At « + (27/3),
the Y-phase thyristor Thj is switched on and all the three phases conduct;
thereby the R-phase load gets its own phase voltage. This continues in the
negative half-cycle also (that is, beyond ) because the diode D, starts
conduction after this angle. At an angle of 47r/3, the diode D¢ of phase B
stops conduction and Ths of the same phase (B) switches off. Hence, the
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R-phase load waveform is that of vgy /2. At (47 /3) 4+ «, Ths of phase B is
fired and all the three phases get the supply. The R-phase load waveform
will therefore be that of the R-phase. It is to be noted that Ths and D
stop and start conduction at 57 /3, respectively. Thus all the three phases
conduct until 27r. The half-cycle average of the R-phase load voltage can
be determined as follows:

1 21 /3 . @ /3ne /3 ' -
VR@) = — Vasinwt d(wt) + —V,, sin (a)t — —) d(wt)
T 2 6
a 27 /3

+ / V. sin wt d(a)t)]
(

2n/3)+a

ISR

<

<
-]

N

VB

Vid

117/6 L

2

(e)

Fig. 4.9(e)
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®

Fig. 4.9 Three-phase half-controlled chopper (category C): (a) star connection,
(b) delta connection, (c) equivalent circuit with delta-connected
thyristors. Waveforms with (d) 0 <« < 7/2, (e) 7/2 < o« < 2x/3, and
H2n/3 <a <7Tm/6.

Vin
= E(cosa +3) 4.37)

The RMS voltage of the R-phase for this case is arrived at as follows:

1 27 /3)
Vr®MS) = [g {/ (V,u sin wt)?d(wt)

2
Qr/3)+a 3y
+/2 (“/—2 ™ sin (a)t — %)) d(wt)

/3
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47 /3
+ / (V,, sin wt)?d(wr)
Qr/3)+a

2
4r/3)+a \/§Vm T

i t — d(wt

+/4,,/3 ( 5 sm(w +6) (wt)

27 q1/2
+ / (V,, sin a)t)zd(wt)}
@r/3)+a _

Evaluation of the integrals gives

y BAE: +J§+sin2a'+3\4§ | sin 20
REMH = 4 |3 %7 g 2 or |7 2

+v_£[2_n V3 _ V3 ! }

—o¢ — — — —cos2a — — sin 2«
4 | 3 4 4 4

3v2 sin 2o
+ o+

167 2
12
vZi2 3 1
+ ﬁ |:?7T —a+§cos2a— Zsin2a:|}

After simplification, the expression for the R-phase RMS voltage becomes

1 3« 3sin2a]"?

Vewms) = Vi |:§ “ 37 T lem i|
The waveforms for this case are given in Fig. 4.9(d).

(i) 7/2 <o <27 /3: From « to 27 /3, the R-phase load attains the R-phase
voltage. Again, from 277 /3 to 77 /6, the R-phase load gets the voltage vgp /2.
From 77 /6 to (27 /3) + «, the voltage across the R-phase is zero because
Th; is reverse biased and Dg also gets reverse biased by virtue of vgp
becoming negative after its zero crossing. From (277/3) + « to 477 /3, the R-
phase load again attains the R-phase voltage because all the phases conduct
in this interval. For the duration 47 /3 to 117/6, it gets the voltage vgy /2.
From 117/6 to (47 /3) 4+ «, the R-phase voltage is zero because of D,
getting reverse biased. At (47 /3) + «, Ths is fired and the B-phase starts
conduction. Thus, all phases get the supply and the R-phase load gets its own
phase voltage. The waveforms for this condition are given in Fig. 4.9(e).

The half-cycle average voltage of the R-phase is expressed as

1 2 /3 T /6 3
Vi = — [ / V,u sin oot d(ot) + / £Vm sin (a)t - Z) d(wr)
T | Ja 27 /3 2 6

_Vn (1 +2*/§ + cos oz) (4.39)

T

(4.38)
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The RMS voltage of the R-phase for this case can be written as

1
Vr®MS) = [—

27 /3
{ / (V, sin wt)*d(wt)
27 | Jq

2
/6 [ /3V, T
i - — d
+/2n/3 < sin (a)t 6>> (wt)

4 /3
+ / (V,, sin wt)*d(wr)
2 /3 +a

117 /6
|
4 /3

2
“
4 /34«

\/gzvm sin (a)t + z>>2 d(wt)

6

1/2
(V,, sin a)t)zd(a)t)”

375

After simplification of the right-hand side, the R-phase voltage is obtained

as

11 3a]"?
Verewms) = Vin 6 1

(4.40)

(ili) 27/3 < o < 77w /6: From « to 77 /6, the R-phase load attains the waveform
of vgp/2. From 77/6 to (2m/3) + «, it is zero because Th; and Dg get
reverse biased at 77 /6. From (27 /3) + « to 117/6, the R-phase load gets
the waveform of vgy/2, because the B-phase voltage gets discontinued
from an angle of 47 /3 due to the crossing of the voltage carried by Dg
onto the positive side. From 1177 /6 to 27, Dy is reverse biased by a voltage
equal to vgy /2 and the R-phase voltage is zero. As shown in Fig. 4.9(f) the
waveforms on both sides of the wt-axis are identical.

The half-cycle average voltage of the R-phase for this case is obtained

from the equation

Vr@) = P

1 /77‘[/6 ﬁvm

> sin (wt — %) d(wt)

4.41)

Upon performing the integration, the expression for the voltage gets

simplified to

Vr@) =

V3V, V3 1

— CosS —sin
o+ 1 oz:|

4

Ly
2

The RMS voltage of the R-phase for this case is expressed as

Vr®MS) =

+
Q7 /3)+a

2
1 T /6 ﬁVm ' T
o /a ( > s1n(a)t—g> d(wt)
1/2
/e ([ /3y,

sin (wt + %))2 d(wt)

(

(4.42)

(4.43)
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After simplification of right-hand side, Vgrms) can be expressed as

1/2
7 3a 3 3\/3 cos 2a:| / (4.44)

Vv =Vu|——-—+4+ —=—sin2a —
RRMS) ’"[16 Sr | 3pg mee 327

4.4.4 Chopper Category D

As shown in Fig. 4.10(a), the circuit of a category-D chopper consists of a
delta configuration of three single-phase ac choppers along with their resistive
loads. The star-connected three-phase chopper circuit shown in Fig. 4.10(b) is its
electrical equivalent.

ir
+ —
VRY VBR
_ iy
+1
Ve Th
) +Y B ¢
@ ~[
1]
R oo T
+ - . YvYvvy 1]
Ry/3 T‘;B
Vv J\l
RY ,\r
LT
_ R evevve The
+ [ YYvvy 1]
VBR Ri/3 DD
VyB J\‘
~[
LT
R Ny e
T VVYVYVT
R4/3 The
<

(b)

Fig. 4.10 Class-D ac chopper: (2) circuit diagram, (b) equivalent circuit
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The instantaneous line-to-line voltages which are also the phase voltages for
the delta connection are assumed to be

Vpy = V,, sin wt
. 21
vyp =V, sin | ot — Y (4.45)

and
) ( 47T>
vgr = Vj sin a)t—?

where V), is the peak of the line-to-line voltage. The phase currents igy, iy, and
igr in the delta-connected circuit are related to the line currents as
IR =iry — IBR
iy =iyp — iRy (4.46)
ip=1ipr —iyB
withigy = vry/R1,iyp = vyp/Ry,andigg = vpr/R;. The load being resistive,

these currents are in phase with their respective voltages. Thus the expressions
forig, iy, and ig work out to be

3V, 2
ip= V3V s (m _ —”) (4.47a)
: 3
3V,
iy =— V3V coil(wr = (4.47b)
R 3
and
3V,
ip=— \/; cos (wt — ) 4.47¢c)
1

Equations (4.47a)—(4.47¢c) show that the line current peaks have a magnitude of
V3V,,/R;, whereas the phase current peaks are all equal to V,,/R;, with the
load resistance in each of the legs of the delta being equal to R;. The equivalent
resistance in each leg of the star circuit of Fig. 4.10(b) works out to R;/3 ohms. For
this resistive case, the half-cycle average load voltage and the RMS line-to-line
voltage, which is the same as the voltage of each phase of the delta circuit, can
be worked out, from the waveforms given in Fig. 4.11, as follows (Rashid 1994.)
The half-cycle average load voltage is

1 g
Vld(av) = ; / Vo sin wt d(wt)
Vm
=—(1+cosa) (4.48)
T

Also,
1/2

1 2w
Viarms) = [E/(; v,zeyd(wt):|
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Fig. 4.11

Waveforms of a class-D ac chopper
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G 1/2
= |:—/ V2 sin? wt d(a)t)]
21w Jy

1 sin 2\ 12
=V |5 (7 —e+ = (4.49)

The maximum load voltage for the delta-connected load occurs at « = 0 and its
value is equal to V,uln/2, the range of o being 0 < o < 7. The half-cycle average
as well as RMS load currents are obtained as ratios of the corresponding voltages
to the load resistance. Thus,

Vi

I - — 4.50
@) = 2o (4.50)
and
Vidrms
Lawrms) = ;RM ) (4.51)
1d

The RMS current through any single thyristor can be determined from the fact that
the thyristor conducts for half the total time of that phase. A simple calculation
gives the RMS current as

I Lawrms)
ThRMS) = T
2

The line currents shown in Fig. 4.11 may be continuous or discontinuous
depending on the value of «. Because of the irregular shapes of the current
waveforms, the phase and line currents contain harmonics. The RMS value of
the phase current can now be written as

Ieywms)y = P+ +E+ 54+ 1D)Y? (4.53)

where all odd harmonics up to the kth one are taken into consideration. The
harmonics that are multiples of 3 circulate around the delta-connected load
winding and do not appear in the line current (because the zero sequence currents
are in phase in all the three branches). Hence a typical line current (here the
R-phase current) can be expressed as

(4.52)

Irrms) = V3UE+ 12+ 12+ 4 [H)1/? (4.54)
where 7 is not a multiple of 3. That is,
Ir@rMS) < \/§1RY(RMS) (4.55)

Equation (4.55) shows that the current ratings of the thyristors in the delta will
be more than 1/+/3 times the line currents. However, their peak inverse voltage
is equal to the peak line voltage.

4.4.5 A Comparative Study of Three-phase Choppers

To provide a basis for the comparison of the performance of the four categories
presented here, an input voltage of 250 V (L to L) is taken with an R4 of 10 Q
(star) and an « of /3 rad. Table 4.1 gives a summary of the results obtained.
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Whereas the power factor is computed for category B, C, and D choppers, the
input power factor is determined for the category A chopper. The results shows
that category A and D choppers give the highest PF of 0.9. The category B chopper
follows with a PF of 0.84 and the category C chopper gives the lowest PF of 0.6.

For a comparison of the voltages and currents, only categories A, B, and C
are considered. The category C chopper gives the highest average load voltages
and currents. Then categories A and B follow, giving the same average voltage
and current. On the other hand, category A provides the highest RMS voltage
followed by categories B and C in that order.

The above results cannot be generalized for all ranges of «, the ranges in
turn being different for different categories. However, a general idea can be
obtained by studying the various connections. The reader is advised to compute
the performance features for other values of «.

Table 4.1
[Input voltage (L to L) =250 V, o = 7 /3 rad, Rj4(star) = 10 2]

Category A Category B Category C Category D

Connection Star Star Star Delta-connected
load

Vid(av) 9745V 9745V 113.6 V 168.8 V

Vidrms) 1294V 1213V 872V 2242V

Ld(av) 9.75 A 9.75 A 1136 A 5.63 A

Larms) 12.94 A 12.13 A 872 A 747 A

Power factor for Input PF 0.84 0.6 0.9

categories B, C, D =(1y/1) cos ¢,

and input PF for = % x 0.959

category A ~ 0.9

4.5 Single-phase Ac Choppers used as Sequence
Controllers

The drawbacks of ac choppers highlighted in the previous sections are (a) high
harmonic distortion and (b) low power factor for the output even with a resistive
load. Distortion of waveforms causes torque pulsations, cogging, and other such
undesirable phenomena in induction motor loads. Hence it should be minimized
to improve the power factor. Interposing two ac controllers between the secondary
of the transformer and the load is one such method that permits the control of
the thyristors in a sequential manner and results in a smooth variation of the
voltage across the secondary terminals. Though the resulting waveform may not
be sinusoidal, it has the merit that all low-order harmonics are eliminated. Second,
it can be extended to more than two ac controllers so as to further reduce the
harmonic content and make the waveform nearly sinusoidal. A detailed treatment
of the two- and multi-controller configurations as tap-changers for a single-phase
transformer is now described.
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4.5.1 Single-phase Transformer Tap-changer

The combination of two ac controllers connected to the secondary of a transformer
(Fig. 4.12) may be operated as a continuous tap-changer. The antiparallel circuit
consisting of thyristors Thy and Thy is connected to the centre point of the
secondary, whereas that with Th; and Th; is connected at the top of the secondary.
Assuming a resistive load, three methods of operation for these ac controllers are
presented below and thus three corresponding ranges of load voltage are obtained.

I

Th

A
Thy
v = Vpsinot
@ Vs N
Load
v = Vpsinot
B

Fig. 4.12 Single-phase transformer tap-changer using two ac controllers

EAVARRVAN

—
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N

(a) Th; and Th, are turned off; Th; and Thy are turned on at o and 7 + «,
respectively. The variation of voltage obtained in this case is given by 0 <
Via < Vi/ /2. The load voltage waveform for a typical value of « is given
in Fig. 4.13(a).

(b) Ths and Thy are turned off; Th; and Th, are turned on at « and 7 + «,
respectively. The range of load voltage obtained with this mode of operation
is given by the inequality 0 < Vig < V,,+/2. A typical load voltage waveform
is given in Fig. 4.13(b). With a scale change, this waveform also represents
the load current waveform.

(c) Both the pairs of thyristors are employed.

(i) Resistive load: This is the most general case for the tap-changer of
Fig. 4.12. To start with, the thyristors Th; and Th; are turned off. The
thyristor Ths is fired at zero angle and Thy at an angle of 7 so that,
together, they conduct the load current throughout the positive and
negative half-cycles, respectively. Now if Th; is turned on at @ < 7 in
the positive half-cycle, the voltage induced across the upper half AN
of the secondary winding is applied in a reverse fashion across Th; and
it turns off. The load voltage waveform from « to = will be the same
as that of the full secondary. At &, Th; is turned off and Thy is turned
on. When Th; is turned on at = + «, the voltage across AN, which is
negative, is applied in a reverse direction across Thy and it turns off.
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Fig. 4.13 Waveforms for the tap-changer of Fig. 4.12 with resistive load

The load voltage now is the same as that of the full secondary. Th; is
turned off at 277 and Th; is turned on again to repeat the sequence. The
resulting waveforms are shown in Fig. 4.13(c). For a variation of « in
the range 0< « < m, the load voltage will be in the range V,,/ V2 to
2V, /2.

(i1) Inductive load: The circuit configuration for this case is the same as
that of Fig. 4.13(c). Asincase (i), Th; and Th; are fired ate and 7 + o,
whereas Th; and Thy are fired at O and 7, respectively. This implies
that this latter pair conducts the full positive and negative half-cycles.
Though the output voltage variation obtained in this case is also given
by Vi./ V2 < Ve < 2V,/ /2, the current lags the voltage as shown
in Fig. 4.14. In the following treatment, the firing pulses of all the
thyristors will be assumed to be rectangular in shape and their duration
will extend up to the entire interval of conduction of the thyristors. The
reason for this remains the same as that given in Section 4.3.2 for a
single-phase chopper feeding an inductive load. Thus, the ranges of
gate pulses for Thy, Thy, Ths, and Thy will be @ to 7, ¥ 4+ « to 277, 0
to r, and 7 to 2w, respectively.

The sequence of operation starts when Thj is fired at wt = 0, which is the start
of the positive half-cycle. When Th; is fired at «, a reverse bias of v; (= V,,sin «)
volts is applied across Ths and it turns off. The load current now flows through
the whole of the transformer winding, the thyristor Th;, and the load. The load
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Fig. 4.14 Waveforms for the tap-changer of Fig. 4.12 with inductive load

voltage therefore jumps to 2v; (= 2V,,sin ). At wt =  the gate pulses of the
thyristors Th; and Ths are terminated. However, Th; continues to conduct till
7 + ¢ because of the inductive nature of the load. Thy receives a firing signal
at t but cannot turn on because the voltage of the upper half of the winding
becomes negative even after 7 and gets applied in a reverse direction across Thy.
When the load current attains a zero value at an angle m + ¢, where ¢ depends
on the wL /R ratio, Th; gets reverse biased by a voltage 2v, (= —2V,, sin ¢) and
turns off. Thy now gets forward biased and provides the load with a voltage v, (=
— Viusin ¢). This negative voltage also helps in commutating Th;. Atwt = 7 + «,
Th; is turned on and the load voltage jumps to 2v (= —2V,, sin ). Half of this
voltage, namely, —V,,sin «, is applied across Thy in a reverse manner and it turns
off. Th; continues to conduct beyond wt = 27 because of the inductive nature of
the load.

One precaution to be observed with an inductive load is that Th; should not
be given a firing signal at « < ¢. The reason for this can be ascertained with the
help of Fig. 4.15 as follows. It is assumed that the control range is 0 < Vigrms) <
2V, / V2, where V,, is the peak of the secondary voltage of the transformer at
the centre. Also, it is assumed that Th; and Th, are turned off while Ths and
Thy are turned on during the alternative half-cycles at the zero crossings of the
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Fig.4.15 Load voltage and current waveforms for the tap-changer of Fig. 4.12 with
Th; firedato < ¢

load current. The instantaneous load current is shown in Fig. 4.15(b). If Th; is
turned on at wt = o, where @ < ¢, the upper winding of the transformer would
be short-circuited because Thy continues to conduct the negative load current due
to the inductive load. This also happens when Th; is turned on at wt = 7 + «,
where o« < 6, because Ths continues to conduct the positive load current due to
the inductive load.

The reasons for making the gate pulse rectangular and of duration equal to the
conduction interval are as follows. With the load being inductive, Th; and Th,
conduct beyond 7 and 27, respectively. The thyristor Thy has to start conduction
as soon as Th; stops conduction; similarly, Th; has to begin conducting when
Th, stops conduction. With the power factor of the load varying between 0 and
1, the angles of discontinuation of conduction of thyristors Th; and Th, can,
respectively, be the duration between 7 and 27 for Th; and 0 and 7 for Th,.

The method of sequence control or tap changing can be extended to more
than two controllers, say n controllers (with n > 2). These must be situated at
equal distances along the secondary, as shown in Fig. 4.16, each contributing to
an RMS voltage of V,uIn~/2. Here, V,, is the peak value of the voltage induced
across the whole of the secondary winding. A better method of constructing a
tap-changer would be to split the secondary winding into n subsections which
provide voltages in the geometric progression v, 2v, .. ., 27=1y. The advantages
of such a scheme are (a) possibility of continuous voltage control over a wide
range, (b) low harmonic content, and (c) smaller number of thyristor pairs being
used in the tap-changer compared to that used in the equal voltage scheme.

For the resistive load alternative under case (c) considered above, the RMS
magnitude of the load voltage can be expressed as

2

1 12
VidrMms) = [E (V1da)t)2d(a)t)i|
0
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Fig. 4.16 Single-phase transformer with n ac controllers as tap-changers

w - 1/2
— |:i {/ (V,y sin wt)*d(wt) + / 2V, sin a)t)zd(a)t)H
2 0 o

3a 3 sin2a Y2
=V, 2_E+T (4.56)

The RMS magnitude of current through either Th; or Th; is given by

; 1 /” 2V, sin wt zd( )
= _— _— ()]
L(RMS) 2, R

Vm[ o sin2a:|1/2
="2l1-—+
Ry

The RMS magnitude of current through either Th; or Thy can be expressed as

) 5 172
I 1 /“ V. sin wt d(wt)

=|— _— w
SERMS) 2 0 Rld

_ Vu [a sin2e]"?
" 2Ry

12

4.57
T 2 4.57)

4.58
T 2 ( )
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The RMS magnitude of the current through the upper half of the secondary
winding can be found by noting that it conducts the currents of both Th; and
Th,. Thus,

LipperRMs) = V2r, (RMS) (4.59)

The RMS magnitude of the current through the lower half of the secondary
winding is found by recognizing that it carries the currents through all the
thyristors Thy, Thy, Ths, and Thy. Thus,

LowerRMs) = [{\/zll(RMS)}2 + {\/513(RMS)}2]1/2 (4.60)

The secondary volt-ampere rating (Sya ) of the transformer is given as

Vm m
Sva = ﬁlupper(RMS) + ﬁllower(RMS) (4.61)
Also, power dissipated in the load is
V2
Py = -4 (4.62)
R
Finally, the power factor of the sequence controller is given as
P
Power factor = —< (4.63)

VA

4.6 Application of Ac Controllers to Ac Drives

Ac controllers are usually employed for speed control of induction and
synchronous motors. A three-phase synchronous or induction motor which has
a two-pole three-phase winding has its three stator coils displaced in space by
120° from each other. These coils are excited by a three-phase system of voltages
which are displaced from each other by 120° (elec.) in time. The input supply
being a sinusoidal voltage in usual operation, each coil carries a sinusoidal current
which establishes a pulsating magnetic field of magnetomotive force (mmf).
Since the phase winding is usually distributed in a number of slots on an iron
surface, the spatial distribution of the mmf is non-sinusoidal. However, by proper
distribution it can be made to provide a nearly sinusoidal distribution of mmf. The
mmf wave corresponding to each phase current pulsates in magnitude, the spatial
distribution remaining sinusoidal in nature. The output voltage of an ac controller
is non-sinusoidal but periodic in nature. Such a non-sinusoidal voltage applied to
the stator winding of a motor gives rise to a corresponding non-sinusoidal current
waveform which can be decomposed into various harmonics. The frequency of
the fundamental waveform, however, remains the same as that of the input of
the controller. If, for simplicity of analysis, any slight magnetic saturation that
may exist in the motor is neglected, in respect of the harmonic currents it can
be considered as a linear system which obeys the principle of superposition. The
effect of each of the harmonic inputs can be evaluated and all such results summed
up to obtain the net effect of the non-sinusoidal input given to the motor. Thus,
the net motor current and torque are, respectively, equal to the sum of the currents
and that of the average torques provided by each of the harmonic components.
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The time harmonic currents set up in an ac motor are of the order of 6n=+1,
where n is an integer. These currents give rise to harmonic waves of mmf of
the same order. While the mmf harmonics of the order 6m + 1 rotate in the
same direction as the main field, those of the order 6n — 1 rotate in an opposite
direction. These are, respectively, called positive-sequence and negative-sequence
harmonics. The reaction of a rotor harmonic mmf with a harmonic air gap flux of
the same order gives rise to a steady-state harmonic torque. Expressions are now
derived for these positive- and negative-sequence torques.

For the purpose of determining the effect of harmonics on the induction motor,
the equivalent circuit of the motor has to be modified to reflect the effect of higher
frequency input on its elements. Figures 4.17(a) and (b), respectively, give the
equivalent circuits of an induction motor with fundamental and kth harmonic
inputs.

(b)

Fig.4.17 Equivalent circuit of an induction motor with a sinusoidal harmonic input,
with rotor parameters referred to the stator: (a) fundamental and (b) kth
harmonic

The slip with respect to the fundamental rotating field is defined as

Ny —N -
= O O (4.64)

NS a)S
where N; and w; are the synchronous speeds of the rotor in rpm and
the corresponding rotating field in rad/s, respectively. Likewise, N and w,,

are, respectively, the actual rotor speed in rpm and the actual speed of the
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corresponding rotating field inrad/s. The slip for the kth harmonic forward rotating
field is given as
5 = kN, — N _ kws — wp 4.65)
kN, kg

It is assumed that R, and jX, are, respectively, the equivalent rotor resistance
per phase and the equivalent reactance per phase, at standstill. Likewise, the
quantities R, and jk X, are the equivalent resistance and reactance corresponding
to the kth harmonic equivalent circuit.

The harmonic resistance R, is usually different from R, due to the skin effect.
However, the reactance jk X, is much greater than R,;. Hence the latter can be
neglected. Moreover, the kth harmonic shunt magnetizing reactance jX,, is much
greater than the rotor leakage reactance and hence can be treated as an infinite
impedance and omitted. With these considerations the equivalent circuit simplifies
to that of Fig. 4.18. The kth harmonic current I is obtained from this figure as

Vsk
Iy| = —— 4.66
| Lk | KX, 1 X)) (4.66)
k(Xs + Xr)
TEEO00 08—
fsk = rk

Fig.4.18 Approximate equivalent circuit of an induction motor with the kth
harmonic voltage as the input

The total harmonic current can be arrived at by recognizing that, usually, only odd
harmonics except the third harmonic and its multiples are present, but no even
harmonics exist. Thus, the total current can be written as

Lrms) = U7 + 15+ 15]'? (4.67)

From the theory of the induction motor, the torque developed due to the
fundamental frequency voltage is given as

3I°R, (1 —
T, = 2 (—‘“) (4.68)

'm §1

This torque is greater than the shaft torque by an amount equal to the windage
and friction losses. The fundamental frequency f; in hertz is related to speed
as follows:
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£ = Nep _ o5

'T %60 T ol
where p is the number of pole pairs. From Eqn (4.64), w, can be written in terms
of w,, and s, as

(4.69)

W
ws = (4.70)
1 - S1

wy can also be obtained from Eqn (4.69) as

2
o, = 2 @.71)
P
The right-hand sides of Eqns (4.70) and (4.71) can be equated to give
m 2
on__ 2h 4.72)
1—s p
Equation (4.72) can be solved for w,, as
2 1-—
o = TN =50 4.73)
p

Using Eqn (4.73), Eqn (4.68) for the steady fundamental torque can now be
written as

1.5p I’R,
Tfi s

By a similar argument, the expression for the kth harmonic torque can be derived
as

Ty = 4.74)

1.5p\ I3R
k]'[fl

Taking the positive value in Eqn (4.75), the ratio Ty/T;; can now be expressed
as

Ty ==+ < (4.75)

Sk

T, Li\*> R,
Zdk (DK kST (4.76)
le Ir Rr kSk
Now, using Eqns (4.64) and (4.65), s can be written in terms of s, as
k—1
5 = % 4.77)

s1 is usually very small for normal full load operation of the induction motor.
Therefore, s; can be approximated as

k—1
Sk A = (4.78)

Using this approximation, T, of Eqn (4.76) can be expressed in terms of Ty; as

T, I.\> R
S (k) Bk A (4.79)
Ty I.)] R k—1
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A similar derivation can be done for the torque developed due to the kth harmonic

backward field:
T, L\ R
Sk (k) 2O (4.80)
Td] Ir Rr k+1

Fifth harmonic currents, being negative-sequence ones, generate negative
torques. On the other hand, seventh harmonic currents are positive-sequence
currents and hence give rise to positive torques. The values of the resistance,
currents, and slip on the right-hand sides of Eqns (4.79) and (4.80) are such
that the negative fifth harmonic torque will be nearly equal to the positive
seventh harmonic torque. Therefore, their combined effect on the steady-state
fundamental torque is negligible.

In addition to the steady components of torque discussed above, pulsating
torques, produced by the reaction of harmonic rotor mmfs with harmonic rotating
air gap fluxes of different orders, are generated in an ac machine. For instance, the
fifth harmonic stator currents, which produce a space fundamental mmf rotating
at five times the fundamental synchronous speed in the opposite direction, react
with the fundamental rotating field to produce a pulsating torque at six times the
fundamental frequency. This is because the relative speed of the fifth harmonic
rotor mmf wave and the fundamental air gap field is six times the synchronous
speed in the reverse direction. Likewise, the seventh harmonic currents, which
rotate at a speed of seven times the fundamental frequency in the positive direction,
also produce a pulsating torque at six times the fundamental frequency. This is
because their relative speed with respect to the fundamental is also six times that
of the synchronous speed in the forward direction. The above-mentioned two
pulsating torques at six times the fundamental frequency combine to produce a
fluctuation in the electromagnetic torque developed by the motor. Similarly, the
11th and 13th harmonics produce a 12th harmonic pulsating torque.

Though these pulsating torques have an average value equal to zero, they cause
the angular velocity of the rotor to change during a revolution. As a consequence,
the motor rotation may consist of jerks, or may stop at very low speeds. For
avoiding such irregular motion called cogging, the motor has to be operated
above a certain lower speed limit. This limit depends on the inertia of the rotor
and associated parts of the rotating system. Such a performance is unacceptable
in machine tool drives. In the case of geared systems these pulsating torques
lead to excessive wear and tear of the gear teeth, especially when the torque
pulsating frequency coincides with the resonant frequency of the mechanical
shaft. A remedy for this behaviour consists in the suppression of the low-order
harmonics from the output of the ac controller.

The fundamental equivalent circuit of Fig. 4.17(a) applies only to the three-
phase induction motor. However, the harmonic equivalent circuit of Fig. 4.18 is
also valid for the harmonic behaviour of the field excited and permanent magnet
excited type of synchronous motors because these machines have cage windings
or damper bars, and they operate asynchronously with respect to time-harmonic
mmf waves.
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Summary

Single-phase and three-phase ac choppers provide variable voltage inputs to ac
motors and other loads with a much simpler circuit compared to inverters and
cycloconverters. Ac controllers have the merit that the fundamental frequency
of output voltage obtained with them remains the same as the input frequency.
However, the output contains a high harmonic content and this will cause problems
for various kinds of loads as follows. (a) In induction motor loads, phenomena
such as cogging and crawling will deteriorate their performance. (b) In geared
systems, the coincidence of the torque pulsations due to low-order harmonic
torques with the resonant frequency of the shaft may lead to excessive wear
and tear of gear teeth. These examples emphasize the necessity of suppressing
low-order harmonics.

In the B and C categories of three-phase ac controllers, a careful assessment
of the exact voltage that is applied to the individual phases is necessary. This is to
arrive at the RMS and average values of the output voltage. For all the categories of
three-phase controllers, the power factor serves as a yardstick for the assessment
of the power loss due to harmonics.

A ready application for ac controllers can be found in lighting and heating
loads, where harmonics do not cause any problems. On the other hand, harmonic
currents augment the heat and light generated by the fundamental component.
In other applications, namely, thyristor controlled reactors and thyristor switched
capacitors, dealt with in Chapter 11, ac controllers provide a quick control over
reactive power. Because of their simple circuitry these controllers are proving
to be less costly and more compact than conventional power-control circuitry.
Transformer tap changing is a third area in which single-phase ac controllers are
finding wide usage. In this application, increasing the number of sections of the
transformer winding is conducive to smoother control.

Worked Examples

1. The single-phase ac controller circuit of Fig. 4.19(a) is operated with multiple-
cycle on—off control. The thyristors are switched on with o = O for one-sixth of a
second and switched off for one-fourth of a second. Given Ry =5 2, Ljg=15mH,
and E,, = 141.4 V. Find (a) the ratio of the load voltage with on—off control to
that with the direct connection of the load to the ac supply, « remaining the same
in both the cases, and (b) the ratio of powers.

Solution

Here p = 1/6 x 50 = 8.33 cycles, g = 50/4 = 12.5 cycles. The load voltage
waveforms with on—off control, are given in Fig. 4.19(b). The RMS value of the
load voltage with on—off control,

1 p 2
Vi=.]— (—> (E,, sin wt)2d(wt)
2r \p+q/) Jo
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(b)

Fig. 4.19

_En [ P
V2V p+gq
_ 1414 [833

~ /2 V2083
=63.24V

314 x 152
=\/52+(ﬁ) — 6879

Current with on—off control,

Vi 63.24
L == = 2 =92A
z 6.87

Power delivered to the load,
Py = I}R = (92> x5 = 424 W

Voltage with direct connection,

Ve — 141.4 100 V

0 = N
Therefore, the ratio of voltages

Vv 63.2

1= = 0.632

Vo 100

The load current with direct connection = 100/6.87 = 14.56. Therefore, the power
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delivered to the load with direct connection,
Py = (14.56)* x5 = 1060 W
Ratio of powers
P 424

Py, 1060

2. A single-phase ac controller is supplied by a source of RMS voltage 210 V
at 50 Hz. A resistive load of 5.6 €2 is connected at its output. Determine (a) the
value of « that gives an RMS voltage of 100 V, (b) the amplitude of the seventh
harmonic current with « = 7 /6, and (c) the input power factor.

aNANES
VARVA

Fig. 4.20

Solution
(a) The circuit is shown in Fig. 4.4(a) and waveforms in Fig. 4.20. « is found by
trial and error from the equation

100 =

210\/5\/1 o  sinla

V2 7 2w

and is equal to 2.03 rad or 116.3°.

(b) The seventh harmonic voltage is first determined as follows:
va(t) = Z(an cosnwt + b, sinnwt)

n=1

2
a; = l [ v1a () cos(7wt) d(wt)
7T Jo

2 T
=_ / Vi sin wt cos(Twt) d(wt)
T Ja
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2 180
_Z / 210+/2 sin wt cos(Twt)d(wt)

7T J116.3
Also,

2
by = l / via(t) sin(7wt) d(wt)
T Jo

2 g

=— / V. sin wt sin(7wt)d(wt)
V3 o
2 180

_Z 210+/2 sin wt sin(7ot) d(wt)
T J116.3

Upon performing the integrations, the harmonic factors are obtained as

2
a7 = — = x210/2x0.11 = —20.80
T
and
2
by = — = x210v/2 x0.126 = —23.82
T

The amplitude of the seventh harmonic voltage,

Vim = (/a2 +b3 = 31.62V

Hence the amplitude of the seventh harmonic current,

. 1.62
Vim - _ 3162 565
Ry 5.6

I7m -

(c) Input power factor:

I
Hcosg; = 71 cos @
For the ac controller of Fig. 4.3,
RMS value of input current = RMS value of load current

and

_( RMS value of fundamental

- (component of load current )

RMS value of fundamental
component of input current

The RMS value of the fundamental component of voltage is

,/af + b%

V2

VI =
where

2 T
a, = —/ Vo sinwt coswt d(wt) = —76.0
Y4 o
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and
2 (7 . 5
by =— Vi sin“wt d(wt) = 67.6
T Ja
_ a 1 -76.0 o
=tan”'[—) =t —— ) = —483
¢1=tan <b1) an ( 67.6
cos ¢; =0.665
—76.0)? 67.6)%
V2
The RMS value of the fundamental component of the input current is
V 71.92
=2 = = = 1284A
R 5.6
The RMS value of input current / = 100/5.6 = 17.86 A. Hence,
I 12.84
= — = —— =072
=T 7 1786

Now, the input power factor becomes

ucosgp; = 0.72 x 0.665 = 0.478
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3. A single-phase ac controller has the following data: V =280V, f = 50 Hz,
X1 =40 Q, and Ry =0.1 Q. Determine (a) the range of « for the load current in
the chopper mode, (b) the maximum value of the average thyristor current over
the permissible range of «, (c) the maximum RMS value of the thyristor current
over the permissible range of «, (d) the range of « for which the greatest forward
voltage is applied to the thyristors, and (e) the range of « for which the maximum

reverse voltage is applied to the thyristors.

Solution

The circuit and waveforms are given in Figs 4.4(a) and (b).
(a) The load power factor angle

X 40
¢ = tan”! (R—ld> = tan~! (O_l) = 89.86°
1d .

cos¢p =~ 0

This gives

Hence the range of « in the chopper mode is given as
89.86° < o < 180°
(b) From Eqn (4.20),

v,
i = 7’" sin(wt — ¢) — e~ R/ gin(q — ¢)
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Imax occurs with o = ¢. Hence,
. Vi .
Imax — 7’" Sln(a)t - ¢)

From the chart of Fig. 4.4(c), for « = 90°and cos ¢ = 0°, o, = 270° = + ¢.
The maximum average value of i,y is given as

1 [V,
Tnax = — / — sin(wt — ¢)d(wt)

1V,

= —— [—coster — )l
1V,
=——|[—cos(mr+¢ —¢) + cos(¢ — )]
m Z
1V,
=——[—cosn + cosOO]
F14
2V, 2 x 2802
= _ 2x2OV2 o
nZ 7 x 40

Here Z =+/0.12 4+ 402 = 40 Q.

(¢) The maximum RMS value of current

\/1 n+¢ Vo 2
= ;/ [7 sin(wt — qb):| d(wt)
¢
T+¢ Y72
= \/ % / %Sinz(a)t — ¢)d(wt)
®
Vin

_ 280v2
40v2

Hence, the maximum RMS value of the thyristor current is equal to

=T70A

Maximum RMS current/\/i = 7.0/«/5 =495A

(d) The range of « for which the greatest forward voltage is applied to the thyristors
isgivenby7/2 < o < m.

(e) The range of o for which the greatest reverse voltage is applied across the
thyristors is also given by 7/2 < « < m.

4. For the three-phase ac chopper of category B the line-to-line supply voltage
is 300 V and the load consists of a 6 Q2 resistance. Determine (a) the value of «
required to give a line-to-neutral voltage of 110 V at the load, (b) the maximum
forward and reverse thyristor voltages, (c) the maximum RMS thyristor current,
and (d) the maximum average thyristor current.
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Solution

(a) It is estimated that to give a line-to-neutral voltage of 110 V, « should be in
the range 7/2 < o < 5m /6. Equation (4.36) gives the RMS value of voltage
for this range. Thus,

110 = Vm\/é — 3—a + ism2oz + ﬂcos2oz
8 4 16m 167
By trial and error, « is found to be 82°.
(b) The maximum thyristor forward voltage = 30042 /~/3 =245 V. The maximum
thyristor reverse voltage = 3002 / V3=245V.
(c) The maximum RMS thyristor current is equal to

Maximum RMS load voltage that occursat =0 300 50
= = —A=3535A
Resistance x +/2 6+/2 V2

(d) The maximum average thyristor current is

21, 2x504/2
Rnr

5. A 12-kW, three-phase, 230-V, star-connected induction motor which has a full
load power factor of 0.85 and efficiency of 88% is fed by a three-phase ac controller
of category B. The ac controller is fed in turn by a three-phase supply with a
line-to-line voltage of 240 V. Determine the (a) firing angle « of the thyristor, (b)
RMS thyristor current, (c) average thyristor current, and (d) maximum thyristor
forward and reverse voltage ratings.

Solution

(a) The line-to-neutral input voltage of an ac controller = 240/+/3 = 138.56 V
(RMS). The output voltage = 230/«/5 =132.79 V (RMS). Assuming « to be in
therange 0 < o < m/3, it can be determined using Eqn (4.32):

= 450A

1 s
—[ I, sinwt dlwt) =
7T Jo

3
132.79 = 138. 56f\/— - = 4+ 8—sm2a
T

By trial and error, « is obtained as 38°.
(b) Efficiency = output/input. Therefore,

12,000

0.88 =
V3 x230 x I x 0.85

From this,

12,000
I = = 4027 A
V3 x 230 x 0.88 x 0.85

This is the RMS output current per phase of the ac controller.

. 40.27
RMS current per thyristor = —— = 28.48 A

/2
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Now,

1 3a 3 .
Irvs = Iy 3T am + gsm&x

That is,

1 3x0663 3
4027 = Im\/— _ 22X 2 097
2 47 8

This gives I, as 59.54 A.
(c) The half-cycle average of the motor current is computed as

1 18 180°

Iy = — / Iy sinwt d(wt) = —f 59.54 sinwt d(wt) = 33.89 A
T J38° T J3ge

This gives the average thyristor current as 33.89/2 = 16.94 A.

(d) The maximum thyristor forward voltage in the entire range of « is 2402 /3

=196 V.

The maximum thyristor reverse voltage in the entire range of « is 2402 / V3=

196 V.

6. A three-phase ac controller of category B supplies a star-connected resistive

load of 8 €2 resistance and the input line-to-line voltage Vi is 200 V (RMS) at 50

Hz; o is given as 37/8 rad. Determine the (a) RMS magnitude of the load voltage,

(b) half-cycle average magnitude of the load voltage, and (c) power factor of the

controller.

Solution

(a) The given firing angle falls in the range 7/3 < « < /2. From Eqn (4.34),

the RMS phase voltage is

1 9 3V3
VR(RMS) = Vm\/z + ESH’IZO[ + ECOS 200

where V,, is the peak of the per phase voltage. Thus,

2002 (19 | 37\ 343 37
Vrwms) = 73 \/4_1+167r S1n(2x?>+—cos(2x?>=90V

16w
(b) The half-cycle average is given by the expression in Eqn (4.33) as

V3V, T V3 x 200+/2 3r 0w
Ve = cos(a——) = —c¢cos| — — —
6 73 8 6

=90.0x0.793 =714V

T

(c) The RMS value of the line-to-neutral current

V 90
IrrMS) = % =35 = 11.25 A
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Output power
P, = 31122(RMS)R1d
=3 x 11.25* x 8
=3038 W
The input power with cos ¢ =1,
VLL®rMS)

Tr®rMs
\/g ( )

3 200 11.25
= X — X .
V3

Pi:3

=3897 W
The power factor of the controller is
i = 038 = 0.78 (lagging)
P; 3897
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7. The three-phase, delta-connected ac controller of Fig. 4.10 (class-D chopper)
has a resistive load of 10 €2. The line-to-line voltage Vi is 208 V (RMS) at
50 Hz and the firing angle of the thyristors is 95°. Determine the (a) RMS and
half-cycle average values of the load voltage, (b) expressions for the instantaneous
currents iy, i g, and iy g, (c) RMS and half-cycle average values of the load current
iry, (d) RMS half-cycle magnitude of the line current iy, () power factor of the

controller, and (f) RMS current through a thyristor.
Solution

(a) The firing angle o = 95° = 1.658 rad. The RMS value of the load voltage is

given as

1 sin 2o 7"/?
Vidrms) = Vi Z(ﬂ —a) + 5

1 in 190°7'/?
—208v2 [2—(;1 —1.658) + ]
T

1.658  sin190°7"/?
=208|1 — +

T 27
=138.7V

The half-cycle average value of the load voltage

1 g
Via=— / V, sinwt d(wt)
T Jo

Vin
=—( + cosw)
bid

20842
T

(1 + cos95°)

=8546V
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(b) The expressions for the currents are

. V3 w
iy=——V, cos (a)t — —)
Ry 3

= —% x 208+/2 cos (a)t - %)

T
= —51 cos (a)t — —)
3

. Vin (ot )
Ip = — CcCoS(wt — 1T
B Ry
V3 x 208 x /2
= —T cos(wt — 1)

= —51 cos(wt — )

. Vi . 2w
lyp=—Sm|wlt — —
R4 3

~ 10
2
—29.4 sin (m _ ?”)

(c) The RMS value of the load current igy is given as

I V| 1 +sin20¢ 12
RY(RMS)—Rld o T -« 5

_ Ver
R
138.7
=—— = 1387A
10
The half-cycle average of the load current is
Vid
ha=—
R
85.46
=——=2855A
10
. . . URy  VUBR
(d) iR = ipy —ipr = — — —
R RY —IBR Ry Ru

The RMS value of the line current i is obtained as

; 2 /”( /A t>2d( 4 /471/3 [vm : < AT
= — — S1n W w — S| wl — —
RV 127 | o \ Rug atr/3 L Ria 3

Vo [ 2 N sin2a\7"?
= — | — |\ TT —
Rld 21 “ 2
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_ Vld(RMS)\/E
Ry

_ 138.7V2
10
The half-cycle average of the line current /gy is

2 Ty 4 /3 ‘/I
Iy = — [ / R—'" sinwt d(wt) + / — sinwt d(wt)]
o o

= 19.6 A

27 1d 4773 Ria
2V (1 +cosa)
= cos o
7T Ry
85.46 x 2
=— =17.1A
10

(e) The output power is given as
P, = 3hawrms) VidrMs)
=3 x 13.87 x 138.7
=5771' W
The input power with cos ¢ =1 is
P=+3 VLL®RMS) Lline(RMS)
=+/3 x 208 x 19.6
=7061 W
The power factor of the controller is
P, 5771

-2 = — = 0.82 (laggi
P 7061 0.82 (lagging)

(f) The RMS current through a thyristor
IRY(RMS) _ 13.87

ITh®ms) = A =98A
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8. The circuit of Fig. 4.12 is operated as a single-phase transformer tap-changer
with the transformer ratio 1:1. The primary voltage is 240 V (RMS) at 50 Hz.
The secondary winding is tapped at the centre and each half is connected to an
ac controller. If Ry is 15 © and the RMS load voltage is 167.5 V, determine the
(a) firing angle of the thyristors Th; and Thy, (b) RMS and half-cycle average
magnitudes of the currents through either Th; or Thy, (c) RMS and half-cycle
average magnitudes of the currents through either Th; or Th,, and (d) the power

factor of the controller.
Solution
(a) From Eqn (4.56),

3a 3sin 2«

Vidrms) = Vm\/ 2 — T + =
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_ 3sin2
1675_120\/_\/2 _ ¢ S 2o
4

This gives oy, as 107°. Also, o, = 287°.
(b) The RMS value of current through Th; or Thy is determined as follows:

2
I = —sinwt | d(wt
3,4(RMS) = \/ o / Rld ) (wt)

o sin 2«

R]d 4 8

3 12042 [1.8675 N 0.559
15 47 8
—=4.67 A

The half-cycle average of the current through Ths or Thy is
1 %V,
I =— — sinwt d(wt
3,4(av) T /(; Rld 1mn w. (a) )

_1120v2 (17
15,
=4.66 A

sin wt d(wt)

(c) The RMS value of the current through Th; or Th; is found as follows:

) 12
L (" (2Vy .
1 2®ms) = o R sinwt | d(wt)
Vin ( ! sinZOz)l/2
Rig 4 2
_120V2 (1 1.8675 N sin2140>1/2

15
=6.37 A

b4 2r
The half-cycle average of current through Th; or Th; is found as follows:

1 (™ 2V,
1 =— —— sin wt d(wt
1,2(av) T l Rld ( )

1 1202 (8

=—x2x V2 sin wt d(wt)
T 15 107°

=51A

(d) The RMS current through the upper half of the secondary winding is
V21 12®Ms) = 9.0 A. The RMS current through the lower half of the secondary
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winding is the total RMS current of thyristors Thy, Thy, Ths, and Thy. It is given
as

howerjus) = [(V2 L5, 4wms))* + (V211 awusy)* 1>
=[(v2 x 467> + (V2 x 6.38)]"/?
=11.18 A
The volt-ampere capacity is given as
Viewer liower + Vapper lupper = (120 X 11.18 + (120 x 9.02)
That is,
VA capacity = 120 x 11.18 + 120 x 9.0 = 2422 VA

(167.5)?
Output power = G = 1870 W
1870 .
Power factor of the controller = a0 = 0.77 (lagging)

9. A three-phase, half-wave ac controller of category C has the following data: ac
supply voltage (line-to-line) is 280 V at 50 Hz, load resistance for delta connection
Ridgwelay = 21 2, o is 5 /8. Determine the (a) RMS values of load voltage and
current, (b) half-cycle average values of load voltage and current, and (c) power
factor of the controller.

Solution
(a) The line-to-neutral supply voltage is
VRy 280
V = — = — = 161.66 V
R(RMS) NG NG
The load resistance for the star connection is
21
Riustany = 3= Ry

The given value of « falls in the second range, namely, 7 /2 < o« < 27 /3.From
Eqn (4.40), the RMS load voltage is

11 3 57
VeerMms) = Vi 6 178

Substituting the value of V,, gives this load voltage as

11 3 5w
Vr®rMs) = 161.668/2,/ — — —=— = 106.93 V
T
The RMS value of load current is

Vewws) _ 10693 o
= .

Riacstar)
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(b) From Eqn (4.39), the average load voltage is

Vi | 1 3
Ve = —|: +V3 + cosa:| = 7153V
b4 2
The average load current is
Vi 71.53
= = 1022 A
Rld(star) 7

(c) The output power is
Pig=3Vigha cos ¢
=3 x 106.93 x 15.28 x 1
=4902 W
Input VA capacity = V3v ry la
=+/3 x 280 x 15.28

=7410 W
4902
7410

10. A three-phase ac controller of category A [Fig. 4.5(a)] supplies a star-
connected resistive load of 8 2. The input voltage (line-to-line) is 200 V (RMS)
at 50 Hz. Determine the (a) value of « that gives a line-to-neutral output voltage
of 103.6 V, (b) maximum permissible RMS value of the current obtainable,
(c) amplitude of the fifth harmonic current when « = 45°, and (d) input power
factor with o = 45°.
Solution
(a) The ac controller is considered to be a combination of three single-phase
choppers. The line-to-neutral voltage of the R-phase is

VR(RMS) = @ = 11547V

V3

Power factor of controller = = 0.66 (lagging)

« is found from the equation

115.47/2 in2
103.6:—\/—\/1 _¢ e
V2 T 2

o sin 2«
= 115.47\/1 - — +
b4 2
by trial and error as 60° or 7 /3 rad.
(b) The maximum RMS value of current obtainable is obtained as

Maximum R-phase voltage which occursate =0 11547 14.43 A
Resistance 8T
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(c) From Appendix A, the load voltage can be written in terms of its harmonic
components as

oo
va(t) = Z(an cosnwt + b, sinnwt)

n=1
The coefficient as is determined as

1 2w
as = — / Vi sin wt cos(Swt)d(wt)
s o

2 T
== / Vu sinwt cos(Swt)d(wt)
T Jo

2 g
== / 103.67/2 sin wt cos(5wi)d(wt)
s o

=15.54V
Also,

2 T

bs = = / 103.6v/2 sinwt sin(Swt)d(wt) = 7.77 V
4 o

Hence, the amplitude of the fifth harmonic current is

@+ )\

ISm R
_ (15.54% + 7.77%H)'/?
N 8
=217 A

The input power factor is given as
I
A = ucos¢, = TCosqﬁl

The fundamental harmonic component of the load voltage is obtained as

2 b4
a, = —/ Vasinwt coswt d(wt) = —23.33V
T Jr/4
2 (" )
b =— Vusin® wt d(wt) = 1332V
T Jr/4

¢y =tan"! A an! —23.33 = —9.93°
by 133.2

(@ +bhHV? 13523

I = = 11.95 A
1 V2R 82
cos ¢; =co0s(—9.93°) = 0.985
103.6 103.6
I=— = —— = 1295A

R 8
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Hence, the input power factor is

11.95
A = ——x0.985 = 0.909
12.95

Exercises

Multiple Choice Questions

1.

In a single-phase ac chopper supplying a purely inductive load, the firing angle

should be greaterthan i switching is to take place in both half-waves.
(a) 3w /4 (b) /4
(c) m/2 (d) 27/3

. In a single-phase ac chopper supplying an R 4 L load, control is possible for

, where ¢ is the power factor angle.

(@ a=¢ b)) a>¢

© a=m/24+¢ d a<o
. In athree-phase ac chopper of category B, all the three phases conduct for some
partoftherange  whereas only two phases conduct for the entire range

@ r/2<a<57/6,0<a <m/3
O r3<a<n/2, /2 <a <57/6
) ra/3<a<n/2,0<a<m/3

d O<a<n/3,7/3 <a<m/2

One criterion for arriving at the load waveforms in a three-phase ac chopper of
category B is that the R-phase resistive load receives the line-to-neutral voltage
of the R-phase .

(a) when the Y- and B-phase conduct
(b) when the B- and R-phase conduct
(c) when the R- and Y-phase conduct
(d) when the R-, Y-, and B-phase conduct

. In the case of a three-phase ac chopper of category B, with « in the range

, the average voltage remains at (V,, /7 )(1 + cos «), which is the same
as when the load is connected directly to the ac supply.

@) O<a<m/3 b) t/3<a<mnl2
(©) /2 <o <57/6 (d) all the above

. In the sequence control circuit of Fig. 4.12, with a peak secondary voltage V,,

of 200 +/2 V and with only Th; and Th; as the conducting thyristors, the range
of load voltage obtainable is .

(@) 0 <wqg <300 (b) 0 < vy <100

(c) 0 < vy <400 (d) 0 <wvyg <600

. Ifaload voltage variation of 0 < Vi3 <300V (RMS) is required in the sequence

control circuit of Fig. 4.12 with a peak secondary voltage V,, of 150 +/2 V, then
the firing angles of thyristors Th; and Th, will be somewhere in the ranges
and respectively.

@) 0<a<mn/2,37n/2 <a<2m
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b) m <a<3n/2,0<a<2m

©0<a=<m,nm<oa=<22nr

d r2<a<nm37/2<a<47/3
If a load voltage variation of 200 < Vg < 400 V (RMS) is required in the
sequence control circuit of Fig. 4.12 with a peak secondary voltage V,, of
200+/2 V, then the firing angles of the thyristors Th; and Thy have to be kept

fixed at and respectively, and the firing angles of Th; and
Th, have to be varied in the range 0 < o < 7 and m < o < 27, respectively.

@ a,71/2+« (b) m, 27

©) n/3+a,2n/3+« d 0,
The three ranges of voltage variation obtained in the case of the sequence
control circuit of Fig. 4.12 with R + L loadare _ the ranges obtained
with a purely resistive load.

(a) exactly half of (b) same as

(c) exactly twice of (d) three-fourths of
The precaution to be taken for the sequence circuit of Fig. 4.12 with an inductive
load is that Th, should not be fired atan angle ~ when Thj is the only
conducting thyristor.

(@ a<o b)) r+ta<a+¢

© 2r—a <27 —¢ D r24+a<nm/24+¢

In a three-phase, delta-connected ac chopper (category D), the maximum RMS
load voltage will be obtained with « equal to

(a) /2 b

(c) m/4 (@ 0
In a three-phase, delta-connected ac chopper (category D), the current ratings
of the thyristors will be the line currents.

(a) more than /3 times (b) less than 1/ /3 times

(c) less than /3 times (d) more than 1/ /3 times

If a three-phase, delta-connected ac chopper (category D) has a balanced load
resistance of 90 €2, then in the equivalent star connection the load resistance
willbeequalto Q.

(@ 75 (b) 30

(c) 60 (d) 45

In a three-phase, delta-connected ac chopper (category D), if the phase currents
have a magnitude of 20 A (RMS), then the line current peaks will have an
approximate magnitudeof __ A.

(a 7 (b) 18

(c) 49 (d) 63

In the case of a three-phase induction motor supplied by a three-phase ac
controller, if the motor speed is 1500 rpm and the slip is 0.04, then the slip
of the motor for the fifth harmonic will be approximately

(a) 0.35 (b) 0.81

(c) 0.72 (d) 0.63
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. For a three-phase induction motor supplied by a three-phase ac controller, the

harmonic current is a negative-sequence one, whereas the
harmonic current is a positive-sequence one.

(a) fundamental, seventh (b) fundamental, fifth
(c) seventh, fifth (d) fifth, seventh

Figure 4.21(a) shows the equivalent circuit for the fundamental components
of voltages in the case of a three-phase induction motor supplied with non-
sinusoidal waveforms and Fig. 4.21(b) shows the approximate equivalent circuit
with the seventh harmonic voltage applied to the stator and rotor windings.
With the motor parameters given in the first figure, the value of the equivalent

inductance X4 in the second figure willbe Q.
(a) 35 (b) 21
(c) 14 (d) 28
0.5Q . 0Q
,W_% / 63606 E \ Xeq
T T

v, 400 Q é/ "

(@) (b)
Fig. 4.21

. For a three-phase induction motor supplied by a three-phase ac controller, if

the fundamental stator winding current /; has an RMS value of 10 A and the
harmonic part of the stator current, I, has an RMS value of 7 A, then the total

RMS current through the stator winding will be approximately — A.
(a) 11.7 (b) 12.9
(c) 122 ) 11.4

True or False

Indicate whether the following statements are true or false. Briefly justify your choice.

1. Inasingle-phase ac chopper supplying a purely inductive load, the firing angle

« should be greater than 37/4 if switching is to take place in both half-waves.

. In a single-phase ac chopper supplying an R + L load, the control of the load
voltage is not possible for ¢ < ¢, where ¢ is the power factor angle.
. Inasingle-phase ac chopper supplying an R 4 L load, if « = ¢, where ¢ is the

power factor angle, then the chopper works in the discontinuous conduction
mode.

4. Time-ratio control is superior to on—off control.
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Periodically switching the supply several times in a half-cycle gives better
performance than switching it once in a half-cycle.

In a three-phase ac chopper of category B, all the three phases conduct for
some part of the range 7 /3 < o < m/2, whereas only one phase conducts for
the range 7 /2 < o < 57/6.

The criteria for arriving at the load waveforms in a three-phase ac chopper of
type C are the same as those in a three-phase ac chopper of type B.

. In the case of two single-phase choppers being sequentially controlled, the

following precautions, namely, the firing signal should not be given to Th; for
a < ¢ and Th; should not be fired for 7 + o < 7 + ¢, are necessary.

In the case of a single-phase ac chopper supplying an R + L load, the gate
pulses can be just triggering pulses. These pulses will ensure reliable operation
of the circuit.

Considering the sequence control of single-phase ac choppers for transformer
tap changing, it is more advantageous to divide the secondary into a large
number of sections and using a single-phase ac chopper for each section, than
dividing the secondary into only two sections and accordingly providing two
single-phase ac choppers.

In the case of a three-phase ac chopper of category B with « in the range
0 < a < 7/3, the average voltage remains at (V,,,/m)(1 4 cos «), which is the
same as when the load is connected directly to the ac supply.

The criterion used for arriving at the load voltage in a category-B type chopper
is that the R-phase load voltage gets the Y line-to-neutral voltage when all
phases conduct.

In a single-phase ac chopper supplying a purely resistive load, the extinction
angle o, of the positive-half-wave-conducting thyristor remains at 2m/3
irrespective of the value of «.

For analysis purposes the three-phase, star-connected load with an isolated
neutral can be considered to be equivalent to a three-phase, star-connected
load with the neutral earthed.

In the case of the delta connection of three single-phase ac controllers: (i) the
line currents do not depend upon the firing angle « and (ii) these are always
discontinuous.

Short Answer Questions

1. Explain how time-ratio control is superior to the on—off control.

How is the method of multiple switching in each half-cycle disadvantageous
over the method of chopping used in an ac chopper?

Why are the higher order harmonics harmful for an induction motor load?

Why is the half-controlled, single-phase chopper inferior in performance to a
fully controlled one?

. What is the condition that makes the conduction discontinuous in the case of

an ac chopper supplying an R + L load?

Under what condition does the ac chopper work as a half-wave rectifier?



410

10.

11.

12.

13.

14.

15.

16.

Ac Line Voltage Control

. Give the different ranges of o which have to be considered in the case of a

three-phase ac chopper of category B.

Give the different ranges of « which have to be considered in the case of a
three-phase ac chopper of category C.

. Whatis the principle behind the tap changing of a transformer with single-phase

ac choppers?

What is the criterion for arriving at the load waveforms in the case of a three-
phase ac chopper of category B?

In the case of the single-phase transformer tap-changer using two ac controllers,
why is it necessary for both the thyristor pairs to be turned on to get maximum
RMS load voltage?

Work out the RMS and average values of the load voltage for the three ranges
of o in the case of a three-phase chopper of category D.

Work out the RMS and average values of the load voltage for the three ranges
of « in the case of a three-phase chopper of category C.

Derive an expression for the input power factor in the case of a single-phase
chopper supplying an R + L load.

Derive an expression for the input power factor in the case of a three-phase
category C chopper supplying an R 4 L load.

Why must the firing pulses for a single-phase ac chopper supplying an R + L
load be rectangular with duration 0 to r and 7 to 27 in the positive and negative
half-cycles, respectively?

Problems

1.

Using the circuit given in Fig. 4.22, multicycle type of on—off control is
implemented. The thyristors are switched on with & = 0 for one-fifth of a
second and switched off for one-third of a second. Find (a) the ratio between
the power delivered to the load and the power delivered if the thyristors were to
be kept on continuously and (b) the ratio of load currents for the two conditions.

N[
L1
Thy
Th,
11
) 1
e = Epsinot
@ 50 Hz Load Viq

Fig. 4.22
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Ans. (a) 0.375, (b) 0.612

2. The circuit shown in Fig. 4.22 has a purely resistive load. The given data are
E; =250V, f =50 Hz, and R4 = 4.5 Q. Determine the (a) value of « that
gives an RMS output voltage of 125 V, (b) maximum RMS value of the current
obtainable over the permissible range of «, (c) maximum average value of the
thyristor current obtainable over the permissible range of o, (d) amplitude of the
seventh harmonic current when o = 7/6, (e) input power factor with o = 7/6,
(f) angle for which the forward blocking voltage occurs for the thyristors, and
(g) angle for which the reverse blocking voltage occurs for the thyristors.

Ans. (a) 114°,(b) 39.3 A, (c) 25 A, (d) 6.44 A,
(e) 0.986, (f) 114°, (g) 180°

3. For the ac chopper circuit of Fig. 4.22, the data are supply voltage E; = 300
V, f =50 Hz, X =50 €, and Rjy = 0.05 Q2. Determine the (a) range of «
for the load current in the chopper mode, (b) maximum value of the average
thyristor current over the permissible range of «, (¢) maximum value of the
RMS thyristor current over the permissible range of «, (d) range of « for which
the maximum forward voltage is applied to the thyristors, and (e) range of «
for which the maximum reverse voltage is applied to the thyristors.

Ans. (a) 94°< «a <180°, (b) 5.4 A, (c) 4.24 A, (d) 90°< o <180°,
() 90°< o <180°

4. The data for the chopper circuit of Fig. 4.22 are given as X;q =4 2, Ry =
4 Q, supply voltage E; =200 V, and f = 50 Hz. Determine the (a) range of «
for the load current in the chopper mode, (b) maximum value of the average
thyristor current over the permissible value of «, (c) maximum value of the
RMS thyristor current over the permissible value of «, (d) range of « for which
the greatest forward voltage is applied to the circuit, and (e) the range of « for
which the greatest reverse voltage is applied to circuit.

Ans. (a) 45°< a <180°, (b) 31.83 A, (c) 45.92 A, (d) 90°< o <180°,

(e) 90°< o <180°

5. For the circuits of Problems 3 and 4, determine the maximum value of di /dt.
Ans. 2664 A/s, 1570 A/s

6. For the three-phase ac chopper of Fig. 4.7, the line-to-line supply voltage is
220 V and the load resistance is 5 Q2. Neglecting the inductance, compute the
(a) value of « to give a line-to-neutral voltage of 115 V at the load, (b) half-
cycle average of the thyristor current, and (c) RMS magnitude of the thyristor
current.

Ans. (a) 50°, (b) 18.79 A, (c) 16.3 A

7. A 10-kW, three-phase, 250-V induction motor, which has a full load power
factor of 0.866 and efficiency of 0.9, is fed by a three-phase ac controller of
category B [Fig. 4.7(a)], which in turn is supplied by a source with a line-to-line
voltage of 540 V. Compute the (a) firing angle «, (b) half-cycle average of the
thyristor current, (¢) RMS thyristor current, and (d) maximum thyristor forward
and reverse voltage ratings.

Ans. (a) 65°, (b) 9.46 A, (c) 21.0 A, (d) 440.9 V, both forward and reverse

8. A three-phase ac controller of category B (Fig. 4.7) supplies a star-connected
resistive load. The RMS magnitude of the input line-to-line voltage is 220 V
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10.

11.

12.

13.

14.
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at 50 Hz. « is given as m /6. Determine the (a) RMS magnitude of the load
voltage, (b) half-cycle average magnitude of the load voltage, and (c) power
factor of the controller.

Ans. (a) 124V, (b) 106.7 V, (c) 0.98

A three-phase, half-controlled ac controller of category C supplies a resistive
load of Ry = 15 €2 connected in each phase with a star configuration as shown
in Fig. 4.9(a). The input line voltage is 230 V (RMS) at 50 Hz. « is given as
7/6. Determine the (a) RMS magnitudes of the load voltage and load current,
(b) half-cycle average magnitude of the load voltage, and (c) power factor of
the controller.

Ans. (a) 9193V, 6.13 A; (b) 133.4V, 8.9 A; (c) 0.69

A three-phase, delta-connected ac controller of category D [Fig. 4.10(a)] has a
resistive load of value 12 2. The RMS magnitude of the supply voltage Vi is
215V at 50 Hz and the firing angle « of the thyristors is 120°. Determine the
(a) RMS and half-cycle average values of the load voltage, (b) expression for
instantaneous currents ig, i gy, and i g, (¢) RMS and half-cycle average values
of the load current through the RY branch, (d) RMS and half-cycle average
magnitude of the line current ig, (e) input power factor of the controller, (f)
RMS current i g through a thyristor.
Ans. (a) 95.05V, 48.39 V; (b) 107.5 cos(wt — 2m/3), 25.34 sin wt, 25.34
sin(wt — 4m/3); (c) 7.92 A, 4.03 A; (d) 11.20 A, 8.07 A; (e) 0.54; (f) 5.6 A

The circuit of Fig. 4.12 is operated as a single-phase transformer tap-changer.
The primary voltage is 220 V (RMS) at 50 Hz. The secondary winding is tapped
at the centre and each half is connected to an ac controller. If the load resistance
Ry is 12 €2 and the RMS load voltage is 195 V, determine the (a) firing angle
of the thyristors Th; and Th,, (b) RMS and half-cycle average magnitudes of
the currents through thyristors Th; and Th,, (c¢) RMS and half-cycle average
magnitudes of the currents through the thyristors Thy and Thy, and (d) input
power factor.

Ans. (a) 70°; (b) 10.95 A, 11.08 A; (c) 5.35 A, 12.96 A; (d) 0.88

The circuit of Fig. 4.12 is operated as a single-phase transformer tap-changer.
The primary voltage is 240 V at 50 Hz. The secondary winding is tapped
unequally in the ratio 1:2 so that the lower part of the winding has half the
number of turns in the upper part. If the load resistance is 10 €2 and the firing
angle of the thyristor Th is /4 and that of Th; is 57 /4, determine the (a) RMS
and half-cycle average magnitudes of the currents through the thyristors Th;
and Thy, (b) RMS and half-cycle average magnitudes of the currents through
the thyristors Ths and Thy, and (c) power factor of the tap-changer.

Ans. (a) 11.44 A, 18.44 A; (b) 5.14 A, 1.06 A; (c) 0.756

A three-phase, half-controlled ac controller of category C supplies a resistive
load of 13 €2 connected in each phase of the delta connection. The input line-
to-line voltage is 260 V (RMS). If the load voltage is 81.19 V, determine the
(a) value of o and the range in which it occurs, (b) half-cycle average of the
load voltage and current, and (c) power factor of the controller.

Ans. (a) 130° approx., 27 /3 <« < 77/6; (b) 48.4 V, 11.12 A; (c) 0.54

A three-phase, half-controlled ac controller of category C supplies a resistive
load of 18 Q2 connected in each phase of the delta-connected load. If the RMS
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magnitude of the input line-to-line voltage is 270 V at 50 Hz and the load
current is 19.12 A, compute the (a) firing angle, (b) RMS magnitude of the
load voltage, (c) half-cycle average magnitudes of the load voltage and current,
and (d) power factor of the controller.

Ans. (a) 100°, (b) 114.73 V, (c) 83.67 V, 13.95 A; (d) 0.736

A three-phase ac controller of category B supplies a delta-connected resistive
load of 24 Q. If the RMS magnitude of the input line-to-line voltage is 210 V
at 50 Hz and the load voltage is 58.3 V, determine the (a) firing angle and the
range in which it occurs, (b) half-cycle average values of the load voltage and
current, and (c) power factor of the controller.

Ans. (a)95°, m/2 < a < 57/6; (b) 40.4 V, 5.0 A; (c) 0.48

A three-phase ac controller of category A is supplied by a source of line voltage
300V, the load being resistive with Ryjg =9 2. If the firing angle is 85°, compute
the (a) RMS values of the load voltage and current, (b) amplitude of the seventh
harmonic current, and (c) input power factor of the controller.

Ans. (a) 129.1 'V, 14.34 A; (b) 12.82 A; (c) 0.746

A three-phase ac controller of category A supplies a three-phase load consisting
of a 11 Qresistance in each phase. The input ac supply has an RMS magnitude
of 250 V (line-to-line). If the RMS magnitude of the load voltage is 224.2 V
(line-to-line), determine the (a) firing angle of the thyristors and the range in
which it occurs, (b) half-cycle average values of the load voltage and current,
and (c) input power factor.

Ans. (a) a = 60°; (b) 97.46 'V, 8.86 A; (c) 0.9
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CHAPTER 5

Inverters

5.1 Introduction

Inverters are used for conversion of dc power into ac power of variable voltage
and frequency. The phase-controlled rectifiers dealt with in Chapter 2 can be
operated in the inverting mode with a firing angle greater than 90° so as to return
power from the output (dc) side to the ac supply network; the type of commutation
provided for the thyristors therein is ac line commutation. This operation, known
as the inverting mode of a converter, is useful for limited applications such as
cranes and hoists (which operate in all the four quadrants), as well as in load
commutated inverters. It is evident that the above-mentioned mode is one of the
modes of operation for a converter. As against this, the inverters discussed in this
chapter are based on a different principle: they have a dc source and therefore
need forced commutation circuits for the thyristors. The loads catered by them
include, among others, various types of ac motors such as induction motors,
synchronous motors, etc. In order to control the speed and also provide constant
torque operation for these motors, it is necessary that the inverters incorporate
voltage- as well as frequency control features. The output frequency of such static
inverters is determined by the switching rate of the semiconductor devices, and
hence they can be independently controlled. Constant torque operation can be
implemented in an ac machine by maintaining a constant V/f ratio, and thus
voltage control is an essential part of such a mode of operation. Voltage control
also facilitates the regulation of ac machines operating under widely ranging load
conditions.

The ac output voltage of a power electronic inverter is usually non-sinusoidal
and hence has a high harmonic content. These harmonics can be eliminated
by means of appropriate filters, but the cost of the inverter increases with the
sophistication demanded in the output. When the output frequency of the inverter
varies over a wide range, the design of the filter becomes a formidable task. A
decision regarding the incorporation of a filter should therefore be supported by
economical justification. The technique of pulse width modulation (PWM) is
beneficial for reducing harmonics and obtaining an output which is very nearly
equal to the fundamental component of the desired output.
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Dc choppers and inverters come under the broad title of dc line commutation
because both have dc sources and need forced-commutation circuits. It is
advantageous to use devices such as gate turn-off thyristors (GTOs), power
transistors, and IGBTs for inversion purposes in view of the high switching
speeds obtainable with them and also because no special commutation circuits
are necessary as in the case of thyristors. For low-power applications that demand
very high switching speeds, however, the metal oxide semiconductor field effect
transistor (MOSFET) continues to be the preferred device.

Apart from ac machines, other important applications of inverters are induction
heating, uninterrupted power supplies (UPSs), and high-voltage dc transmission.
Though dc drives are still being used in the industry, ac drives have an edge over
them because of the absence of the costly and cumbersome commutator that is
essential for the former.

After going through this chapter the reader should

e understand the principle of single-phase and three-phase inverters and gain
acquaintance with their configurations,

e know the operation as well as design of commutating elements for the
simplest inverter, namely, the single-phase, parallel capacitor inverter,

e gain acquaintance with the construction of voltage waveforms for a
three-phase, six-step voltage source inverter (VSI) as well as the design of
commutating elements for its McMurray and McMurray—Bedford versions.

e become familiar with the principle and sequence of operation of the 120°-
mode VSI and the input circuit commutated VSI,

e know the different methods for control of the VSI output,
e become familiar with PWM inverters and their features,

e understand the principles of operation of single-phase and three-phase
current source inverters and their merits, and

e gain acquaintance with the principle underlying the load commutated
inverter and the control of its output quantities.

5.2 Classification of Inverters

Inverters can be classified as (a) voltage source inverters (VSIs), (b) current source
inverters (CSIs), and (c) load commutated inverters (LCIs). Pulse width modulated
inverters form a subclassification under VSIs. Section 5.3 deals with the single-
phase, parallel capacitor inverter, which is the simplest among single-phase VSIs.
Section 5.4 together with Sections 5.5, 5.6, and 5.7 deal, respectively, with VSIs,
CSIs, and LClIs.

As their name implies, VSIs have either a battery or more commonly a
controlled or uncontrolled rectifier as their source. When a diode rectifier is used,
a dc chopper is interposed between this rectifier and the VSI for obtaining the
voltage control feature. On the other hand, a large inductor is interposed in the dc
link between the rectifier and the CSI, the latter also including a control loop for
regulating the current. The load current of a VSI depends upon the load impedance
whereas the load voltage is independent of the load. In contrast with this, the load
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voltage in a CSI is governed by the load impedance but the load current is not
influenced by the load. In an LCI the load current leads the voltage; thus, when
the current crosses zero, the load voltage has a finite magnitude. This voltage
is applied in a reverse manner across the thyristor and turns it off provided the
duration from the current zero to the voltage zero is larger than the turn-off time
of the thyristor.

Inverter configurations Figure 5.1 gives three commonly encountered
schemes of inverters. The configurations (Dewan & Straughen 1975) depend upon
the unit in which voltage control is incorporated. In Fig. 5.1(a) the uncontrolled
rectifier gives a constant voltage output. The LC filter in the dc link smooths
the dc voltage; the voltage control function is also incorporated in the inverter. In
Fig. 5.1(b) the controlled rectifier provides a variable dc link voltage. In Fig. 5.1(c)
the dc chopper gives an output with a wide range of variation for conversion by
the inverter. The inverter is sometimes termed as an adjustable frequency ac
voltage source because its output frequency depends on the switching rate of the
semiconductor devices.

dc link
™ N - | Diode W Inverter
ree-p ?se ——— bridge C with voltage
ac supply | rectifier T control
(@)
dc link
~ | Controlled L

Three-phase

bridge C Inverter
ac supply

rectifier T

Three-phase
ac supply

Diode L

—— bridge dc chopper C Inverter

rectifier T

Fig. 5.1 Different configurations of three-phase inverters. Voltage control feature
inthe (a) inverter proper, (b) controlled bridge rectifier, and (c) dc chopper

5.3 Single-phase, Parallel Capacitor Inverter

Figure 5.2(a) shows a single-phase, parallel capacitor inverter, which is the
simplest among single-phase VSIs. The thyristors Th; and Th; are alternately
turned on; the turning on of Th; turns off Thy, and similarly the firing of Th,
helps in the commutation of Th;. When Th; is turned on, current flows from N
to A in the primary, and correspondingly, the secondary circuit current flows in a
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clockwise direction. Similarly when the primary current flows from N to B upon
firing of Thy, the direction of the secondary current becomes anticlockwise. The
net effect is that the load connected in the secondary circuit gets an alternating
current. The firing circuitry has been excluded from the figure for the sake of
simplicity.

Secondary (Ns)

T T
\00090000000000090900%)
NPZNS= 1:2

A(COOCE008000006056060000 \8
\—/W_\/ N
Primary (Np)

I
1T
c +

OvA . N/Th

L/2
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Thy QZ QZ\Tm
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t+
E— Re
Il
Ce
Th4 EZ\Thz
L2
211

Fig. 5.2 Single-phase, parallel capacitor inverter: (a) circuit diagram, (b) equivalent
circuit

Assuming Th; to be fired initially, current will flow in the primary and
secondary windings as explained above. The capacitor C gets charged to a voltage
of magnitude 2E due to autotransformer action. If Th; is fired at this stage,
the capacitor voltage is applied in a reverse manner across Th; and it turns off.
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Similar operations take place when Th, is initially conducting and Th; is fired
subsequently. The elements L and C have to be properly designed to ensure
successful turn-off of the thyristors. For simplicity of analysis and design, the
load is taken to be purely resistive; Fig. 5.2(b), which is a simpler equivalent of
Fig. 5.2(a) after referring all quantities to the primary, is taken up for discussion.
The equivalent load resistance R)y referred to the primary becomes

1\>  Ru
R, = Ra[=) ==X 5.1
1d (2) 2 (5.1

The equivalent capacitance C, referred to the primary becomes equal to 4C as
per the following equalities:

1
7/ = —
wC
and
1\? 1 [/1\? 1 1
Z, = 7Z |- = — | = = —— = (5.2)
2 wC \2 4wC wC,

R, and capacitance C, now form a parallel RC combination in the equivalent
circuit. The inductance L of Fig. 5.2(a) remains unaltered because of its
connection in the primary circuit. The analysis aims at deriving expressions for
the L and C elements which can be used in their design. The expression for C
can then be written as

C—Ce (5.3)
=3 )

The operation of the single-phase, parallel capacitor inverter circuit of Fig. 5.2(b)
is based on the assumption that the steady-state voltage across each of the
inductors L/2 as well as the steady-state current through the capacitance C, are
zero. The sequence of operations is described here. The operation of the circuit
given in Fig. 5.2(b) can be divided into three intervals: A, B, and A’, as shown in
Fig. 5.3.

Interval A As shown in Fig. 5.4(a), the thyristor pair Th;, Th; is assumed to be
the conducting pair. Upon attaining steady state (SS), a current of Iss (= E/R,)
amperes flows through the load resistance. Simultaneously, C, is charged to the
voltage V,.ss (= E) volts with the X-plate having positive polarity. The firing of
the thyristor pair Ths, Thy marks the end of this interval.

Interval B The second thyristor pair is fired at the start of this interval; this
moment is taken as the initial time (¢ = 0). The capacitor voltage is then applied
in a reverse manner across Th; and Th; causing the devices to turn off. Also, the
current through the inductors gets diverted through the thyristors Th; and Thy as
illustrated in Fig. 5.4(b). As the capacitor current now flows from left to right,
it starts getting charged in the reverse direction, with the Y -plate having positive
polarity. Its voltage changes from the initial value +E to the final steady-state
value —E, the time for reversal depending on the circuit elements L, C,, and
R.. Since Th; and Th, remain in parallel with C, throughout this interval, they
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Fig. 5.3 Waveforms of a single-phase, parallel capacitor inverter
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Fig. 5.4 Circuit conditions for the inverter of Fig. 5.2(b): (a) Thy, Th; on, (b) Ths,
Ths on
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initially get reverse biased, but in the new steady state they get forward biased to
the voltage E. The capacitor current, which is transient in nature, initially attains a
negative maximum and then slowly decays down to zero in an oscillatory manner
due to the presence of the inductor L. The peak value of this current depends on the
circuit elements. For successful commutation of Thy, the circuit time ¢, for which
negative voltage is impressed across it should be greater than its turn-off time; this
is true for Th; also. The application of triggering signals ig1, ig,, respectively, to
the thyristor pair Th;, Th, marks the end of this interval.

Interval A’ Attime T /2, Thy and Th; are fired. The capacitor voltage v, is now
applied in a reverse manner across the conducting thyristors Ths, Ths and they
turn off. The capacitor now charges towards E volts and v, and vy, drop down
to the conducting value. The current transient across the capacitor C, attains a
peak value in the positive direction and gradually decays to zero.

The waveform of the current in the load resistance R, will be an alternating
one with its steady-state magnitude equal to E/R amperes. It is assumed to be
positive when the thyristor pair Thy, Th, conducts and attains a negative direction
when the other pair conducts. The presence of the inductance in the circuit causes
a slight overshoot in the load current waveform.

5.3.1 Analysis

An oscillation is initiated at r = 0 which marks the beginning of interval B in the
resonant circuit consisting of the parallel elements R,, C. and the two series
inductors L/2. An important assumption made here is that the commutation
process stabilizes within less than one-half of the operating period 7' of the
inverter. This implies that the voltage of the capacitor C,, which has a value
of +F volts at ¢t = 0, gets reversed and attains a steady-state value of —E volts
slightly before 7 /2 seconds.

The capacitance C, and the load resistance R, being connected in parallel, the
load voltage follows the capacitor voltage v.. The load being a pure resistance,
the load current will be a scaled-down replica of the load voltage. In the steady
state the current through the inductor also settles down to the value E/ R, amperes
att = T/2; at the same time the voltage at and current through C, attain steady
values of E and zero, respectively. Accordingly, with the assumption that the
circuit is in steady state, when Ths and Thy are turned on at ¢ = 0, the capacitor
voltage v, and the load current are

v.(0)=+4+E
and 5.4)
. E
i(0)= R_e

With the left plate of the capacitor being considered to have positive polarity, the
current now starts flowing through it in the reverse direction, and it starts getting
charged to a negative voltage. The capacitor voltage can now be expressed as

di

—v. = E — L— 5.5
v dt (5-3)
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where the current i flows through the series circuit consisting of the positive
terminal of the battery, inductor L, Ths, the parallel combination of R, and C,,
Thy, and back to the negative terminal of the battery. This current is equal to the
sum of the currents flowing through the elements R, and C,. Thus,
—V, dv,

| = - Co— 5.6

i R, e (5.6)
Substituting for —v, from Eqn (5.5) in Eqn (5.6) and rearranging the terms gives
the differential equation

LC i PR AN (5.7)
“\ dr? R, \ dt l_Re ’

with the initial conditions given in Eqn (5.4). Now using Eqns (5.4) and (5.5), the
initial condition on v, is obtained as

(E - L%) . = —v(0) = —E (5.8)
This gives the initial condition on di /dt as
ﬁ = 2—E (5.9)
dt t=0 L

With the initial conditions in Eqns (5.4) and (5.9), the solution of the above
differential equation becomes

E 4(R%C,/L
ity = — [1 + (ReCe/L) e 1/2RCe sina)ti| (5.10)

R, JARIC, /L) —1

Also, using Eqn (5.5), v.(¢) is obtained as
2E

v(t) = me—’/m@ cos(wt +¢) — E (5.11)

where tan¢p = 1/20R,C,and w = /1/LC, — 1/4R2C2.

5.3.2 Design of Commutating Elements

It is required to determine the values of L and C in Fig. 5.2(a) given, the values
of the load resistance Ryq and the turn-off time #opp of the thyristors. The guiding
principle is that the commutating elements L and C, in the equivalent circuit must
facilitate the application of a reverse voltage across the thyristor Th; of Fig. 5.4(b)
so as to successfully commutate it. This implies that the circuit turn-off time .
should be greater than or equal to the turn-off time (fopg) of the thyristor. This
design procedure applies to the other three thyristors of Fig. 5.2(b) as well as to
the thyristor pair of the original inverter given in Fig. 5.2(a). For determining the
value of C,, vy,(t) [= —v.(¢)] is plotted as shown in Fig. 5.5 (Ramshaw 1975).
The value of capacitor C is now arrived at as follows. It is seen from this figure
that the initial part of the plot of vy, (#) approximates to a straight line, and hence
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\ Envelope = e 7R.C,

Vrh(f) = = ve (t)

+E

Fig. 5.5 Waveform of voltage across Th; in the single-phase, parallel capacitor
inverter

its initial slope can be written as

d[vrh, ()]
dt

With v.(¢) as given in Eqn (5.11), differentiating —v,(¢) gives the initial rate
of change of the thyristor voltage as

—E
= — (5.12)

t=0 I

dlom, ()] dl—v.()] |
a |_, a7
—2F 1
= o s [—2Rece e 1/2RCe cos(wt +¢p) + we™/HReCe sin(wt+¢>)i|
Simplifying the right-hand side gives
d t 2E
[vrn, (1)] _ (5.13)
dt |, R.C,
Equating Eqns (5.12) and (5.13) gives
E 2F
hn N R.C,
or
ReCe
H = 5 (5.14)

Using the criterion ¢, > topr and approximating z. as t;, the inequality to be

t=0
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satisfied is

R.C, -
5 = lorr
or
21,
c > =X (5.15)
R,
Using Eqn (5.3), C is obtained as
C.  2torr _ toFF

C =— = =
4 4R, 2R,
L can be designed as follows. For damped oscillation to occur, the roots of
Eqn (5.7) should be complex. This equation is rewritten as

d*i 1 di i E

aw T R,C, dt + LC, R,LC,

Its roots are

1 1 1
— + —
2R.C,  \[4R2C?  LC,

Iy, I =

For the roots to be complex, 1/LC, has to be greater than 1/ 4R§CZ. That is,

1 1
>
LC, = 4R2C?

Solving for L gives
L < 4RC,

This gives the upper bound for the value of the inductor. The lower bound is
determined as follows. The expression for current i (¢) in Eqn (5.10) is of the form

—t
i(t) = a + bexp <2R c )sina)t (5.16)

Differentiation of i(¢) gives

di —b —t i —t

— = exp sinwt + bw exp cos wt
dt 2R.C, 2R.C, 2R.C,

Defining cos¢p = bwandsin¢g = b/2R,C,, di/dt can be written in a compact
form as

di —t
o = exp (2Rece> cos(wt + @) 5.17)

Equation (5.17) shows that the maximum value of di /df occurs att = 0. This

can be expressed as
di _(di (5.18)
dt), ..  \dt ‘

t=0
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The combination of Eqns (5.9) and (5.18) yields

di 2F
— = — 5.19
(dr>max L o9

The right-hand side of Eqn (5.19) should be less than (di /dt)aeeq Of the thyristor.

Thus the inequality
2E <d i )
JR— S J—
L dt rated

has to be fulfilled, and hence
2E

L > ——
(dl /dt)rated

Thus, Eqn (5.20) gives the lower bound for L. The design procedure is to first
select a value of L in the range

2E < L < 4R.C (5.21)
(di/dt)rated N N e .

The values of w and ¢ are then computed, respectively, from the expressions
V1/LC, — 1/4R2C? and tan ¢ = 1/2wR,C,. Figure 5.5 shows the successful
turn-off of the thyristor. The inequality

—vc(forr) > 0 (5.22)

(5.20)

has to be satisfied because, in Fig. 5.5, negative voltage is applied across Th; till
time ¢;, which should be greater than fopg of Th;. Using Eqn (5.11), this implies
that the inequality

2E —1toFF
X
cos ¢ 2R.C,

has to be satisfied. The quantities E, R,, and fopp in this last equation are known.
Also, w, cos ¢, and cos(wtorr + @) can be calculated from the trial value of
L. If the substitution of these quantities in Eqn (5.23) does not satisfy it, a
slightly different value of L is taken, all the above quantities recalculated, and the
inequality in Eqn (5.23) rechecked. This procedure may be repeated if necessary
to find the appropriate value of L.

Worked Example

For the parallel capacitor inverter of Fig. 5.2(a), the data are Rjg = 25 €2, turn
ratio = Ng/Np =2, E = 100 V, topg of thyristor = 30 ps, and (di/dt);ateq =
3 A/us. Determine the values of L and C.

Solution

)Cos(a)topp—}—gb) + E >0 (5.23)

R 25
— % == = 625
(Ns/Np) 4

- 2torF _ 2x30x10°°
- R, 6.25
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L < 4R’C, = 1500 x 107°H = 1.5mH

Also,

(di/dt)rated 3 X 10

Thus,

0.067mH < L < 1.5mH

Choosing L as 0.32 mH, w becomes

10° 1012
w = — ~ 16,000 rad/s
0.32 x 9.6 4 x 6.252 x 9.62

and

= 0.5208

t: —
ang = S R.C.

This gives ¢ = 0.4802, cos¢ = 0.8869, and wr. = 0.48.

cos(wt. + ¢) = co0s(0.48 +0.4802) = co0s(0.9602) = 0.5733

2E toFF
|:— (cosd)> exp <2Rece> cos(wt, + ¢) + E]

is now evaluated as
2 x 100
0.8869

As the right-hand side value of — 0.11 V is near zero, it can be concluded that
the chosen value of L is an appropriate one. Also,

The expression

x 0.7788 x 0.5733 + 100 = —0.11V

C.
C = —% = 24yF
1 u

5.4 Voltage Source Inverters

The source for this type of inverter is usually a battery; it can be a controlled or
an uncontrolled rectifier. The single-phase, parallel capacitor inverter discussed
earlier can be categorized as a single-phase VSI because the output is single-phase
ac voltage. Figure 5.6 shows the half-bridge and full-bridge types of single-phase
VSIs in which the inductor and capacitor are dispensed with and each thyristor
is shunted by a diode. The half-bridge inverter has only two thyristors which are
controlled so as to connect point A of the load to the positive bus (through Th;)
for one half-cycle and to the negative bus (through Th,) for the other.

Such an operation provides a square wave of amplitude E /2 for the load voltage
as shown in Fig. 5.7(a). On the other hand, in the full-bridge inverter, Th;, Th,
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Fig. 5.6 Voltage source inverters: (a) half-bridge circuit, (b) full-bridge circuit

conduct the positive half-cycle of the output voltage waveform and Ths, Thy
conduct the other half-cycle. The circuit operation can be understood as follows.
The load terminal R is considered to be connected to the positive terminal of
the upper battery in the first positive half-cycle, making the voltage vz equal
to +E/2. Also, the load terminal S is assumed to be connected to the negative
terminal of the lower battery, making vgo equal to — E /2. This situation reverses
in the negative half-cycle. As shown in Fig. 5.7(b), the load voltage vgs becomes
Vrs = Vro — Vso = +E during the positive half-cycle and — E during the other
half-cycle. Thus the load voltage is a square wave of amplitude E. It is evident
that the output voltage contains harmonics; the fundamental harmonic has the
same frequency as that of the square wave output.

The load current waveform for this single-phase, full-bridge VSI depends on
the type of the load. Whereas it is a scaled-down replica of the voltage waveform
for a resistive load, it lags the fundamental component of the load voltage for an
inductive load. The lagging angle in the latter case depends on the L/R ratio of
the load [Fig. 5.7(c)]. It rises exponentially like the current in a series R L circuit
which is initially connected to a battery for a small duration, and then falls when
this battery is shorted for another interval. For a small duration after the voltage
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Fig. 5.7 Waveforms of the (a) half-bridge inverter load voltage, (b) full-bridge
inverter load voltage, and (c) load current in one phase of the full-bridge
inverter
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waveform changes polarity, the instantaneous current and voltage have opposite
signs, making the power negative. This is because the inductive energy of the
load, which increases when the power is positive, is fed back to the dc source
through the feedback diodes during the negative power condition. Figure 5.7(c)
also shows that when Th; and Th; are turned on at 0°, the load current is negative
from O to A and the load voltage is positive. Hence, the power is negative and fed
back through the diodes D, and D; to the source. Similarly when Th; and Th; are
turned off and Th; and Thy are turned on at 7'/2, the load current is positive in the
interval B to C but the load voltage is negative. Thus the power is negative and is
fed back to the source through D3 and D,. The conducting diodes D and D, also
serve the purpose of applying a reverse bias, respectively, across Th; and Th; in
the interval O to A, thus preventing them from turning on even though their firing
signals are present. Similarly after half a cycle, the diode pair D3, D4 reverse
biases the thyristor pair Ths, Thy. In view of the fact that the zero crossings of the
current waveform may occur anywhere in the half-cycle depending on the L/R
ratio of the load impedance, the triggering signals of the thyristor pairs should be
rectangular pulses with sufficient duration.

5.4.1 Three-phase Bridge or Six-step Inverter

The circuit of a three-phase bridge inverter is given in Fig. 5.8(a), which is an
extension of the single-phase, full-bridge inverter shown in Fig. 5.6(b). The three-
phase bridge is constructed by adding an additional leg to the single-phase bridge
circuit. The output terminals A, B, and C of this bridge are connected to the
terminals of a three-phase ac motor with either delta- or star-connected windings.
As before, the diodes function as feedback devices and power is returned through
them to the dc source under reactive load conditions.
The advantages of a three-phase inverter with bridge topology are as follows.

(a) The frequency of the output voltage waveform depends on the switching
rate of the semiconductor devices and hence can be varied over a wide range.
The upper limit of the frequencies is fixed by the device capability.

(b) A reversal of the direction of rotation of the motor can be obtained by
changing the output phase sequence of the inverter.

(c) The ac output voltage can be controlled by varying the dc link voltage.

In the scheme of Fig. 5.1(b) the controlled rectifier provides a variable dc
link voltage, whereas in that of Fig. 5.1(c) the dc chopper performs the voltage
control function. More sophisticated features such as eliminating unwanted
harmonics, providing constant V / f to facilitate the constant torque operation of ac
motors, and minimizing harmonic losses are possible with pulse width modulated
VSI inverters. When thyristors are used as controlled rectification devices in
single-phase and three-phase inverters, forced commutation circuits are necessary.
In addition to this, the circuit should also incorporate protective features. All these
features increase the cost of the inverter circuit. Of late, in the high-, medium-,
and low-power ranges, respectively, GTOs, IGBTs, and MOSFETs are used
because of (a) the high switching rates obtainable with them and (b) the simplicity
of their base drives. GTOs are evolving as a good compromise because their
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power capabilities are comparable with conventional thyristors. Moreover, their
switching rates are higher than those of thyristors and even comparable with those
of transistors. As explained earlier, the firing signal or the gate drive, as the case
may be, has to be a sustained one as in the case a power transistor or should be a
rectangular pulse as in the case of a thyristor.

The operation of the three-phase bridge inverter is similar to that of a single-
phase inverter with the difference that the line-to-line voltages are applied across
any two terminals. Hence, across any two lines, the load consists of two parallel
branches of a delta-connected load winding or two series branches of a star-
connected load winding. Each semiconductor device conducts for a duration of
180°. A displacement of 120° is to be maintained between successive phases by
adjusting the switching sequence suitably. To achieve this, the thyristors have to
be turned on or off as per the sequence noted in Fig. 5.8(j), namely, Th;, Thy,
Th3, Th4, Th5, and Th6.

Voltage waveforms As before, a fictitious centre point O of the battery is
considered to exist and the pole voltages vz, Vyo, and vgp are, respectively,
drawn in Figs 5.8(b), (c), and (d). It is evident from these waveforms that at any
instant, three thyristors, one from each leg, have to be fired. The pole voltage is
E /2 or — E /2 according to whether the upper or lower thyristor is turned on. Each
of these thyristors is turned on for 180° or half the period of an alternating cycle;
this is true of the other two thyristors also. The line voltages are obtained as the
difference of the pole voltages. For instance, vgy = vgo — Vyo, and accordingly
the waveform for vgy [Fig. 5.8(e)] is obtained by subtracting the ordinates of
Fig. 5.8(c) from those of Fig. 5.8(b). The other two line voltages vyp and vgg
are also obtained in a similar manner. Because of the zero voltage intervals, these
line voltage waveforms are known as quasi-square waveforms. Each of these
waveforms is periodic, though non-sinusoidal, and hence can be expressed as a
Fourier series. The Fourier series for the voltage vgy can be obtained by shifting
it to the right by 30° to obtain quarter-wave symmetry as shown in Fig. 5.8(i).
vgy can now be expressed as

vry(t) = Xb,sinwt wheren = 1,5,7,11,... (5.24)

The coefficients b,, are obtained by referring to Fig. 5.8(i). The coefficient b, is
given as

2 (/6 2E 2/3E

by== / Esinot d(wr) = —[—coswt])})" = 2V3E (5.25)
T 7/6 T T
2 (56 2E [ —cosSwt 177/° 23E

bs = — E sinSot d(wt) = — | ———— = ——(5 26)
T 7/6 b3 5 /6

Similarly by, b;;, and b3 can be, respectively, obtained as —2«/§E/771,
2V/3E /117, and 24/3E /137, The expression for vgy now becomes

1 1 1
vry(t) = [sin wt — 3 sin Swt — 7 sin 7wt + 1 sin 11wt

1
g sin 13er — - } (5.27)
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The RMS value of vgy is arrived at from Fig. 5.8(e) as

2 (7P E22m 2
VRY(RMS) = E/ E?d(wt) = 7? = F § (5.28)
0

Equation (5.28) shows that the ac voltage bears a fixed ratio with respect to the
dc link voltage and that this ratio works out approximately to 0.82.

The three-phase motor can have either a delta- or a star-connected stator
winding. In the former case, the line voltages vgy, vy g, and vgg are also the phase
voltages. However, if a machine with a star-connected stator winding, as shown in
Fig. 5.8(k), is considered, it is necessary to work out the line-to-neutral voltages
VRN, UyN, and vpy. Assuming purely resistive stator phase windings, vgy can be
determined for the first 180° as follows. For the first interval 0°-60°, Th, Ths, and
Thg are on. Hence the equivalent circuit will be that given in Fig. 5.8(1) and vgy
will have a magnitude E /3. Again for the intervals 60°—120° and 120°-180°, vgy
has the magnitudes 2E /3 and E /3, respectively; these are shown in Figs 5.8(m)
and (n). The waveform of vgy for an entire cycle will be as shown in Fig. 5.8(h).
As each of these line-to-neutral waveforms has six steps per cycle, the three-phase
bridge inverter also called the six-step inverter. The Fourier analysis of vgy shows
that its fundamental amplitude is 2E /; also, its kth harmonic has an amplitude
which is 1/k times this value, where k = 6n &+ 1 withn =1, 2, ... . The actual
waveforms of the pole, line-to-line, and line-to-neutral voltages differ from the
ideal ones discussed above because of the internal drops across the elements of
the inverter and also the effects of commutation.

Current waveforms The load current waveforms for a three-phase VSI also
heavily depend upon the type of load. For a purely resistive load they are
scaled-down replicas of the corresponding line-to-line or line-to-neutral voltage,
respectively, in the case of a delta- or star-connected load. On the other hand, for an
inductive load with rectangular voltage waveforms, the currents rise exponentially
if the voltage has non-zero magnitude but fall exponentially when the voltage is
zero. For the delta-connected load shown in Fig. 5.8(a), the phase and line current
waveforms will be as shown in Fig. 5.9 (Murphy & Turnbull 1988).

For the single- and three-phase bridge VSIs discussed above, commutating
elements are not shown for the sake of clarity. As in the case of dc choppers,
inductors and capacitors are essential for the commutation of the thyristors used in
an inverter. If GTOs are the controlled rectification devices, a circuit that provides
a negative gate current pulse has also to be incorporated. However, the circuits
of the McMurray and McMurray—Bedford inverters discussed below include
commutating elements. Current- and voltage commutated circuits, respectively,
are employed in these inverters.

5.4.2 Single-phase McMurray Bridge Inverter

In a single-phase McMurray bridge inverter, auxiliary thyristors are used to switch
on a high-Q resonant circuit to help the commutation of the load thyristor. The
circuit diagram and waveforms of this inverter are given in Fig. 5.10. The dc
source may consist of a controlled rectifier, the output of which is smoothed by
the filter elements Ly and Cy. The inverter is assumed to feed an inductive load.
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Fig. 5.9 Waveforms of the phase and line currents for the inverter of Fig. 5.8(a)

The thyristor pairs Thy, Thy and Th;, Th; conduct, respectively, in the positive and
negative half-cycles. Considering the symmetry of the circuit about the load, only
the left-hand side elements are taken up for discussion, with the understanding that
the corresponding elements on the right-hand side undergo the same operating

conditions.

The following assumptions, which are nearly true for practical circuits,
facilitate the analysis of this inverter.

(a) The load inductance is assumed to be sufficiently large to give a constant
load current till the commutation process is complete. This is justified by
the fact that the commutation process is completed in 10-100 ps.
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Fig. 5.10 Single-phase McMurray bridge inverter: (a) circuit diagram, (b) waveforms
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(b) The elements L, L,, Cy, and C, are taken to be lossless. In order to obtain
a symmetrical output, the following equalities are assumed to hold good:

Ly=L, =1L
Ci=C =2¢C

(c) The ON state voltage drops of the thyristors and diodes are considered to
be negligible. This is justified by the fact that the drops are quite small
compared to the supply and load voltages.

(d) Itis assumed that the peak of the LC-oscillatory current (/) is greater than
that of the load current (/)g). This is essential for inverter operation.

(e) As shown in Fig. 5.10(b), the sequence of operations is divided into the six
intervals A—F.

Interval A At t = ty, Th; is turned on so as to connect terminal P of the load to
the positive dc bus. The capacitor C; is assumed to be already charged during the
previous commutation to a voltage E; > E. The load current ij4 slowly increases
and attains its full value of I,y at ;.

Interval B This interval starts at ¢;. The full load current I3 continues to flow
through the Thy, the load, and the corresponding right-hand thyristor. This interval
terminates when the auxiliary thyristor Thyq is turned on at #,. Figure 5.11(a)
shows the circuit conditions at the start of this interval.

Interval C The turning on of Thy at #, starts the commutation process. An LC-
oscillatory currentic, flows through the circuit consisting of Thyg, L, Cy,and Thy,
and has an angular frequency of wy = 1/4/L,C; rad/s. I, attains its maximum
(Icm) after 7w /wg seconds from t,. Att3 < 7 /wy, I¢, equals the load current /ig
and Th; turns off, marking the end of this interval.

Interval D The load being highly inductive, the load current i)y continues to
flow through Thyy, L, C;, the load, and the corresponding elements on the
right-hand side. However, the current in excess of Ijg flows through D;. The
forward drop Vp, of diode D, is applied in a reverse manner across Th; and
this ensures its commutation. When i¢, attains its peak value of .y, vc, passes
through zero because it has a phase difference of 90° (elec.) with respect to ic,.
This interval terminates at #4 when ic, goes just below the load current /4 and
D, stops conduction. The circuit time available for Th; to turn off is #4 — 3.
Figure 5.11(b) shows the circuit conditions at the beginning of this interval.

Interval E As ic, falls short of the load current from #4 onwards, this shortfall
is offset by D,. At t4, D, gets forward biased because v, attains the value —E.
Consequently, the LC circuit experiences a step voltage E through Thjo and
D;. The inductive energy stored in L; gets transferred to the capacitor C; and
overcharges it through this charging circuit consisting of Th;g, L, D;, and back
to Thyg. The capacitor gets charged to a negative maximum — £, thus becoming
ready for the commutation of Th, in the next half-cycle. The load current is
constant till t5 (< 7/2), where T is the time for one cycle of the output voltage
waveform. The circuit conditions at the beginning of this interval is given in
Fig. 5.11(c).



436 Inverters

Interval F' From t5 to tg, all the load current flows through the diode D,, thus
returning back the inductive energy of the load to the source. In this process the
load current flows against the supply voltage E. Consequently, it gradually
decreases, attains a zero value at #5, and then reverses. At t, = T /2 a trigger
pulse, already available at the gate of Th,, turns it on; Th, now carries the reverse
load current. The circuit conditions at the beginning of this interval is shown in
Fig. 5.11(d).

The commutation of the McMurray inverter comes under the category of
current commutation because the LC oscillatory current flows through the load
thyristors in a reverse manner, thus turning them off.

Commutating time of Th, The commutation of Th; starts when Thy is fired
at t;. Because of the fact that a reverse voltage is applied across Th; during the
interval t, to t3, the analysis of the circuit condition during the intervals #; to #,
and #, to #3 provides a method for determination of the circuit time 7. available
for the commutation of Th;. The KVL equation for the circuit consisting of Thj,
L, C, and Th; is given as

dic 1 (" |
L— + — idt' — E =0 (5.29)
dar’ C Jo
where t’ = t —1.
Lo
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Figs 5.11(a), (b)
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Fig.5.11 Circuit conditions of the McMurray bridge inverter at the beginning of
(2) interval B, (b) interval D, (c) interval E, and (d) interval F

One of the initial conditions is i.(0) = 0; the second can be obtained from the
fact that the initial voltage drop across the inductor L; must equal that across C1,
the latter being equal to E. Thus the second initial condition can expressed as

di.
L o lr=0 = E
The solution of Eqn (5.29) with these two initial conditions is

i, = I.sinwyt’ (5.30)
where I, = E+/Ci/L;| and wy = 1/+/L;C;. From Fig. 5.10(b),

1 I
ty — 1) = — sin”! (i) (5.31)

wo cm
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Also,

1 I
ho- = — [n — sin~! <Ii>} (5.32)
0 cm

The circuit time ¢. available for the turn-off of Th; is the same as the duration for
which D, carries the oscillatory current that is in excess of the load current /.
From Fig. 5.10(b), this time is

e =t —t3 = (ts — ) — (3 — 1)

t. can be obtained from Eqns (5.31) and (5.32) as

1 . 1 la
t, = — |m — 2 sin (5.33)
wo Icm

t. should be greater than fopp of the thyristor, which is the turn-off time of Th;.
If ¢, is taken equal to topr and Ijq is also given as data, the unknown quantities

in Eqn (5.33) are wg = 1/4/LC; and I, = E/C,/L,. Using this equation,
McMurray minimized the energy loss during commutation and obtained the

following two equations:
[C _ L5hdmax) (5.34)
L Emin .

le
VLC = 68 (5.35)

where ligmax) 1S the maximum load current and Ey,;, is the minimum supply
voltage. L and C can be obtained from Eqns (5.34) and (5.35) as

and

E i tc
L = 0.397-22< (5.36)
Ild(max)
and
I max tC
C = 0.893 Mm% (5.37)
min

5.4.3 Three-phase McMurray Bridge Inverter

The operation of the three-phase McMurray inverter can be understood from
Fig. 5.12 as follows. The sequence of steps given for the single-phase inverter
should be interpreted as the steps to be followed for the operation between any
two phases of the three-phase load. A phase difference of 120° (elec) should be
maintained between any two phases. The current waveforms depend both on the
type of the load as well as the commutating elements used in the circuit.

5.4.4 Single-phase McMurray-Bedford Inverter

Figure 5.13(a) shows the circuit of a single-phase McMurray—Bedford inverter
(Rajput 1993). It has half the number of thyristors in a single-phase McMurray
inverter, this reduction is made possible because of the principle of complementary
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Fig. 5.12 Three-phase McMurray bridge inverter

commutation. In this technique, one device out, of the pair of thyristors on a leg
causes the turn-off of the other. For example, Th; on the first leg initiates the
turn-off of Th, and vice versa. Similarly thyristors Ths and Thy constitute a
complementary pair. The centre-tapped inductors L, L, and L3, Ly, as also the
four capacitors C; to Cy4 help in the commutation of the thyristors. According to
the usual practice, diodes are employed to feed the load power back to the source.
The operation of the circuit depends on whether the load is purely resistive or
inductive. For each of these cases, in turn, the firing of the thyristors may be
sequenced such that the load is either connected to the source or isolated from it
during the post-commutation period. Thus, four alternative modes of operation
are possible. For the purpose of this discussion, all the four inductors (L; to L)
are assumed to be equal; that is, L} = L, = L3 = L4 = L. Similarly all capacitors
are assumed to have the same capacitance, or C; = C, =C3=Cy4 =C.

The four modes of operation are now taken up for discussion.

(i) Resistive load (first sequence): Load connected to the source in the post-
commutation interval 1t is assumed that initially Th; and Thy are conducting
the full positive load current /4. Because of the symmetry of the circuit, the
operating conditions of Thy, D4, and C4 will be, respectively, identical to those
of Thy, Dy, and C;. Similarly, the operating conditions of the devices Ths, D3,
and C3 will be, respectively, identical to those of Thy, D,, and C,. It is assumed
that the load current remains at its full value till the commutation is completed.
As shownin Fig. 5.13(b) the sequence of operations is divided into six intervals,
three each for the positive and negative half-cycles. The circuit conditions are
given in Figs 5.13(c).
Interval A Thyristor Th; is turned on at fy and conducts the load current
Iq. Capacitor C; is charged to E prior to #p with its upper plate having positive
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Fig. 5.13(c)

polarity. The voltage across the commutating inductors L; and L, will be very
small compared to the battery voltage E because their inductances are assumed
to be of the order of tens of microhenries. The voltage across the load terminals
is therefore nearly equal to E, making the voltage across C| nearly zero. Iq flows
through Th;, L, and the load as well as through the corresponding elements on
the right-hand side. The circuit condition at the end of this interval, that is, prior
to the firing of Thy, is given in circuit (i) of Fig. 5.13(c).

Interval B Commutation of Th; is initiated when the other thyristor Th; is
triggered at #,. Since the load is resistive, the flow of current through it stops
at t1; likewise, the load voltage also becomes zero at #;. As the voltage across the
capacitors C; and C, cannot be changed instantaneously and the lower terminal
(Q) of L, as well as the lower plate of C, are connected to the negative of battery,
a voltage E appears across L,. Due to autotransformer action, a voltage of +2FE
volts appears at the top terminal of L, which is electrically at the same potential
as the cathode of Th;. But the anode of Th; is connected to the positive terminal
of the battery; hence the device experiences a reverse bias of E volts and turns
off.
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The current /4 which was flowing through thyristor Th; and inductor L gets

transferred immediately to Th; and L; so as to preserve the ampere-turn balance in
the autotransformer L -L,. Accordingly, the inductive (1/2)Li* energy originally

in L; is maintained. This current is equally contributed by capacitors C; and C,

with ic, =ic, = I1q/2 amperes, provided C;

Fig. 5.13(e)



444 Inverters

|{‘w+

—Cz (ve, = E)

(i) Just before firing of Thy (t7) (ii) Just after firing of Thy (t7)

mé b oL

(iii) Just after D, starts conducting (iii) Do conducting fig < g (t3)

(ha + Im) (t3)
()

Fig. 5.13(f)

Now the loops to be considered are (i) battery, Cy, L, and Thy, and (ii) C3,
L,,and Thy. C; and C; act in parallel to set up an oscillation (along with L,) with
a frequency f =1/2m/L,(Cy + C3). If the equalities L; = L, = L/2 and C| =
C, = C hold good, f becomes equal to 1/27+/LC. The potentials at the points
A, P, and Q can be shown to be portions of a sine wave with this frequency.
Also, C| starts getting charged towards the battery voltage E. When the voltage
across C; falls to £/2, that at point A becomes equal to £ and the potential across
Th; becomes zero. Thus, just after this moment, Th; gets forward biased. The
circuit time available for turn-off (#.) will be less than one quarter-cycle, and the
turn-off time topr of Thy has to be less than 7. for successful commutation. As
stated above, att = f; + ¢, the anode of thyristor Th; will attain positive polarity
with respect to the cathode, and at 7, the current in L, attains a maximum value
of I, its initial value (at #;) being I,4. Also at the end of this interval (at t,) the
voltage across C, falls to zero and that across C; attains a value of E with its top
plate positive. The circuit condition at the beginning of this interval, that is, just
after Thy is fired, is given in circuit (ii) of Fig. 5.13(c).

Interval C At ty, ic, and ic, as well as v¢, become zero. v, attains a value E.
D, gets forward biased and connects the load point A to the battery’s negative
terminal. Due to symmetry, D3 (on the RHS) connects the load point B to the
battery’s positive terminal. Thus, vg and ijg suddenly become —FE and — /g,
respectively. D, now starts conducting a total current of I,, + Ijq. The trapped
energy in L, circulating through D,, L,, and Th, gets dissipated through their
resistances and becomes zero at 3. Thus, i p, becomes equal to /4 at 3. vig and ijq
remain at — E and — [i4 till D, continues to conduct, that s, till #3. The voltage drop
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Single-phase McMurray—Bedford impulse commutated bridge inverter:
(a) circuit diagram, (b) waveforms with resistive load, load connected to
the source after commutation. (c) Circuit conditions for resistive load as in
(b): (i) at the end of interval A, (ii) at the beginning of interval B, (iii) at the
beginning of interval C. (d) Waveforms for pure resistive load, load isolated
from the source after commutation. (e) Waveforms with inductive load,
load connected to the source after commutation. (f) Circuit condition for
inductive load as in (e): (i) at the end of interval A;, (ii) at the beginning
of interval B, (iii) at the beginning of interval C,, (iv) at the beginning
of interval D,. (g) Waveforms for inductive load, load isolated from the
source after commutation
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across D, prevents vc, from reversing. Thus, v, and v¢,, respectively, remain at
E and 0 till #,. The circuit condition at the beginning of this interval (z‘;r ), that is,
after D, starts conducting, is shown in circuit (iii) of Fig. 5.13(c).

Interval A’ At t; thyristor Th; is triggered again, thus initiating the immediate
flow of load current /)4 in the reverse direction, blocking diode D,. The reverse
load current continues to flow in the circuit consisting of the load, L;, Th;, and
through the corresponding elements on the right side till #;. The reverse voltage
across the load also continues to be at —E till #4.

Interval B’ Thy is triggered at #, to initiate the commutation of thyristor Thj.
The load voltage and current abruptly become zero but the voltage across the
capacitors C; and C, cannot be altered instantaneously. As the lower terminal
(Q) of L, is connected to the negative terminal of the battery, the cathode of Th,
is at — E volts with respect to P. Also due to autotransformer action, the anode of
Th, attains a voltage equal to —2 E with respect to P because the lower terminal
of L, is at a potential of —E with respect to P. So Th, gets reverse biased and
turns off. Consequently the load current — /4 which was flowing in L; and Th,
gets transferred to L; and Th;. This current is now equally contributed by the
capacitors C; and C,, each capacitor carrying a current equal to I;4/2. Similar to
the events in interval B, two oscillatory circuits come into action. The first one
is a forced oscillatory circuit consisting of the battery, Th;, L, and C, and the
second one is an unforced circuit consisting of Cy, L, and Th;. At #s the current
through L, and Th; attains a maximum value of 7,,,.

Interval C' At t5 the current in both the capacitors becomes zero because the
diode D; becomes forward biased and connects the load terminal A to the positive
terminal of the battery, and D, on the RHS connects point B to the negative
terminal of the battery; consequently the voltage across C, falls to zero. Current
now circulates in the loop consisting of Dy, Ly, and Thy, thus dissipating the
trapped energy in inductor L;. The cycle is repeated when Th; is turned on at #.

(ii) Resistive load (second sequence): Load isolated from source in the post-
commutation interval The waveforms for this case are given in Fig. 5.13(d).
Unlike case (i) no symmetry of operation, on the left and right sides, exists in this
mode. Hence the operation of both the left and right side elements is considered
in this discussion. In this case the operation is divided into six intervals over an
output cycle.

Interval A; Th; and Thy are turned on at #y. Since the load is resistive, the load
voltage and current immediately attain their full load values. The voltages across
C, and C; are zero, whereas those across C; and Cs are equal to E.

Interval By The commutation of Th; is initiated with the firing of Th, at #; and
the load voltage and current abruptly become zero. As in interval B of case (i),
Th; turns off because it experiences a reverse bias of E volts. The load current is
transferred from L to L, to maintain ampere-turn balance in the autotransformer.
Two oscillating current loops, the battery, Cy, L, and Th; on the one hand and
C3, L, and Th;, on the other, come into operation. The commutation of Th; will
be successful if the reverse voltage is applied across it for a duration 7. > fopp.
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At ty, v, becomes zero and ve, becomes equal to E. On the right-hand side, Thy
stops conduction at #; itself.

Interval C; Att, the diode D, becomes forward biased and the inductive energy
in L, is dissipated by the closed circuit consisting of D;, Ly, and Thy. At #; this
circulating current becomes zero and this marks the end of this interval. The load
gets isolated from the source during this interval unlike that in case (i) because
of dissymmetry of operation of the circuit.

Interval A| Ths is fired at #3. If Th, is turned off during the interval C; it is
fired again. The load voltage and current suddenly attain their negative maximum
values and remain so till #;. The load current flows in the reverse direction in the
circuit consisting of the positive of the battery, Ths, L3, the load, L,, Th;, and
the negative of the battery. At 74 both C3 and C;, become zero whereas C4 and C;
attain E volts each.

Interval By When Thy is fired at #4, Ths turns off and the load voltage and current
become zero. The current in Lj is transferred to L4 to maintain the ampere-turn
balance. The oscillatory current loops, battery, C3, L4, and Thy on the one hand
and Cy4, L4, and Thy on the other, come into operation. At s, vc, becomes zero
and v¢, equals E and this marks the end of this interval. On the left-hand side
Th, stops conduction at 4 and remains in that state.

Interval C| Diode D, becomes forward biased at 5. The remaining inductive
energy of L, is dissipated in the circuit consisting of Dy, L4, and Th,. The cycle
is repeated by turning on Th; and Thy at #5. The load gets isolated from the source
even during intervals B} and C|.

(iii) Inductive load (first sequence): Load connected to the source after
commutation The sequence of operations in the case of inductive load differs
from that of resistive load because the inductive energy in the load takes some
time either to get dissipated or to be fed back to the source. As before, it is assumed
that the load current remains at its full value till the commutation is completed.
The waveforms and circuit conditions for this mode are given, respectively, in
Figs 5.13(e) and (f). There is symmetry in this mode of operation as follows. When
thyristor Th; conducts the load current on the left-hand side, the corresponding
thyristor Thy on the right side conducts the same current. Similarly when the
left-hand side elements L, Cy, and D; undergo certain operating conditions, the
corresponding right-hand side elements L4, C4, and Dy also experience the same
conditions. The following sequence of operations is divided into ten intervals,
and as before the discussion is confined to the left side elements.

Interval A, This interval starts at 7. It is assumed that Th; is fired in the beginning
of the previous interval and that its current has attained the full load value of Ij4.
As in mode (i), L; is assumed to be small so that the load voltage equals the
battery voltage E. vc, and vc, are assumed to have attained steady-state values,
namely, zero and E volts, respectively. The circuit condition at the end of this
interval is given in part (i) of Fig. 5.13(f).

Interval B, The triggering of Th; at ¢, initiates the commutation of Th;. As the
voltages across C; and C; cannot be altered simultaneously and as the lower
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terminal Q of inductor L, is connected to the negative of the battery, a voltage
E appears across L;. Due to autotransformer action, a voltage 2E is induced
at the top terminal of L, which is electrically the same as the cathode of Th;.
As the anode of Th; is at a voltage E (it is connected to the positive of the
battery), it experiences a reverse bias of E volts and turns off. The current /4 in
L, abruptly becomes zero and, to keep the magnetizing ampere-turns constant, an
equal current is set up in L,. A forced oscillation occurs in the circuit consisting
of the battery, C, L,, and Th; and an unforced one in the closed circuit consisting
of C,, L,, and Th,. Due to its inductive nature, the load current (/4) continues
to flow through the load on the right side till #,. At ¢, the capacitors C| and C,
equally share a current totalling to 2/,4. The current in L,, which has an initial
magnitude of [4 at 1y, rises to I, at t,. The current increases in the interval #; to
1y, and at f,, Cy and C, equally share a current equal to Iiq + I,,,; also at f», v¢, and
v, , respectively, attain voltages of magnitudes E and 0. Consequently the load
voltage also becomes zero and D, becomes forward biased at #, and this marks
the end of this interval. D, now conducts both the load current as well as the
current 1, that is conducted by L, and Th;. The circuit condition at the beginning
of this interval, that is, just after Th; is fired, is given in part (ii) of Fig. 5.13(f).

Interval C, At tp, the current I, through L, and Th;, suddenly falls to zero,
consequent to the start of conduction of D,. The load current, which was originally
atthe value /4 at t,, falls down to a lower value at #3. The current in D, also decays
through the closed circuit consisting of D,, L,, and Thy; at #3, i p, attains a value
equal to a part of the load current Ijy. The circuit conditions at the beginning of
this interval are given in part (iii) of Fig. 5.13(f).

Interval D, During this interval which starts at 73, the load current iy (< Iiq)
decays and becomes zero at t4; this decaying current iq is conducted by D, on
the left-hand side and D3 on the right-hand side. The circuit condition at the
beginning of this interval is given in part (iv) of Fig. 5.13(f).

Interval A, At t4, which marks the beginning of this interval, Th; is turned on
if it is already in an off condition; consequently the load current reverses. This
reverse current slowly builds up during this interval and attains the full value — /iy
at f5; the interval also ends at ts.

Interval B!, The load voltage becomes nearly equal to — E and v, becomes zero
at t5. The load current flows through the closed circuit consisting of the battery,
Thy, L,, the load, and the right-hand side elements. Finally Th; is triggered at the
end of this interval (#).

Interval C’, The commutation of Th, starts upon the firing of Th; at 5, which
is also the start of this interval. Forced and unforced oscillations are set up in the
following loops: battery, Th;, L, and C, on the one hand and Th;, L, and C;
on the other. C| and C, each carry a current of — ;g amperes. The anode of Th;,
attains a voltage of —2E with respect to P because the centre point of the L{-L,
combination is at a voltage of —FE. This is a consequence of the autotransformer
action of L and L,. Also, the cathode of Th; is at a voltage of —E volts with
respect to P, which is connected to the top of the battery. Hence Th, gets reverse
biased and turns off. At #7, which is the end of this interval, v, becomes zero
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and v, attains E volts; consequently D; becomes forward biased. The current in
each of the capacitors Cy and C; rises to —(ig + 1,,,)/2.

Interval D', In this interval, which starts at #;, current flows in the circuit
consisting of Dy, L, and Th;. Its initial value is Ijg + I,,. Its final value at #g
will be ild (< Ild)-

Interval E ’2 During this interval, which starts at fg, the load current which was
flowing through D1, the load, and the corresponding right-hand side diode reduces
and becomes zero at the end of the interval. At f9, Th; is turned on and the load
current starts flowing in the positive direction, thereby starting the positive cycle.

Interval F’, During this interval the load current flowing through Thy, L;, and
the load slowly increases and finally attains the full load value at #1¢. v¢, and v,
attain zero and E volts, respectively. The cycle is repeated from #,y onwards.

(iv) Inductive load (second sequence): Load isolated from the source after
commutation Figure 5.13(g) gives the waveforms for this mode of operation.
The symmetry of operation that exists in mode (iii) is not present here. Hence, both
left- and right-hand side elements have to be considered while dealing with the
operation of the inverter. The sequence of operations is divided into ten intervals
as in mode (iii).

Interval A; This interval starts at #y. The thyristors Th; and Thy are assumed to
have been triggered earlier and thus conduct the full load current /;4. As before,
L, and L4 are assumed to be small so that the load voltage is nearly equal to E.
The voltages across C; and C4 are zero and those across C, and C; are equal
to E.

Interval Bz At t|, Thy is fired, initiating the commutation of Th;. All the
sequences of operations as given under interval B, of mode (iii) take place on the
left-hand side. However, there is no change for the right-hand side elements and
I)4 continues to flow through Thy.

Interval C; The current through L, and Th,, which attains a value of I, prior to
1, starts decaying at #, and becomes zero at #3. The load current which has a value
of 14 up to t, also falls down to a lower value. D, conducts both the circulating
current flowing through L, and Th, as well as this falling load current. On the
right-hand side the same load current flows through Thy.

Interval D3 The load current ijq (< Ig) which was flowing through D>, the load,
and Thy decays to zero at #4. A unique feature of this mode is that the load is
isolated from the source during the intervals B3, C3, and Ds.

Interval A} At ty, thyristors Thy and Th; are fired to facilitate the flow of load
current in the reverse direction, thus starting the negative half-cycle. The load
current gradually rises and attains a value — I 4 at #5 and this marks the end of this
interval.

Interval B, Atts, ve, becomes zero and v, attains E volts. The full reverse load
current, —Ii4, flows from 5 onwards through Ths, L3, the load, L,, and Th; till
the end of this interval.
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Interval C’; On the right-hand side, the commutation of Ths is initiated at #¢
by turning on Thy. The current itp,, abruptly becomes zero, and for maintaining
the ampere-turn balance of the autotransformer L3;-L4, the current in L3 gets
transferred to L4. Also, the forced oscillatory current in the circuit consisting of
the battery, C3, L4, and Thy as well as the unforced oscillatory current in the
circuit consisting of C4, L4, and Thy start circulation. At #¢ the load current — /4
is equally shared by C3 and Cy4. At the end of this interval, which occurs at #7, I,
and Iy, attain the value I,,; also ic, and ic, each attain the value —(/jg + 1,,)/2.
The reverse load current having the full value Ijq continues to flow through Th;
on the left-hand side.

Interval D’; vc, and vc, attain values of zero and E volts, respectively, at ;.
Consequently diode D, gets forward biased. The load current, which is equal to
the full value of Ij4 at #;, gradually falls down due to the dissipation occurring in
the circuit consisting of Dy, the load, L,, and Th,.

Interval E ’3 The conditions occurring in interval D’3 are maintained; also, reverse
load current flows through Dy, the load, and Th;, finally becoming zero at #9. The
load gets isolated from the source during the intervals C}, Dj, and E.

Interval F’; A new positive half-cycle is started at t9 by firing Th; and Thy.
Consequently the load current slowly rises from zero to Iq; it flows through the
battery, Thy, the load, L, L4, Thy, and back to the battery. At 19, which marks
the end of this interval, ijg attains its full value Ij4. The cycle is repeated from ¢
onwards.

5.4.5 Analysis of the Single-phase McMurray-Bedford Inverter

(i) Purely resistive load The inverter is analysed with reference to the circuit
shown in Fig. 5.13(a) and the waveforms given in Fig. 5.13(b). The moment at
which Th, is fired is taken as the initial time (¢ = 0). The circuit time available
for turn-off is the time needed for v¢, to drop from E to E /2.

The KVL equations for the two loops (a) battery, Cy, L,, and Th; and (b) C»,
L», and Th, are written as

- Ldli(0) +ix(0)]
and
- Ldli0) + i)
E[lz([)dl + E—dl‘ =0 (5.39)

where i(t) and i,(¢) are the currents flowing, respectively, in the first and the
second loop. The initial conditions are

ir,(0) = (i1 + i2)li=0 = la

1 0
UCI(O) = E_/ i(tydr =0

o0
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and

0
ve,(0) = é / ir(t)dt = — E (5.40)

—0o0

Laplace transformation of Eqns (5.38) and (5.39) results in the following
equations:

LBV e+ Bow = £+ Ly (5.41)
cs 2 )Y T Y E T '
Bro o+ (m+ 2 ne = £+ Ly (5.42)
2 cs T2 )T S T '

Equations (5.41) and (5.42) can be solved to give the Laplace transforms of the
currents as
E (L/2)]q

Li(s) = L(s) = S(Ls + 1/Cs) + Is+1/Cs (5.43)

Inverse Laplace transformation of Eqn (5.43) gives the time functions as

. . C . Lq
i1(t) = i) = E Zsma)t + TCosa)t (5.44)
Defining
- C
om = E, — 5.45
5 cos ¢ 7 (5.45)
and
Iy . " Lq (5.46)
—sing = — .
2 2
Equation (5.44) can be written in a compact form as
I .
i1(t) = @) = 7s1n(wt+¢) (5.47)
where
5a/2
tangp = ———— 5.48
¢ = EJoT B
and
1
- JILC

Vv, is written as

v, (1) = é/iz([)d[ (5.49)
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Using Eqns (5.47) and (5.49), vc,(¢) is obtained as

ve,(t) = — \/g%m cos(wt + @) (5.50)

Design of commutating elements The elements L and C which help in the
commutation of the thyristor are now designed with the help of Eqns (5.44)
and (5.50). The following quantities are assumed to be given:

e [,,, assumed to have a value which is k times I,4, where k can be taken as a
constant between 1.5 and 2,

e battery voltage E, and

e load resistance Rjq.

The expression for ./C /L can be obtained by manipulation of Eqns (5.44) and
(5.45) as

C 1
7 = 2ptn W (5:51)

The second equation relating L and C is obtained from the fact that the circuit
turn-off time 7., which is the time required for vc, to attain a value of —E /2,
should be at least equal to the turn-off time of the thyristor. Thus,

ve,(t) = — g = — \/2%" cos(wt, + @) (5.52)

Equation (5.52) can be rewritten as

E |C L,
3 Z = ?COS(COtC+¢)

Combining the above equation with Eqn (5.45) gives

cos ¢
2

= cos(wt, + @)

This can be solved for w as

et (50
o=l (50) )

With w expressed as 1/+/LC, an expression for /LC can now be obtained as
1 1 . (cos ¢ ) }
—— = —|cos — ) -
VLC L [ 2 i’

Vet I
Le = cos~!(cos¢/2) — ¢ (5-53)

Taking ¢, = topp, L and C are obtained from Eqns (5.51) and (5.53) as
1 (12 — I torr
~ 2E [cos~!(cos ¢/2) — P]

or

(5.54)
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and
_ 2Etorr
N (12 — I3)?[cos~!(cos ¢/2) —

(5.55)

Worked Example

Design the commutating elements for a single-phase McMurray—Bedford inverter
with the following data: E =200V dc, I;4 =40 A (with resistive load), topr =40 us,
L, =1.51y.

Solution

. La/2 40/2 2
sing = = = - = 0.667
1,/2 1.5 x 40/2 3
This gives ¢ = 0.73 rad, cos ¢ = 0.7454, and cos~!(cos ¢/2) — ¢ = 0.4589. From
Eqgn (5.59),

IOFF E

" [cos 1(cos ¢/2) — ¢] [(In/2) — (Ia/2)?]1/2

I\?  [Iq\* 60\2 [40\>
Im)y (M) — (2Z) (Z) = V5300 = 22
JC) = (%) = (%) - (2) = vam = s
40 x 10°° 200

X H
0.4589 22.36
On simplification, L is obtained as

= 0.78 mH
or
= 0.39 mH
Also from Eqn (5.54),
C— IOFF [(In/2)* — (ha/2)]
"~ cos~l(cos¢/2) — ¢ 2E
40 x 107° 22.36

= X F = 975 uF
0.4589 2 x 200
(ii) Inductive load 1t is assumed that the load inductance is sufficiently high so
that the load current flows for a while after the successful commutation of the
conduction thyristor. Equations (5.38) and (5.39) hold good here also because the
same KVL loops, namely, the battery, C;, L,, and Th, on the one hand and C,,
L,, and Th; on the other, are considered for analysis. Thus,

L Ld
1 / idt (”d+ 2 _ g (5.56)
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and

1 . Ld(iy +1i)
— dt + ———— =0 5.57

c / 2 2 i ©37)
The moment of turn-on of Th; is taken as the initial time (¢ = 0). The initial current
through L, and Th; is 214 because the capacitors C; and C; share the sum of the
load current /4 and also the current transferred from L; to L,, which is equal to
I,q. This can be expressed as

(i1 +i)li=0 = 214

As before, C is assumed to be already charged to the battery voltage E. With i,
taken to be in the reverse direction relative to this charging polarity of C,, this
capacitor voltage becomes

1 0
VG, li=0 = E/—oo ir(t)dt = —E
The solution of Eqns (5.56) and (5.57) for the resistive load case gives
. . [C .
i1(t) = ir(t) = E Zsmwt + Ii4 cos wt (5.58)
Defining
C 1 I,
BT = ld; cos ¢ (5.59)
and
Da + I .
Iy = %smqs (5.60)
Equation (5.58) can be written in a compact manner as
ha + I .
W) = i) = I G wr + ) (5.61)
where
La + I, E2C
=t (5.62)
_ Iy
= tan! [ ——= 5.63
¢ (57=) (569
and
1
w = ——
~LC

v, (t) is obtained as

ve, () = — \/g(lld——;lm) cos(wt + ¢) (5.64)
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With 7, as the time for v¢, to attain a value of —E /2, this voltage at 7. can be
expressed as

E L (g + I,
ve(t) = — 5 = —\/g(ld—;) cos(wt, + ¢) (5.65)

Design of commutating elements Squaring Eqn (5.62) yields

(ha + 1,  E*C
“ =tk (5.66)

Equation (5.66) can be solved for C/L as
c 1 {(11d+1m)2 12} 1 {I,i Laly 31131}

_ _ - 5.67
L E2 4 d E2 | 4 2 4 (5.67)

Taking the square root of both sides of Eqn (5.67) gives

C 1 |12 Lal, 313
Y - = 5.68
L E\/4 T 4 (5.65)

I, is assumed to be / times I;q, where 1.5 <[ < 2. Using Eqns (5.59) and (5.65)
and proceeding along the same lines as in the resistive case, the second relation
for L and C is obtained as

= lOFF
Le = cos~!(cos¢/2) — ¢ (5-69)

Equations (5.68) and (5.69) can now be solved for L and C as

L = TOFF E 570
[cos!(cos ¢/2) — ¢] \/131/4 - halny2 — 3134 .

- forr \/15/4+11d1m/2—311i/4 (5.71)
cos~!(cos¢/2) — ¢ E )

Worked Example

Design the commutating elements for the McMurray—Bedford single-phase
bridge inverter of Fig. 5.13(a) with the following data: load is inductive, Ij =42 A,
E =280V, topg =46 us.

Solution

Assuming I, to be 1.8 times /g4,

I, = 756 A

The initial value of the inductor current is equal to /4. The initial capacitor currents
are both equal to Ij4. Hence,

ha + I,

sin¢ = I]d
or

(ha + In)sing = 21y
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o 214 2 x 42 84
Sin = = =
La+1, 42+756  117.6

¢ = 45.6° or 0.7956 rad

cos¢p=0.7
Substituting all values in Eqns (5.67) and (5.68) gives
46 x 107° 280
L = - = 0.75mH
[cos™1(0.7/2) — 0.7956] \/75.62 N 75.6 x 42 3 x (42)?
4 2 4
\/75.62 N 75.6 x 42 3 x (42)?
46 x 107° -
c = - 4 2 4 _ 162uF
[cos—1(0.7/2) — 0.7956] 280

5.4.6 Three-phase McMurray-Bedford Inverter

The circuit of a three-phase Murray—Bedford inverter is given in Fig. 5.14. The
sequence of operations given for the single-phase McMurray—Bedford inverter
holds good here if it is considered as the sequence of steps for the operation
between any two phases of the three-phase load. Also, a phase difference of 120°
has to be kept between any two phase currents. The line-to-line voltage should
be taken into consideration for design purposes.

+
Thy D,
L2
E
L2
Th4 D4

R B
Three-phase ac machine

Fig.5.14 Circuit diagram of a three-phase McMurray-Bedford bridge inverter



Voltage Source Inverters 457

5.4.7 Three-phase 120°-mode VSI

For the three-phase voltage source bridge inverter shown Fig. 5.8(a), each of the
six main thyristors requires a continuous 180° firing signal, so as to allow the
devices to be turned on at any time in this duration. Such an arrangement has the
disadvantage that if there is a delayed turn-off of a thyristor on one of the legs
and if the complementary thyristor on the same leg is fired at exactly 180°, the dc
supply will get short-circuited. Consequently, there is a possibility of damage to
both the thyristors as well as the dc power supply. To avoid such a contingency, the
120°-mode VSI has been devised. In this approach each device on a leg conducts
for a period for 120° so that there is a 60° interval between the turning off of the
previous thyristor and the turning on of the complementary thyristor. However,
the firing as well as turn-off sequences of the thyristors remain the same as in the
six-step inverter. The drawback of the 120°-mode VSI is that during no-voltage
intervals, the potentials of the terminals connected to the load depend mainly on
the load; the fundamental voltage applied to the machine depends on the shaft

Y
4 Thy E12] | Tha [ Thy ]
veo| b erY| | ot—
t Thel L1
VoL [ErThg] g 3 :
wolThe| 1 ko [-ERT | b
 iThy! 1 |
VLo b Y [ErTh |
vBol oY ] 1AL TR .
| f ‘ ‘ ‘ ‘ ‘ ‘ ‘ ! ‘

* E VRY = VRO — Vyo
RV CER| y 1 o R

A cE2 L B .

LT Lo !

L L |

VRY ! Low power factor load

ot——

o O |
i o o
VRY ~ ~ High power factor load
- ot——

Fig.5.15 Waveforms of the 120°-mode voltage source inverter: (a) pole voltages
and line voltage Vgy, (b) line voltage with a low power factor load, (c) line
voltage with a high power factor load

(c)
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load, which determines the effective load power factor seen by the inverter. The
circuit of Fig. 5.8(a) can function as a 120°-mode V SI, but with modified operation
conditions as follows. Th; is turned off when Thjs is turned on and the latter is
turned off when Ths is turned on. In general, it can be stated that the commutation
of the already conducting thyristor is ensured by the firing of another thyristor
connected to the same dc bus. Figure 5.15(a) illustrates this feature.

The effect of load power factor on the line voltage can be seen from the
waveforms shown in Figs 5.15(b) and (c). The former is the waveform for
Vgy obtained for a low load power factor (of the order of 0.5 and below). Its
well-defined nature can be attributed to the constancy of the load current during
the 60° interval. The distortion in the latter can be attributed to the line current
becoming zero at some time during the 60° interval.

5.4.8 Three-phase Input Circuit Commutated Inverter

This inverter (Finney 1988) is so called due to the fact that the commutating
inductors, thyristors, and the capacitor are connected between the dc supply and
the three-phase inverter. Here, all the conducting thyristors, connected to one dc
supply bus, are commutated simultaneously and this feature alternates between
the positive and negative buses. In Fig. 5.16(a), which shows the circuit for this
inverter, the commutation circuit is in the form of a bridge consisting of two
inductors, two diodes, four thyristors, and a capacitor. The two commutation
inductors L.; and L., connected to the positive and negative supply rails,
respectively, have the same values. The diode pairs Dy, D4; D3, Dg; and Ds,
D, are connected directly across the positive and negative buses.

Lc1
+ TEE

—<

De¢1
The N/ The\/ Ti\/ /\Dy  Ths\/ /\D3  Ths\/ /\Ds

+ —
E HXCY% oD oE oF

ThC3/§Z ThC‘tXZTh“/EZ Z§D4 ThG/EZ ZXDG Thg/XZ ZXDZ

Fig. 5.16(a)
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Figs 5.16(b), (c)

The sequence of operations can be divided into three intervals. The circuit
conditions for the three intervals A, B, and C are given in Figs 5.16(b), (c), and
(d) and the waveforms in Fig. 5.17.

Interval A Tt is assumed that the three thyristors Th;, Th,, and Th; are the
conducting devices so that the load terminals d and e, respectively, of the R-
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Leq
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Fig.5.16 Input circuit commutations: (a) circuit diagram, (b) circuit condition at the
beginning of interval A, (c) circuit condition at the beginning of interval B,
(d) circuit condition at the beginning of interval C, (e) equivalent circuit
of (c)

and Y-phase windings are connected to the positive bus, and terminal f of the
B-phase winding is connected to the negative bus. A steady dc current 1)y flows
in the two inductors L. and L.y, which in turn leads to the conduction of steady
currents through the three thyristors. It is assumed that the capacitor C is charged
to the dc supply voltage E with the X-plate positive; this is shown in Fig. 5.16(b).
The sequence of turn-on of the thyristors is Thy, Th,, Ths, Thy, Ths, and Thg,
and hence the next set of thyristors to conduct are Thy, Ths, and Thy. As Thy isin
the same leg as that of Thy, it is necessary that Th; be commutated before Thy is
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Fig. 5.17 Waveforms for input circuit commutation

turned on. However, as per the technique of input circuit commutation, both Th;
and Ths, which are connected to the positive bus, are turned off. This marks the
end of interval A.

Interval B The commutation of Th; and Th; is initiated by disconnecting their
gate currents and turning on the commutation thyristors The, and Th¢s. The Y-
plate of capacitor C, which is of negative polarity, is connected to the positive
bus through The, and the X-plate to the negative bus through Th.;. As the load
current in L., cannot change instantaneously, it gets diverted through Th,, C,
Thes, and back to the negative terminal of the dc supply. The currents through the
three legs of the star-connected motor (load) winding now find a path through the
diodes D4 and Dg. This leads to the following conditions.
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(a) A voltage 2E gets applied across the upper inductor L.

(b) The terminals d and e are connected to the negative bus of the supply. Also
the capacitor voltage, which is equal to the supply voltage, E is applied in
a reverse manner across the thyristors Th; and Thj.

(c) Load currents are circulated through the two loops, namely, D4, load
terminal d, the motor load, load terminal f, Th,, and L., on one hand,
and Dg, load terminal e, the motor load, load terminal f, Th,, and L., on
the other. The line voltages, v4e, ver, and vyq are all brought down to zero
during interval B.

The sudden application of the dc supply voltage E to the loop consisting of the
positive terminal of the supply, L.;, The,, C, Ths, and the negative terminal of
the supply results in an LC oscillation, with the initial current through L.; equal
to i4 and the initial voltage across C (with the Y-plate having negative polarity)
equal to E. This is shown in Fig. 5.16(c). The duration (#,-#;) in Fig. 5.17 is equal
to the half-cycle time of the LC oscillation.

At a point midway between ¢, and #, the current reaches a maximum of /,,, and
the capacitor voltage v, crosses zero. Since, the thyristor Th; is directly connected
across C, the waveform of vy, during this interval is a replica of that of v.. The
time required f. for vy, (in Fig. 5.17) to become zero should be greater than the
turn-off time of the thyristor for successful commutation. At #, a half-cycle of
LC oscillation is completed and i, again attains the value Ijg; also v, attains a
value +FE in the reverse direction, with the Y-plate having positive polarity, as
shown in Fig. 5.16(d). The current through the capacitor is now reduced to zero;
hence the current )4 through L. freewheels through the diode D,,. This reduces
the currents through Th., and Ths to values below the holding current value and
they turn off. The circuit turn-off time 7, should be greater than the turn-off time
of Th; for its successful commutation. As the capacitor is now fully charged in
the reverse direction, the turning on of thyristors Th; and Thy marks the end of
interval B.

Interval C The thyristors Ths and Thy are gated for conduction, making the three
thyristors Thy, Ths, and Thy conducting thyristors. The voltage vy, once again
attains a value of 1-2 V (conduction drop of a thyristor) and it,, becomes equal to
I)q. This current Ij4 circulates through L.; and D.; which is initially /4 and slowly
goes down to zero because of dissipation in the resistive part of L.;. The interval
Clasts till Th,; and Th4 are turned on to initiate the commutation of the thyristors
Thy and Thy, which are connected to the negative bus. The commutating elements
L and C are designed to minimize the energy trapped during the commutation
interval B.

The following analysis is made with the help of a circuit equivalent to that
of Fig. 5.16(e). An expression is derived for the circuit time available for the
successful commutation of Th; and Ths. The differential equation for the forced
LC circuit consisting of the battery, L., and C can be written as

Ldic—i—l/['dt/—E (5.72)
cldt, C Olc = .
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The initial time is taken as ¢’ = 0, which is the same as ¢ = #;, which is the firing
instant of Th, and Th.;. Equation (5.72) can be recast as
dzq q E

— = 5.73
a? T aC T Ia >-73)

The initial conditions are

d
_q/ = Igq
dt'|,_
and
q(0) = —CE
Laplace transformation of Eqn (5.73) gives
dq 0(s) E
2 _ - 1 =
SO = sqo = gl ot e T sta
or
2 0O(s) E
CEs — I =
s°0Q(s) + CEs 14+ L.C Lo
This can be written as
O(s) | s> + Ty
LCIC B SLcl ld

Solving for Q(s) yields
E CEs I]d

= — 5.74
OO = LG+ JLaC) ~ A L€ | s+ (/Lac) TV
Inverse Laplace transformation of Eqn (5.74) now gives
I
q(t) = CE + Msinot’ — 2CE cos wt’ (5.75)
1)

withw?> = 1/L.,C. Differentiation of Eqn (5.75) with respect to time and taking
L =Landw = 1/+/LC gives the current through the capacitor as

i.(t) = Lycoswt’ + 2wCE sin wt’ (5.76)
The voltage across the capacitor can now be expressed as
di,

() = E — L=< 77
V() - (5.77)

That is,
vo(t) = E + wLlgsinot’ — 20>LCE cos wt’

Since w? = 1/+/LC, the above equation can be written, after taking @?*LC as 1,
as

ve(t) = E + wLlgsinwt’ — 2E cos wt’ (5.78)
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Initially, at #;, vy, = —E. The circuit time 7, for the thyristor voltage to become
zero can be obtained by equating it to zero. Thus,

Uth, (t1 + 1) = ve(t) +1.) =0 = E + oLl g sinwt. — 2E cos wt, (5.79)

or

wLly . 1
sinwt, = 3

cos wt, —

Defining tan¢ = wLl4/2E, this can be written as

1+ w2L211%1[ @l + )] = 1
152 cos(wt. + ¢)] = 5
giving
1 1

wt. +¢ = cos™

2/1 + w?L21}/4E?
Finally, the expression for 7. can now be obtained as

1 1 1
t. = — {cos

@ 2/1 + w?L21}/4E?

— ¢ (5.80)

Given fopF, L, 14, and E, the value of C required to successfully commutate the
thyristor can be obtained from the criterion that z, should be greater than zopg.

5.5 Pulse Width Modulated VSIs

Pulse width modulated (PWM) VSIs are widely used because of the advantages
highlighted in the previous section. This section gives a detailed treatment of two
types of PWM waveforms that have been used in industry, namely, the square
and sinusoidal ones. Generation as well as other operational features of both the
single- as well as three-phase versions of both types are discussed at length.

5.5.1 Single Pulse Width Modulated Inverters

The circuit of a single-phase bridge inverter is shown in Fig. 5.18(a). The
waveforms of the potentials vgp and vgp, respectively, of the load terminals
R and S with respect to the centre tap O of the battery are shown in Fig. 5.18(b)
along with the waveform of vgs (= vrp — Vso). Such an output is obtained when
the device pairs Th;, Thy and Thy,, Ths conduct alternately for half-cycles, that is,
for 180°. The waveform of vgo lags that of vgp by an angle 8 = 180°. With
these conditions the output voltage waveform will have a square shape with
amplitude E.
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Figs 5.18(a), (b), and (c)

Figure 5.18(c) shows the waveforms vgo, vso, and vgg with the angle 8 = 60°.
The resulting load voltage vgg consists of rectangular pulses of 60° duration both
in the positive and negative half-cycles. Further, there are zero voltage intervals
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Fig.5.18 Single-phase PWM inverter: (a) circuit diagram; waveforms with
(b) B = 180°, (c) B = 60°, and (d) B = 120°

of 120° duration in each half-cycle. The waveform of vggs which is obtained
with B = 120° consists of pulses of 120° duration in both positive and negative
half-cycles with zero voltage durations of 60° in between. These output waveforms
in Figs 5.18(c) and (d) are called quasi-square waveforms. Such intervals occur
when the thyristor pairs Thy, Ths and Th,, Thy are connected, respectively, to the
positive and negative terminals of the battery. These terminals are called positive
and negative buses.

The modified operation of the single-phase bridge as detailed above
demonstrates the technique of PWM, which consists of varying the widths of the
output pulses in the positive and negative half-cycles from 0° to 180° by varying
the angle of lag (8) from 0° to 180°. The magnitude of the fundamental component
of the output voltage, as computed from a Fourier analysis of the load waveform,
is also varied from zero to a maximum. This approach is beneficial in eliminating
any specified harmonics of the output voltage waveform. For example, if 8 is set
at 60°, it can be shown that the third harmonic and its multiples will be absent
from the output voltage. Single pulse width modulation has the disadvantage that
the harmonic content becomes excessive when the output pulses are very narrow.

Load current waveforms The load current waveform of the inverter circuit of
Fig. 5.18(a) depends on (i) the L/R ratio of the load and (ii) the duration of the
load voltage waveform. If the load is purely resistive, the current waveform will
be a replica of the load voltage waveform. In Figs 5.19(a)—(c) the load current
waveforms with inductive load for the three cases considered above are shown as
dashed curves; the devices that conduct in the different intervals are also shown in
the figures. Two unique features of these waveforms are (i) they are non-sinusoidal
and hence contain harmonics and (ii) they may have zero current intervals.
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Fig.5.19 Current waveforms for the inverter of Fig. 5.18(a) with (a) 8 = 180°,
(b) B = 60°, (c) B = 120°

5.5.2 Multiple Pulse Width Modulated Inverters

The single-phase bridge circuit of Fig. 5.18(a) may be operated to give multiple
pulses in each half-cycle of the inverter by comparing an alternating wave (called
the modulating or reference wave) of amplitude V), with a triangular wave, called
the carrier wave, of amplitude V. The corresponding instantaneous values are
denoted as vy, and v¢, respectively. The frequency of the modulating wave is
the same as that of the fundamental of the output voltage waveform and is called
the reference frequency. The frequency of the carrier wave, called the carrier
Jfrequency, is usually an odd multiple of the reference frequency, and can take the
value 3 or its multiples. The reasons for this will be given later.

Single-phase square wave PWM Figure 5.20(a) shows a single-phase multiple
pulse width modulated inverter that generates a square modulating wave and a
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triangular carrier wave as shown in Fig. 5.20(b). The two waveforms are compared
in a comparator and one of the thyristors in the lower half of the bridge is switched
on depending upon the output of this comparator; at the same time only one of the
thyristors in the upper half of the bridge is kept on for one complete half-cycle.
Referring to Fig. 5.20, Th; is turned on during the entire positive half-cycle. Also,
Thy and Th; are switched on, respectively, when |vy| > |vc| and |vy| < |vel-
The resulting waveforms will have equally spaced multiple pulses occurring on
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Fig. 5.20 Single-phase square wave PWM inverter: (a) circuit diagram, (b) wave-

forms of modulating (vm) and carrier (v¢) voltages, (c) waveform of
comparator output voltage (vp)
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the positive side of the wt-axis as shown in Fig. 5.20(c). During the negative
half-cycle, Thj is kept on continuously but Th; is switched on when |vy,| > |vc]
and Thy is switched on when |vy| < |vc|. The resulting output will also have
equal-width pulses located, however, on the negative side of the wt-axis.

The widths of the output pulses are equal, except at both ends, where their
widths are lesser than those of the other pulses. They can be varied by altering
the ratio fon/(fon + torr), Where fon and topp are the time periods of the pulse
and notch, respectively. The variation is accomplished by raising or lowering the
reference waveform.

The term pulse width modulation is derived from the nature of its reference
waveform. Accordingly, the PWM in Fig. 5.20 is called a square wave PWM
because the modulating wave has a square shape. The sinusoidal PWM, which
has a sinusoidal reference waveform, overcomes some of the drawbacks of the
square wave PWM.

5.5.3 Sinusoidal PWM (SPWM)

Single-phase SPWM 1In sinusoidal PWM, also called sine wave PWM, the
resulting pulse widths are varied throughout the half-cycle in such a way that
they are proportional to the instantaneous value of the reference sine wave at the
centre of the pulses. However, the distance between the centres of the pulses is
kept constant as in square wave PWM. Voltage control is achieved by varying the
widths of all the pulses without disturbing the sinusoidal relationship. Figure 5.21
shows a typical circuit for single-phase sinusoidal PWM along with its waveforms.

Three- ~| Three-
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ac supply ( — rectifier

Analog
comparator

wave
generator

Reference % vp F

Relay
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Triangular | A
wave
generator

(a)
Fig. 5.21(a)

Three-phase SPWM High capacity drives are rigged up as three-phase
configurations and hence three-phase PWM inverters are of considerable interest
(Murphy & Turnbull 1988). These are based on an extension of the principle of
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Fig. 5.21 Single-phase sinusoidal PWM inverter: (a) circuit diagram, (b) waveforms
of modulating (vy) and carrier (v¢) voltages, (c) waveform of comparator
output voltage (vp)

single-phase PWM. The switching sequence in these circuits is more complex.
In a typical three-phase sinusoidal PWM inverter, three different modulating
waveforms having a mutual phase difference of 120° are needed. As before, the
carrier waveform is a triangular one. The schematic diagram of such an inverter
is shown in Fig. 5.22(a). Each leg of this inverter gets its control signal from a
comparator. However, the triangular carrier wave remains fixed for all the three
inverter legs. The carrier ratio (p) is defined as the ratio of the carrier wave
frequency to that of the reference wave frequency. Keeping p equal to 3 ensures
that the output waveforms are identical in nature and at the same time have a
mutual phase difference of 120°. Another factor, namely, the modulation index
(M), is defined as the ratio of the amplitude of the reference wave to that of
the carrier wave. Variation of M leads to variation of the width of the output
pulses without upsetting the sinusoidal nature of the pulses, in any half-cycle.
The advantage of this approach is that the fundamental magnitude of the output
can be controlled at will. The waveforms for typical three-phase sinusoidal PWM
are given in Fig. 5.22(b).

5.5.4 Features of Output with PWM

It is evident from the above discussion that in both types of single-phase PWM
inverters, the switching frequencies of the thyristors on the lower half of each leg
are higher than the switching frequencies of those situated on the upper half. As a
consequence, switching losses in these devices are higher in comparison to those
used in the bridge inverter. Another feature of the PWM output is that dominant
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harmonics occur at relatively higher frequencies. Though the inductance of the
motor windings (load) filters these harmonics and limits the load current, the
low-order harmonic content of the output is greater than that of the bridge type of
VSI. For a motor load these low-order harmonics are harmful because they cause
torque pulsations and irregular shaft rotation. It is, however, possible to eliminate
the unwanted harmonics using digital PWM techniques and this feature makes
PWM inverters superior to other voltage source inverters.

5.5.5 Harmonics in Three-phase PWM Inverters

Square wave PWM Because the output waveforms of the three-phase square
wave PWM inverter are derived from a square wave reference, they contain all the
harmonics of such reference waves. In addition, they contain switching harmonics
of the form Ip 4+ m, where [ is always even and m always odd. For example, with a
carrier ratio of 6,/ equal to 2, and m equal to 1, harmonics of orders 11 and 13 will
be present. On the other hand, for the same p and / but with m =5, the harmonic
frequencies will be of orders 7 and 17. This implies that dominant harmonics
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Fig.5.22 Three-phase sinusoidal PWM inverter: (a) circuit diagram, (b) waveforms
of comparator voltage, pole voltages, and ac line voltage, (c) typical pole
voltage waveform
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attain large magnitudes with a high value of p; the inductance of the motor
windings filters these harmonics and limits the output current. In spite of this,
the low-order harmonic content is greater than that of the bridge inverter and
is undesirable as elaborated above. The switching frequency is high with PWM
operation as compared to that of the bridge inverter; hence switching losses are
higher for motors supplied by PWM inverters.

Sine wave PWM The harmonics in this case are sidebands of the carrier ratio
and its multiples, and are of the form kp + [, where k is even and [ is odd or vice
versa. The dominant harmonics in this case will therefore be of the order 2p + 1
or p £ 2.1If k and [ are both even or both odd, the harmonics get absorbed.

For both square as well as sinusoidal PWM, the harmonics are independent of p
for p > 9. Such values of p are especially beneficial for sinusoidal PWM because,
with these values, the high-order harmonics are dominant, and are absorbed by
the machine inductance. Consequently torque pulsations are eliminated and there
is smooth motor rotation even at low speeds. Harmonic losses are therefore lower
for sinusoidal PWM. This shows its superiority over both square wave PWM as
well as bridge inverters.

5.5.6 Advantages and Disadvantages of PWM Inverters

The source for the three-phase bridge inverter consists of a three-phase bridge
rectifier followed by an LC filter (Figs 5.12 and 5.13). There is a fixed ratio
between the ac output voltage and the dc input voltage. It is therefore necessary
to vary the rectifier output in order to control the output voltage of the inverter.
This implies that the three-phase rectifier has to be a thyristorized one. On the
other hand, in the case of PWM inverters, voltage control is achieved within the
inverter and hence a diode bridge rectifier can be used as the input rectifier. Such
a rectifier provides a constant dc link voltage, and this has many advantages as
compared to an inverter based on a thyristorized rectifier.

First, the thyristor rectifier used in a bridge inverter is more costly. Further,
the delayed firing of thyristors in the converter causes the inverter to present
a low power factor to the incoming three-phase ac supply. As against this, the
power factors presented by the PWM inverters are high (about 0.95). They are
independent of the motor power factor because of the use of an uncontrolled
rectifier on the input side. Third, the dc link inductance and capacitance for a
PWM inverter based on a diode rectifier are less costly because they are designed
to match the fixed output of the rectifier. On the other hand, large filter components
used in a bridge inverter cause time lag and hence affect the stability of the speed
control system of the motor at low speeds.

Another positive feature of the PWM inverter is that the fixed dc link voltage
permits parallel operation of a number of PWM inverters connected to the same
dc link. The overall transient response of PWM inverters is also better than that of
the bridge inverter. A recent development in PWM inverters is that with both the
square wave as well as the sine wave, the switching angles can be adjusted using
digital techniques so as to eliminate unwanted harmonics. All these features go
to show the supremacy of PWM inverters over bridge inverters.

PWM inverters, however, suffer from the following disadvantages. Switching
takes place in the presence of load current, thus subjecting the devices to a high
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di/dt, in turn leading to high dv/dt stresses and electromagnetic interference. In
resonant pulse inverters, described in Appendix D, these drawbacks are overcome
by ensuring switching during zero current intervals.

5.5.7 Constant Voltage-to-Frequency Operation of PWM Inverters

Constant torque and constant horsepower operation of motors fed by PWM
inverters is carried out in a manner similar to those fed by a three-phase bridge
inverter. However, greater flexibility of operation is available in PWM inverters
in the shape of variation of the carrier ratio p. At low speeds, p is maintained at a
high value to restrict the dominant harmonics to high values. On the other hand,
at high speeds they are kept at low values so as to limit the switching losses. In
the latter case, the low-order harmonics resulting from low values of p do not
present problems. Normally, p is taken to be a multiple of 3 in order to produce
identical phase voltage waveforms in the three phases. In the case of sinusoidal
PWM, this restriction is removed for high reference wave frequencies, implying
thereby that non-integral values are also allowed. Though such an operation gives
rise to beat harmonics and associated losses, these do not cause problems unless
p is less than 9. In the latter case, p is made a multiple of 3 and the reference and
carrier waveforms are synchronized.

As the modulation index M is proportional to the fundamental component of
the output voltage, constant | V;|/f ratio can be accomplished for PWM inverters
by maintaining constant M/ f ratio.

5.5.8 Reduction of Harmonics by the PWM Technique

The main advantages of the square wave and sinusoidal PWM schemes applied
to three-phase systems are that (a) the magnitude of the fundamental harmonic
of the output voltage can be controlled and (b) certain selected harmonics can
be eliminated. This latter feature can be explained with the help of Fig. 5.22(b)
as follows. The figure gives typical pole voltage waveforms vgp, vy, and vpp
for a three-phase sinusoidal PWM inverter feeding a star-connected load with an
isolated neutral [Fig. 5.22(a)]. For mathematical tractability it is assumed that
there is half-wave as well as quarter-wave symmetry for a typical pole voltage
waveform. Further, itis assumed that there are m switchings per quarter-cycle [Fig.
5.22(c)]. This means that in one quarter-cycle the waveform crosses the wt-axis
m times, either from the positive to the negative side or vice versa. A Fourier
analysis of this waveform reveals that, because of quarter-wave symmetry, the
coefficients g of the cosinusoidal terms become zero and the pole voltage can be
expressed as

o0
vao(t) = Z by, sin kot (5.81)
k=1,3,5,...

The third and other triple harmonics do not produce any motor current because of
the star connection having an isolated neutral. Thus the expression for v4o gets
simplified to

vao(t) = bysinwt + bssinSwt + bysin7wt + --- (5.82)
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Each of the coefficients b; are obtained [Appendix A and Fig. 5.22(c)] as

4 /2
b, = —/ vao sin(kwt)d(wt)
T Jo

or

4 o) \% %) \% a3 V
by = — / +-2 ) sinkot + / - sinkwt+f +-2) sin koot
/4 0 2 o] 2 o 2

/2 \%
+...+/ (—1)’"—17"sinkwt}

m

That is,
2V [ [ . ” . “ ) .
by = — sinkwt —+ (—1)sinkwt + (—1)" sin kwt
T 0 o] az
/2
+ +/ (-1 sinka)tj|
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:k—[l — 2coska; + 2coskar, + -+ +(—=1)"2coska,,]
g

where by is the amplitude of the kth harmonic voltage [Eqn (5.82)]. Writing by
in a compact manner gives

2V, LI
by = k—n‘l 1+ 2;(—1)1 cos ka; (5.83)

In order to suppress three of the harmonics, namely, the 5th, 7th, and 11th, keeping
the fundamental at a prescribed fraction of by(max), it is necessary to solve a set of
simultaneous equations. For instance, with m = 4, the following four equations
have to be solved:

2V,
by = —d(l —2cosa +2cosap, —2cosas + 2cos ay) (5.84a)
T

2V,
bs = S—d(l —2cos5a; +2cosSay — 2cosSaz + 2 cosSay) (5.84b)
T

2V,
b; = 7—d(1 —2cosTay +2cosTay —2cos Taz + 2 cos Tay) (5.84¢)
T

and

2V,
by = 1—1d(l —2cos1la; +2cos 1lay —2cos 1laz + 2cos 11ay) (5.84d)

Equations (5.84a)—(5.84d) are non-linear in nature and can be solved by numerical
techniques for the four variables «, o, o3, and «4. These angles will then give
the value of b; as a specified fraction of bymax), at the same time ensuring the
elimination of the S5th, 7th, and 11th harmonics. The 13th harmonic is therefore
the lowest harmonic that will appear in the output voltage waveform. For a
fundamental frequency of 50 Hz this harmonic will be equal to 650 Hz and
the leakage inductance of the ac motor can filter this and other higher harmonics.
The output current waveform will therefore be a fairly smooth one.
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This method of achieving voltage control together with elimination of
unwanted harmonics is termed as the optimum PWM method. Because of the
requirement of numerical techniques for solving the associated equations, opti-
mum PWM is realizable by software programming on modern microcomputers.

5.6 Some Important Aspects of VSIs

The two aspects of VSIs, namely, voltage control and braking of VSI-based drives,
are dealt with in detail here.

5.6.1 Voltage Control of VSIs
Output voltage control of VSIs is necessitated by the following.

(a) In applications like uninterrupted power supplies (or standby supplies) a
constant ac voltage is needed, in spite of regulation within the inverter.

(b) In most adjustable speed drives, constant torque has to be maintained over
the entire speed range. This is possible if the air gap flux is kept constant
in this range. This in turn implies that the voltage-to-frequency ratio has to
be kept constant; that is, the output voltage of the inverter has to be varied
along with the motor speed. However, a voltage boost is necessary at low
frequencies to overcome the effects of winding resistance.

The three methods that are commonly used for output voltage control of
thyristors are (i) control of dc link voltage, (ii) control using multiple inverters,
and (iii) pulse width modulation. These methods are described below.

Control of dc link voltage Figures 5.1(b) and (c) show two methods for
controlling the dc link voltage of a three-phase bridge inverter. It is seen from
Eqn (5.28) that the ac output voltage bears a fixed ratio with respect to the dc link
voltage. The detailed circuits that correspond to the above two block diagrams
are given in Figs 5.23(a) and (b), respectively. In the former, which uses a fully
controlled rectifier as the dc source, the average dc voltage V,, of the rectifier is
varied by changing its firing angle «. The pulsating voltage obtained at the output
is smoothed by the LC filter shown in the figure.

The second method of changing the dc link voltage consists of a diode bridge
followed by a dc chopper. The resulting voltage waveform, which is in the form
of rectangular pulses, is filtered by the LC filter; the output of this filter in turn
forms the input supply for the VSI. This circuit is less costly than the first one,
as it uses only one thyristor in the chopper block as against six devices used in
the controlled rectifier of the first method. Moreover, the filter elements can have
much smaller sizes, because of the fact that the chopper can be switched at a high
frequency. Third, a higher power factor is possible with a smaller output voltage
of the dc chopper.

The drawbacks of the circuit using a chopper are as follows.

(a) It is non-regenerative because of the diodes being used in the uncontrolled
rectifier; this means that the energy cannot be sent back to the input side. On
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Fig. 5.23 Methods for control of dc link voltage using (a) a controlled rectifier and
(b) an uncontrolled rectifier and a dc chopper

the other hand, the controlled rectifier used in the first method can operate in
the inversion mode by making o > 90°, thus facilitating reversal of power.

(b) Itis necessary to connect an energy storage filter on the input side of the dc
chopper when it is fed by a single-phase source. This is to prevent the input
voltage from becoming zero whenever the output voltage falls to zero.

One great disadvantage of controlling the dc link voltage is that the LC filter
causes a time lag which adversely affects the transient response of the system. The
second drawback is that it requires an auxiliary dc supply for the commutation
circuit if it is required to supply rated torque at low speeds.

Control using multiple inverters In this method, illustrated in Fig. 5.24, two
or more inverters are connected in parallel and their output voltages are added up.
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The two output voltage vectors |Vy,rms)|Z¢1 and | Vi, rMms)|Z¢> are added as
shown in Fig. 5.24 to give the resultant voltage |V(rms)|Z¢. The magnitude of
this resultant depends upon the phase difference (¢, — ¢;) of the two inverters.
This configuration is used when the ac motor load demands the use of multiple
inverters. Its drawback is that the harmonic content of its output waveform is
high when the voltage magnitude is small. Hence its use is limited to low-power
inverters.

Control using pulse width modulation The technique of pulse width
modulation (PWM), dealt with in the preceding section, is very widely used
because of the following reasons. The output voltage of a PWM inverter can be
controlled without significantly adding to the total number of circuit components;
at the same time significant reduction in the harmonic content can be achieved.
Thus, flexibility of control and high quality of output are the important merits of
this method.

In a PWM inverter the devices are gated to facilitate variation of the
fundamental component of the output voltage. The technique of multiple pulse
width modulation is especially useful in drastically reducing the harmonic content.
It consists of switching the devices on and off a number of times during each
half-cycle of the inverter output frequency. Any one of the high-frequency
devices introduced in Chapter 1, namely, power transistors, GTOs, MOSFETs,
and IGBTs, can be used for PWM purposes. The net effect is that a fairly smooth
sinusoidal voltage waveform is obtained at the output with minimum filtering.
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Fig. 5.24 Voltage control with multiple inverters
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5.6.2 Braking of VSI-based Drives

A motor driven by a VSl is said to be braked when its speed is gradually reduced
and it is finally brought to a standstill condition. A typical application for an
inverter drive is a hoist, which involves four-quadrant operation. Figures 5.25(a)
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and (b), respectively, show a hoist and the four quadrants in which it operates.
Here an ac machine is braked in the second quadrant whereas it works as a motor
in the first quadrant. As the hoist moves up from D to B, the machine works in
the (positive) motoring mode; the operating point is in the first quadrant of the i-v
plane, where i is the armature current and v is the excitation voltage of the motor.
At B the motor has to be decelerated or braked so that it comes to a standstill
condition at A, which is at the ground level; this operation can be represented as
a point in the second quadrant. Similarly, while the hoist goes down from A to C,
reverse motoring takes place, this operation being depicted as a point in the third
quadrant. As the hoist has to land at D, which is the bottom point, the last lap of
movement is from C to D, which is made possible by the reverse braking of the
motor, which comes under fourth-quadrant operation. The discussion below will
confine to braking or second-quadrant operation. The braking of the motor can
be achieved in the following ways:

(a) regenerative braking,
(b) dynamic braking, and
(c) braking that involves prevention of rapid deceleration.

ac motor Pulley

T
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ffffffff B
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Fig.5.25 A mine hoist: (a) schematic diagram (b) illustration of four-quadrant
operation

An ac drive is said to be regeneratively braked when the kinetic energy is
converted into electrical energy and returned to the source. This process causes
deceleration of the motor and finally brings it to a stop. For an ac machine
supplied by a VSI, when the output frequency of the inverter is reduced to a
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value less than the motor frequency, power flows in a reverse direction from the
machine, which acts as a generator, to the dc link through the feedback diodes
of the VSI. Regenerative braking involves utilizing this power usefully either by
absorbing it in the dc link capacitor or by transferring it to the ac mains. The
three configurations of Fig. 5.1 will now be taken up for discussion and necessary
modifications explored to facilitate regenerative braking.

Considering the schematic diagram of Fig. 5.1(a), for the energy to be returned
through the dc link to the ac source, it is necessary to replace the uncontrolled
diode, that is, the rectifier bridge, by a dual converter which permits four-quadrant
operation. The second quadrant is of interest because a typical point in it indicates
power transfer from the dc link to the source. For the diagram shown in Fig. 5.1(b),
the reverse dc link current cannot flow through the controlled rectifier bridge; only
another fully controlled rectifier bridge connected in antiparallel with the existing
one can permit reverse current to flow to the ac source, provided it is operated in
the inverting mode.

Finally, for the configuration shown in Fig. 5.1(c), the first-quadrant dc chopper
has to be replaced by a two-quadrant chopper, operating in the first and second
quadrants to permit reversal of power. The diode rectifier bridge has also to be
replaced by a dual converter.

The above discussion can be summed up by stating that regenerative braking
can be achieved in these three cases by more sophisticated control circuitry that
involves additional thyristors. Hence the cost of the VSI drive increases and the
circuitry becomes more complex. In many applications the quick deceleration
offered by regenerative braking may not be necessary and the additional cost of
sophistication may also not be justified from the point of view of energy saving.
Thus dynamic braking, already elaborated in Chapter 2, can be employed; this type
of braking consists of disconnecting the source and switching on a resistor across
the dc link when the voltage of the filter capacitor exceeds a certain level. The
current then flows in the reverse direction from the ac machine (which operates
in the generating mode) to the dc link. For this purpose the switch may consist of
a transistor whose base is driven by a fraction of the link capacitor voltage.

In very low capacity drives the rapid deceleration provided by regenerative
braking as well as dynamic braking may not be necessary. For such drives it is
enough to provide appropriate low-cost circuits so that the drive operates with a
decreased rate of deceleration, thus preventing a large rise in the dc link voltage.

5.7 Current Source Inverters

The VSIs obtain their ac supply from a dc voltage source which consists of either a
diode bridge rectifier followed by a dc chopper and an L filter or a fully controlled
rectifier followed by a filter. The output voltage of a VSI is independent of the
load impedance. In contrast to this, for a current source inverter (CSI) the shape of
the output voltage depends on the load whereas the output current is independent
of load. The source for a CSI consists of a phase-controlled rectifier which can
be made to operate as a current source by means of a large series inductor at its
output and a current regulating loop. A CSI has the following merits: (a) reversal
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of motor current, which is needed for regenerative braking, is possible without
any additional components whereas these are essential in a VSI, (b) the large
filter inductor prevents the short-circuiting of the output terminals when there
is a commutation failure, (c) CSIs which are used in drives of medium or high
power levels employ relatively less costly converter grade thyristors. CSIs are not
without drawbacks and these will be dealt with later. A detailed description of
single-phase and three-phase CSIs follows.

5.7.1 Single-phase Current Source Inverter

Figure 5.26(a) shows a single-phase autosequentially commutated inverter
(ASCI) which consists of a constant current source rigged up with a dc supply. By
alternate firing of the thyristor pairs Th;, Thy and Thy, Ths an alternating current
wave of amplitude /; is obtained at the load. The frequency of the output current
is determined by the triggering frequency of the thyristor pairs. The sequence of
operation for this circuit can be split up into four intervals as follows.

Interval 1 It is assumed that the thyristors Th; and Thy are already conducting
the load current /iy = I3 which flows in the circuit consisting of the positive
terminal of the supply, smoothing inductor L, Thy, D, the load, Dy, Thy, and
the negative terminal of the supply. The commutating capacitors C; and C, are
assumed to be charged to 4+ E volts during the previous half-cycle, with the X -
and X,-plate attaining positive polarity. The voltage E; will be greater than the
load voltage Rijq. The triggering of the other thyristor pair marks the end of this
interval.

Interval 2 At time t; the thyristors Thy and Thj are triggered into conduction,
enabling the capacitors C; and C; to apply a reverse voltage, respectively, across
Th; and Thy and turn them off. Consequently the voltages across the capacitors
decay down. At f, these capacitor voltages attain the load voltage R1y4, and the
diodes D5 and D, start conduction. This marks the end of interval 2.

Interval 3 During this interval, which starts at f,, the thyristors Th, and Ths
as well as all the four diodes connect the load in parallel with the commutating
capacitors. The smoothing inductor, capacitors C; and C5, and the load resistance
and inductance along with the current source form an RLC circuit which is driven
by the current source. A current oscillation sets in, and the load current, which was
originally equal to /iy, becomes zero, then reverses and attains the value — /4. At
t3 the diodes D; and D, get reverse biased, terminating the commutation process.

Interval 4 The load current now flows through Ths, D3, the load (in a reverse
direction), D,, and Th,. The capacitor voltage attains the value —E; (with X
and X, attaining negative polarity) and remains at this value till the commutation
of Th, and Th;.

If Thy and Thy are now triggered, Th, and Thj turn off and the load current
and voltage reverse again, thus becoming positive. The cycle repeats.

When Th; and Th; are turned on at #; the input voltage (vi,) gets reversed
whereas the input current remains constant at the positive value of ;4. The power
delivered to the load is —vj,/iq. The negative sign indicates that the inductive
energy of the load flows back to the dc source. After some time (interval 3) the
load becomes ready to conduct current in the reverse direction.
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5.7.2 Three-phase Bridge Type of Current Source Inverter

The single-phase bridge CSI is simple to construct and serves the purpose of
demonstrating the principle of a current source inverter. However, because of the
wider use of CSI-driven three-phase ac motors, the three-phase CSI (Murphy &
Turnbull 1988) is of practical importance. Figures 5.27(a) and (b), respectively,
show a three-phase (ASCI) feeding a star-connected balanced load (say, an
induction motor) and its output waveforms. The thyristors Th; to Thg are fired in
sequence, each device conducting for a period of 120°. The circuit can be seen
to be an extension of the circuit of the single-phase ASCI and has three legs
instead of two. It also has six capacitors C; to Cg to store the energy necessary
for commutation purposes and as many diodes, D to Dg, to isolate the load from
the capacitors.

The thyristors are gated in such a manner that one thyristor each from the
top and bottom groups connects the load to the positive and the negative bus,
respectively, thus conducting the current through it. It is assumed that initially the
circuit is in the steady state and that the motor speed is constant. The sequence of
operation of the inverter is divided into four intervals as before, detailed below.

Interval 1 The thyristors Th; and Th; are fired and kept on for some time; thus,
only the R- and B-phase of the load conduct current. To start with, the capacitors
Cy, Cs, and Cs are charged with voltages E, 0, and — E, respectively, with the
polarities shown, by a precharging circuit which is not needed for subsequent
operation. This interval terminates at #; when Th;j is fired. The circuit condition
at the beginning of the interval is given in part (i) of Fig. 5.27(c).

Interval 2 The firing of Ths causes vc, to be applied in a reverse manner
across Thj, turning it off. The load current now flows through Thj, the
capacitor combination C) in parallel with the series combination of Cs, Cs, then
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through D, the R- and B-phase windings of the motor load, Th,, and D,. The
source current /4. linearly charges the capacitor C| in a reverse manner as per the
following equation:

0 = - /Z Ldi = 2 (5.85)
v = — = — .

“ CiJo ™ G

where [, is a part of the load current /4. which flows through the branch containing
C;. The reverse bias across Th; remains till v, becomes zero. The diode D3
remains reverse biased and the motor current continues to flow in the phases
R and B. This interval is terminated when D3 gets forward biased and starts
conduction. The circuit condition at the beginning of this interval is given in part
(ii) of Fig. 5.27(c).

Interval 3 In this interval the current gradually gets transferred from the
R-phase winding to the Y -phase winding as per the following steps. With D still
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Fig.5.27 Three-phase ASCI: (a) circuit diagram, (b) idealized voltage and current
waveforms of ac motor load, (c) circuit conditions during the four intervals
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conducting, the capacitor combination C; in parallel with the series combination
of C3 and Cs gets connected in parallel with the motor windings, through D; and
Ds. The RLC circuit consisting of the smoothing inductor L, capacitor bank, and
motor resistance and inductance forms a resonating circuit. In a quarter-cycle the
current in the R-phase reduces from /g to 0 and that in the Y -phase increases from
0 to I4c. Dy, which is connected to phase R, finally stops conduction, marking
the end of this interval. The circuit condition at the beginning of this interval is
given in part (iii) of Fig. 5.27(c).

Interval 4 The source current /3. now flows through Ths, the Y- and R-phase
windings of the motor, and Th;. This condition remains till Thy is gated, to initiate
the commutation of Th;. As the only conducting device Dj is connected at the
junction of C| and C3, there is no path for their discharge. Hence these capacitors
retain the charge built up during intervals 2 and 3. The circuit condition at the
beginning of this interval is given in part (iv) of Fig. 5.27(c).

Volt