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FOREWORD

Engineers are the backbone of any modern society. They are the ones responsible for the
marvels as well as the improved quality of life across the world. Engineers have driven
humanity towards greater heights in a more evolved and unprecedented manner.

The All India Council for Technical Education (AICTE), have spared no efforts towards
the strengthening of the technical education in the country. AICTE is always committed
towards promoting quality Technical Education to make Indiaa modern developed nation
emphasizing on the overall welfare of mankind.

An array of initiatives has been taken by AICTE in last.decade which have been
accelerated now by the National Education Policy (NEP) 2020. The implementation of
NEP under the visionary leadership of Hon’ble Prime Minister. of India‘envisages the
provision for education in regional languages to all, thereby ensuting that every graduate
becomes competent enough and is in a position to contribute towards the national growth
and development through innovation & entrepreneurship,

One of the spheres where AICTE had beenrelentlessly working since past couple of years
is providing high quality original technical contents at Under Graduate & Diploma level
prepared and translated by eminent educators in-various Indian languages to its aspirants.
For students pursuing 2™ vear of their Engineering education, AICTE has identified 88
books, which shall be translated into 12 Indian languages - Hindi, Tamil, Gujarati, Odia,
Bengali, Kannada, Urdu, Punjabi, Telugu, Marathi, Assamese & Malayalam. In addition
to the English medium, books.in different Indian Languages are going to support the
students to understand the concepts in their respective mother tongue.

On behalf of AICTE, | express sincere gratitude to all distinguished authors, reviewers
and translators-from the renowned institutions of high repute for their admirable
contribution in a record span of time.

AICTE is confident that these outcomes based original contents shall help aspirants to

master the subject with comprehension and greater ease.

(Prof. T. G. Sitharam)



ACKNOWLEDGMENT

The author is grateful to the authorities of AICTE, particularly Prof. T G Sitharam, Chairman;
Dr. Abhay Jere, Vice-Chairman; Prof. Rajive Kumar, Member-Secretary, Dr. Sunil Luthra,
Director and Reena Sharma, Hindi Officer Training and Learning Bureau, for their planning to
publish the books on Power Electronics: Theory and Practicals. I sincerely acknowledge the
valuable contributions of the reviewer of the book Dr. Asha Rani M.A, Assistant Professor,
National Institute of Technology Silchar, Assam for making it students’ friendly and artistically
giving a better shape. I also offer my sincere thanks to my students Dr. Satish Kumar Ramoji,
Dr. Sanjeev Kumar Bhagat, and Dr. Manoja Kumar Behera, for their help and support in
preparing this book. At last, it is wise to thank my wife Mrs. Krishna Dutta Saikia, and my sons
Abhinav and Anubhav for their all-around support during the writing of this book.

This book is an outcome of various suggestions of AICTE members, experts, and authors who
shared their opinions and thoughts to further develop engineering education-in our.country.
Acknowledgments are due to the contributors and different workers in"this field whose
published books, review articles, papers, photographs; footnotes, references, and other valuable
information enriched us at the time of writing the book.

Dr. Lalit Chandra Saikia

)



PREFACE

The book titled “Power Electronics: Theory and Practicals” is an outcome of the rich
experience of my teaching of basic courses in Electrical Engineering. The initiation of writing
this book is to expose the fundamentals of Power Electronics to Electrical Engineering
students. The basics of power electronics including semiconductor physics, power
semiconductor devices, turn-on and turn-off methods of SCRs, phase controlled rectifies, and
industrial applications also presented.

Keeping in mind the purpose of wide coverage as well as to provide essential
supplementary information, I have included the topics recommended by AICTE, in a very
systematic and orderly manner throughout the book. Efforts have been made to explain the
fundamental concepts of the subject in the simplest possible way.

During the process of preparation of the manuscript, 1 have considered ithe various
standard textbooks and accordingly, I have developed sections like critical questions, solved
and supplementary problems, etc. While preparing the_different sections emphasis has also
been laid on definitions and principles of operation.and also on comprehensive synopsis of
formulae for a quick revision of the basic principles. The book covers all types of medium and
advanced level problems and these have been presented in a very logical and. systematic
manner. The gradations of those problems have been tested over-many years:of teaching to a
wide variety of students.

Apart from illustrations and examples as required, Fhave enriched the book with numerous
solved problems in every unit for proper understanding of the related topics. Laboratory
experiments on the basics of power electronics as recommended by AICTE are included in the
units.

In addition, besides some essential information for.the users under the heading “Know More”
1 have clarified some essential basic information in the appendix section.

This book is concerned with the basics of power electronics covering construction,
principle of operations, various characteristics of power transistors and thyristors, SCR
turned-on and turned-off methods, ‘and industrial control circuits using power electronics. All
are grouped in separateunits. The subject matters are presented in a constructive manner so
that an electrical engineering degree prepares students to work in different sectors at the very
forefront of technology.

1 sincerely hope-that the book will inspire electrical engineering students to learn and
discuss the ideas behind the basics of power electronics and will surely contribute to the
development of a solid foundation for the subject. I would be thankful for all beneficial
comments and suggestions that will contribute to the improvement of future editions of the
book. It gives me immense pleasure to place this book in the hands of the teachers and students.
It was indeed a great pleasure to work on different aspects covered in the book.

Dr. Lalit Chandra Saikia
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OUTCOME BASED EDUCATION

For the implementation of an outcome based education the first requirement is to develop an
outcome based curriculum and incorporate an outcome based assessment in the education
system. By going through outcome based assessments evaluators will be able to evaluate
whether the students have achieved the outlined standard, specific and measurable outcomes.
With the proper incorporation of outcome based education there will be a definite commitment
to achieve a minimum standard for all learners without giving up at any level. At the end of the
programme running with the aid of outcome based education, a student will be able to arrive
at the following outcomes:

PO1. Engineering knowledge: Apply the knowledge of mathematics, science, engineering
fundamentals, and an engineering specialization to the solution of complex engineering
problems.

PO2. Problem analysis: Identify, formulate, review research literature, and analyze complex
engineering problems reaching substantiated conclusions using first principles of mathematics,
natural sciences, and engineering sciences.

PO3. Design / development of solutions: Design solutions for complex engineering problems
and design system components or processes_ that meet the specified needs with appropriate
consideration for the public health and safety, and the cultural, societal, and environmental
considerations.

PO4. Conduct investigations of complex problems: Use research-based knowledge and
research methods including design of experiments, analysis and interpretation of data, and
synthesis of the information to provide valid conclusions:.

PO5. Modern tool usage: Create, select, and apply appropriate techniques, resources, and
modern engineering and IT tools including prediction and modeling to complex engineering
activities with an understanding of the limitations.

PO6. The engineer and society: Apply reasoning informed by the contextual knowledge to
assess societal, health, safety, legal and cultural issues and the consequent responsibilities
relevant to the professional engineering practice.

PO7. Environment and sustainability: Understand the impact of the professional engineering
solutions in societal and environmental contexts, and demonstrate the knowledge of, and need
for sustainable development.

PO8. Ethics: Apply ethical principles and commit to professional ethics and responsibilities
and norms of the engineering practice.

PO9. Individual and team work: Function effectively as an individual, and as a member or
leader in diverse teams, and in multidisciplinary settings.

PO10. Communication: Communicate effectively on complex engineering activities with the
engineering community and with society at large, such as, being able to comprehend and write
effective reports and design documentation, make effective presentations, and give and receive
clear instructions.

(vii)



PO11. Project management and finance: Demonstrate knowledge and understanding of the
engineering and management principles and apply these to one’s own work, as a member and
leader in a team, to manage projects and in multidisciplinary environments.

PO12. Life-long learning: Recognize the need for, and have the preparation and ability to
engage in independent and life-long learning in the broadest context of technological change.

(viii)



COURSE OUTCOMES

After completion of the course, the students will be able to:

CO-1: Select Power Electronic Devices for specific applications.

CO-2: Explain the construction of various power semiconductor devices and power electronics circuits.
CO-3: Understand the operation of various semiconductor devices and their circuits.

CO4: Analyse various circuits for turn-on and turn-off of thyristors and phase-controlled rectifiers.
CO-5: Design appropriate power electronic circuits for industrial control.

Mapping of Course Outcomes with Programme Outcomes to be done according to the matrix
given below:

c Expected Mapping with Programme Outcomes
ourse (I- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)
Outcomes
PO-1 | PO-2 | PO-3 PO-4 | PO-5 | PO-6 |“PO-7 PO-8 | PO-9| PO-10 PO-11 PO-12
CO-1 3 2 2 2 1 4 - s \ § 3 -
CO-2 3 1 2 1 - - - - - - - -
CO-3 3 3 2 2 2 - - - - - - -
CO-4 3 3 3 2 1 - - - - - - -
CO-5 3 3 3 1 2 - - - - - - -
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GUIDELINES FOR TEACHERS

To implement Outcome Based Education (OBE) knowledge level and skill set of the students
should be enhanced. Teachers should take a major responsibility for the proper implementation
of OBE. Some of the responsibilities (not limited to) for the teachers in OBE system may be
as follows:

e Within reasonable constraint, they should manoeuvre time to the best advantage of all
students.

e They should assess the students only upon certain defined criterion without considering
any other potential ineligibility to discriminate them.

e They should try to grow the learning abilities of the students to a certain level before
they leave the institute.

e They should try to ensure that all the students are equipped with the quality knowledge
as well as competence after they finish their education.

e They should always encourage the students to develop their ultimate performance
capabilities.

e They should facilitate and encourage group work and team work to consolidate newer
approach.

e They should follow Blooms taxonomy in every part of the assessment.

Bloom’s Taxonomy

Level Teacher should Student should be Possible Mode of
Check able to Assessment
Create Studel::trse:?elhty 'Q Désign or Create Mini project
Evaluate Smdel,lts 2'1b1hty & Argue.or Defend Assignment
justify
Anal Students ability to Differentiate or Project/Lab
yse distinguish Distinguish Methodology
Apol Students ability to Operate or Technical Presentation/
PPy use information Demonstrate Demonstration
Students ability to . . . .
A . Explain or Classify Presentation/Seminar
explain the ideas
Students ability to .
recall (or temember) Define or Recall Quiz

€3]




GUIDELINES FOR STUDENTS

Students should take equal responsibility for implementing the OBE. Some of the
responsibilities (not limited to) for the students in OBE system are as follows:

Students should be well aware of each UO before the start of a unit in each and every
course.

Students should be well aware of each CO before the start of the course.

Students should be well aware of each PO before the start of the programme.

Students should think critically and reasonably with proper reflection and action.
Learning of the students should be connected and integrated with practical and real life
consequences.

Students should be well aware of their competency at every level of OBE.
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ABBREVIATIONS AND SYMBOLS

List of Abbreviations

General Terms

Abbreviations Full form Abbreviations Full form

AC Alternating current NPT Non-punch-through

AT Ambient temperature ODF Overdrive factor

BEJ Base-emitter junction PIV Peak inverse voltage

DIAC Bidirectional diode PCC Phase control converter

TRIACs Bidirectional triode thyristors PCRs Phase-controlled rectifiers

BJT Bipolar junction transistor PEs Power electronics

CBJ Collector-base junction PF Power factor

CB Common base PSDs Power semiconductor. devices

Programable unijunction

cC Common collector PUT transistor

CE Common emitter PO Programme outcome

CSCR Complementary SCR POs Programme outcomes
Conductively — modulated field

COMFET effect transistor PTR Pulse transformer

COs Course outcomes PT Punch-through

CF Creast factor QD Quantumdot

DC Direct current RBM Reverse blocking mode

DPF Displacement power factor RCTs Reverse conducting thyristors

DF Displacement power factor RCM Reverse conduction mode

EP Electrical power RRC Reverse recovery current

ETOs Emitter turn-off thyristors RBSOA Reverse-biased SOA

FET-CTHs FET-controlled thyristors RF Ripple factor

FET Field effect transistor SOA Safe operating area

FF Form factor SCSs Silicon control switches

FBM Forward blocking mode SCR Silicon-controlled rectifier

FCM Forward conduction-mode SET Single electron transistor

FBSOA Forward-biased SOA SET Single electron transistor
Gain-modulated field effect

GEMFET transistor SACCB Static AC circuit breakers

GTOs Gate turn off thyristors SDCCB Static DC circuit breakers

HF Harmonic factor SITHs Static induction thyristors

IRED Infrared emitter diode SITs Static induction transistors

IGBT Insulated gate bipolar transistor | SMPS Switched mode power supply

IC Integrated circuit SMPS Switched mode power supply
Integrated gate-commutated

IGCTs thyristors TR Thermal resistance

JFET Junction field effect transistor THD Total harmonic distortion

kV. Kilo volt TUF Transformer utilization factor
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General Terms

Abbreviations Full form Abbreviations Full form
Light activated silicon-
LASCRs controlled rectifiers uJT Unijunction transistor
MT Main terminal UPS Uninterrupted power supplies
Metal oxide insulated gate
MOSIGT transistor UPS Uninterrupted power supply
Metal oxide semiconductor field Voltage synchronizing
MOSFETs effect transistors VST transformer
MTOs MOS turn off thyristors V-1 Voltage-current
MCTs MOS-controlled thyristors w.r.t With respect to
Natiqngl Ae.ronautics and Space Rps Drain-to-source resistance
NASA Administration
List of Symbols
Symbols Description Symbols Description
n* Heavily doped silicon Lr Forced current gain
p Lightly doped silicon D Drain
n Emission coefficient S Source
k Boltzmann’s constant G Gate
q Electron charge K Cathode
T Absolute temperature J Junction
E Emitter t Time
B Base D Duty cycle
c Collector n Intrinsic standoff ratio
% Volt f Frequency
A Ampere or anode () Angular frequency
a Forward current gain T Time period
B Current gain Vitri Gate triggering voltage
Alc Change in the collector's current v, Voltage across diode
AV Change in base-to-emitter voltage Vap Breakdown voltage
gn Transconductance Vso Break-over voltage
ta Delay time Vs Voltage safety factor
tr Rise time Pay Average rate of heat produced
ton Turn-on time Pgav Gate power dissipation
I Excess current lgm Maximum limit of current
toy Turned-off time Vom Maximum limit of voltage
t Fall time t, Reverse recovery time
to Off period tor Gate recovery time
tn Conduction period Icso Collector base leakage current
ts Storage time Ia Anode current
Pr Power dissipation Rp Emitter shorting resistance
ty Turn-off time Ve Gate threshold voltage
Ig Gate current Vi Threshold voltage
Rarife Drift region resistance Is Gate current
Poss Power loss during switching off Rsa sink to ambient thermal resistance
Ips Drain to source current Tc Case temperature
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Symbols Description Symbols Description
Ip Drain current Ts Sink temperature
Ric Junction to case thermal resistance Sio, Silicon oxide
Res Case to sink thermal resistance Vs Drain to source voltage
T Junction temperature Vidiode Diode voltage
Rps Drain-to-source resistance Ldiode Diode current
Ips Drain to source current lieak Leakage current
Ves Gate to source voltage Ig Base current
Viery Repetitive reverse voltage Ig Emitter current
Vip Thermal voltage Vcesar. Saturation voltage
Ie Collector current Vaesar Saturated base-emitter voltage
Ve Base-emitter voltage lgsat Saturated base current
hee Current gain h-parameter Veesar Saturated collector emitter voltage
E, Peak input AC voltage Iceo Collector-emitter leakage current
E4c Average load volatge Eim Maximum value of output voltage
Erms RMS load voltage Lrms RMS load current
Prms Power delivered to the load Vee Collector emitter voltage
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Power Electronic
Devices

UNIT SPECIFICS
This unit covers the following aspects:

e [Introduction to power electronics and its history.

o A brief'introduction to semiconductor physics along with p-n junction diode.

e  Power diodes and their characteristics.

e  Power transistors and its classification.

e Construction, types, working principle, V-I characteristics, and .uses of bipolar junction
transistors (BJTs).

e Construction, types, working principles, V-I characteristics,.and uses of power metal oxide
semiconductor field effect transistors (MOSFETS).

o Construction, types, working principles, V-I characteristics, and uses of insulated gate bipolar
transistor (IGBT).

o [Introduction to single electron transistor (SET), quantum dot, and coulomb blockade.

o Working principle, and V-I characteristics of SET.

e Practical experiments on power BJT and IGBT.

The various power semiconductor devices, their construction, V-1 characteristics, working principle,
use, and practical applications of the topics are.discussed here to generate further curiosity and
creativity as well as improving problem-solving capacity along with some numerical problems.

Besides giving a large number of multiple-choice questions as well as questions of short and
long answer types marked in two categories following the lower and higher order of Bloom’s taxonomy,
assignments through several numerical problems, a list of references, and suggested readings are given
in the unit so that one can'go through them for practice.

Some practical experiments related to the courses covered in Unit-1 are also appended at the
end of this unit'to make the students aware of the hands-on on these topics.

After the:related practical experiments on the topic, based on the content, there is a “Know
More” section appended. This section has been designed to supplement additional information and
higher learning skills on the topic.

RATIONALE

This fundamental unit on power electronics devices helps students to get a primary idea about power
electronics, power diodes, power transistors, and types of power transistors. The construction, V-1
characteristics, working principles, and uses of various power transistors like bipolar junction

transistors (BJTs), metal oxide semiconductor field effect transistors (MOSFETs), insulated gate



2 | Power Electronic Devices

bipolar transistors (IGBTs) are discussed and analysed. The physics behind the construction of single
electron transistor (SET), quantum dot, and coulomb blockade are discussed in short to develop the

basic idea about the same.

Some related problems are pointed out after each section with their solutions which can help further
for getting a clear idea of the concerned topics on power transistors used in power electronics. The V
- I characteristics, the working principles etc will certainly help students with numerical problem-
solving.

As a student in the field of electrical engineering, this unit on power electronics devices helps students
to grasp the basic knowledge of power semiconductor devices.

PRE-REQUISITES
ESC101: Basic Electrical Engineering

UNIT OUTCOMES
After completion of Unit-1 students will be able to:

Ul-O1l: Describe the semiconductor physics behind power electronics . devices.

Ul-02: Explain the construction of power diodes, and power transistors:

Ul-03: Explain the working principle of various types of power-transistors like BJTs, MOSFETs,
and IGBTs.

Ul-O4: Analyse the V-I characteristics of various types-of power transistors like BJTs, MOSFETs,
and IGBTs.

Ul-05: Identify the uses of power tramsistors and analyse the performance of them.

. EXPECTED MAPPING WITH COURSE OUTCOMES
Unit-1 (1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)
Outcomes
CO-1 CO-2 CO-3 CO-+4 CO-5
U1-01 1 3 3 1 1
U1-02 1 3 2 2 1
U1-03 1 1 2 1 1
U1-04 1 - 3 3 2
U1-05 3 - - - 2
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1.1 INTRODUCTION TO POWER ELECTRONICS

The power system is divided into three subsystems. They are generation, transmission, and distribution.
Electrical energy is generated via a generation system, transmitted using a transmission system, and
distributed to consumers using a distribution system. The word “Power” in “Power Electronics (PEs)”
is associated with the power appliances for the subsystems of the power system. The “Electronics” in
“Power Electronics” is associated with the solid-state devices and circuits used for controlling as well
as the conversion of electrical power (EP). Thus, “Power Electronics” can be defined as the application
of solid-state electronics for the control and conversion of EP. Figure 1.1 (a) shows the relationships
among power, electronics, and control.

Control
— Power
Analog/Digital Motor > Jg‘
a
Y Y
Electronics .| Power Equipments Comand
Devices/Circuits | Stationary/Rotating Signal —®| Control Unit sor

(a) (b)

Figurel.1 (a) Relationship among power, electronics, and control, (b) Power electronics system

The block diagram of a simple PEs system.is shown in Figure.1.1.(b). The power source shown
in the figure may be AC or DC. The motor together with the power modulator and control unit is the
electrical drive that is used to drive the mechanical load. The motor may be a D€ .motor like separatel y
excited, shunt, series, or compound; an AC motor like an induction motor, synchronous motor; stepper
motor, reluctance motor, etc. The power modulator has many_functions such as the conversion of
electrical energy received from the power source as required by the motor drive, selection of mode of
operation such as motor or braking, modulation of power from the power source to the motor, starting,
braking and reversal of speed, etc. Power modulators are controlled by the control unit. The sensor unit
measures the load parameters and sends the parameter. to the ‘control unit.

Solid-state devices are nothing but semiconductor devices. When these semiconductor devices are
used for power modulation and control; such devices are called power semiconductor devices. Power
electronics mainly work based on'the switching of power semiconductor devices. The power handling
capacity and the switching. speed of power devices increase with the advancement of power
semiconductor technology. ~The control and design of control strategies for power semiconductor
devices are improved with the introduction of microelectronics. The construction, working principles,
V-I characteristics, and application of various power transistors are discussed in Unit-I.

1.2 HISTORY OF POWER ELECTRONICS

Various_power electronic devices have been developed in the past. Power electronics started
with the mercury arc rectifiers (1900). Afterwards, the rectifiers like metal tank types and vacuum tubes
were introduced. These rectifiers as well as other devices like thyratron were in use until 1950s. The
transistor was invented by Bardeen, Brattain, and Shockley in 1948. This is the starting point of the
electronic revolution. The thyristor was invented in 1957. A thyristor is also called a silicon-controlled
rectifier (SCR). These are invented in Bell telephone laboratories. The second revolution of power
electronics started in 1958 when the commercial thyristor was introduced by General Electric Company.
Many power semiconductor devices of different types and several control techniques have been
developed since 1958. Conventional thyristor was developed in 1958 and it was used in Industry till
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1970. After 1970, many other semiconductor devices were developed. Nowadays power electronics
incorporate power semiconductor devices and microelectronics.

1.3 SEMICONDUCTOR PHYSICS

Power semiconductor devices are made from semiconductor material. High-purity, single-crystal
silicon is used for power semiconductor devices. Many processes are adopted to convert single-crystal
material into semiconductor devices. The elements are divided into various groups such as Group - I,
Group - II, Group - III, Group - IV, Group - V, etc in the periodic table. Elements such as Boron,
Gallium, or Indium belong to Group - III. Elements such as Silicon, Germanium, etc under Group - IV.
The Elements such as Phosphorus, Arsenic, Antimony, etc. belong to Group - V. Group - IV elements
are semiconductors. Pure silicon or pure germanium are called intrinsic semiconductors that have a
resistivity in between insulators and conductors. The resistivity and the charge carriers of intrinsic
semiconductors can be changed by adding some impurities. The process by which impurities.are'added
to semiconductors is called doping. Doping involves the addition of a single atom of impurity per
millions of semiconductor atoms. Using various impurities, levels of doping and shapes, insulation,
appropriate technology for photolithography, cutting, etc., power semiconductor devices are developed
from n-type and p-type extrinsic semiconductor materials.

1.3.1 n-type extrinsic semiconductor material

When pure silicon is doped with a small amount of Group - V element, n-type material or n-type
extrinsic semiconductor material is produced.The elements of Group -V ‘have five valance electrons.
Four of five electrons of the dopant (Group-V element) atom form covalentbonds with its nearby silicon
atoms. In this process, one electron is produced from one dopant (Group-V element) atom. The excess
electrons increase the conductivity. of the material. Thus;. free electrons are available in an n-type
material. In n-type material, the free electrons are ‘the majority carriers and holes are the minority
carriers. Thus, the number of electrons is more than the number of holes in n-type materials. When the
silicon is lightly doped with Group - V element (called impurity) such as phosphorous, the doping is
called n doping, and the material'is called an n-type semiconductor. When the silicon is heavily doped
with Group - V element, the doping is called n*type doping, and the resultant material is called an n*
type semiconductor. The n-type semiconductor is also called a doped n-type semiconductor.

1.3.2  p-type extrinsic semiconductor material

When pure silicon is doped with a small. amount of elements under Group - II, p-type material or p-
type extrinsic semiconductor material-is‘produced. Group-III elements have three valance electrons.
When it is added to:silicon, three covalent bonds are produced with nearby silicon atoms. In this doping
process, a vacant location is produced from each dopant atom. The vacant location is called a hole. Like
electrons, holes are also considered mobile carriers because they can be filled by adjacent electrons.
The holes increase the conductivity of the material. Thus, free holes are found in p-type material. In p-
type material, the free holes and electrons are the majority carriers and electrons are the minority
carriers. Thus, the number of holes is more than the number of electrons in p-fype materials. When
silicon is lightly doped with the elements under Group - III like boron, the doping is called p-doping
and the resultant material is called a p-type semiconductor. When the silicon is heavily doped with
Group - ITI (impurity), the doping is called p* doping and the material is called a p* type semiconductor.
The p-type semiconductor is also called a doped p-type semiconductor. The structure of n-type as well
as p-type materials are shown in Figure.1.2.
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In both n-type and p-type materials, the carriers are incessantly generated by thermal agitations.
They combine and recombine as per their lifetime. They achieve an equilibrium carrier density in
numbers/cm’ from 10" to 10" in a temperature range of about 0°C to 1000°C. If an electric field is

Silicon
atom
Boron
atom

applied current flows, p-type and n-type materials.

Silicon
valence
electrons

Silicon
valence
electrons

Covalent
bond

Covalent
bond

(b)
Figure.1.2 Structure of atom of the semiconductor (a) n-type, and (b) p-type
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Figure.1.3 Majority and minority carriers in extrinsic semiconductor (a) n-type, (b) p-type

1.3.3 Drift and diffusion

The flow of current in a semiconductor is the sum of the net flow of holes and the net flow of
electrons. The flow of holes and electrons is in opposite directions. The movement of the free carrier is
through two mechanisms ‘called drift and diffusion. When an electric field is applied across the
semiconductor, holes move in parallel with the electric field and free electrons move antiparallel to the
electric field: The velocity of the free carriers is called drift velocity. This velocity is proportional to the
strength of the field. This mechanism is called drift. On the other hand, the free carriers move due to
variations in thespatial density of free carriers. In this case, carriers are moving from higher density to
lower density. This mechanism is called diffusion. The diffusion is because of the random thermal
velocity that each carrier has. The spatial density is created by using many methods. Variation in doping
density is also one such method.

1.3.4 p-n junction

Some covalent bonds break because of thermal energy and create some free electrons and
immobile positive ions called holes in p-type and n-type semiconductors. In an n-type extrinsic
semiconductor, the number of free electrons is more than the holes because of the extra free electrons
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by adding an impurity from the Group-V element. Similarly, in p-type extrinsic semiconductors, there
are more holes than free electrons because of the addition of an impurity (element) from Group - III.
Thus, in n-type majority carriers are electrons and minority carriers are holes. Similarly, in p-type
extrinsic semiconductors, holes and electrons are majority and minority carriers respectively. The
majority and minority carriers in n-type and p-type materials are shown in Figure.1.3. A p-n junction
is created using p-type and n-type extrinsic semiconductor materials. The p-n junction is the basis for
any bipolar device. The p-n junction is also called a bipolar diode. The technique of joining p-type and
n-type materials to form a p-n junction may be by heating them in wafer (a very thin layer) form and
gradually by cooling or diffusion of the two. After the formation of the p-n junction, the free electrons
from the n-type semiconductor start moving to the p-type through the junction. Thus, near the junction,
the n-side becomes positively charged. The holes of the p-type material near the junction accept the
electrons and become negatively charged. Thus, a barrier called a depletion layer is created ‘at the
junction. This depletion layer has no charge carrier and opposes the current flow through the junction.
The depletion layer of the p-n junction is shown in Figure.1.4 (a). The thickness of the depletion layers
depends upon the temperature and the voltage applied across the junction.

p-type material Depletion layer  n-type material Anode Cathode
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Figure.1.4.(a) Depletion layer in a p-n junction, (b) p-n junction with a voltage source, (c) diode symbol,
(d) diode in forward bias, and (e) diode in reverse bias

1.3.5 Forward and reverse bias

When an external voltage is applied across the p-n junction, it appears entirely across the space
charge region. It is because of the large resistance offered by the depletion layer. The positive terminal
of the applied voltage is connected to the p-side and the negative to the n-side of the p-n junction, the
applied voltage opposes the contact potential of the barrier. The height of the deletion layer reduces.
The junction is said to be forward-biased.

When the negative terminal of the applied voltage is connected to the p-side and the positive
terminal to the n-side, the barrier height increases. The depletion layer must grow or shrink as the barrier



Power Electronics: Theory and Practicals | 7

height grows or shrink. The p-n junction is said to be reverse bias. The forward bias and reverse are
shown in Figure.1.4 (d) and (e) respectively. In these figures, W is the width of the depletion layer at
zero bias, and W is width of the depletion layer after the application of bias voltage.

1.4 INTRODUCTION TO POWER ELECTRONICS DEVICES

Power semiconductor devices are made of silicon and silicon carbide. Silicon is widely used.
There are three types of silicon-based devices. They are diodes, transistors, and thyristors. In power
application, all these three are further classified into (a) power diodes, (b) thyristors, (c) power bipolar
transistors, (d) power metal oxide semiconductor field effect transistors, and (e) insulated gate bipolar
transistors and static induction transistors.

1.4.1 Introduction to power diode

A diode also called as a p-n-junction diode is a two-terminal semiconductor device.. The
terminals are called anode and cathode. It has two layers of extrinsic semiconductor material, p-type
and n-type. A power diode is an uncontrolled semiconductor device. The turn-on .and turn-off
characteristics are not under control. The p-n-junction and the symbol of the diode are shown in
Figure.1.4 (b) and (c¢).

Power semiconductor devices have more complicated . ‘structures- than . low-power
semiconductor devices. It is because of the modification of low-power. devices to make them suitable
for high-power applications. The same basic modifications have been done in low-power semiconductor
devices to make them suitable for highspower applications.”A diode or p-r-junction is the basic
semiconductor device and it is the simplest of all semiconductor devices. Hence, if we understand the
medication in the diode, the modification in other semiconductor devices will be understood easily.

A diode acts as a switch in applications like tectifiers, freewheeling in regulators, trapped
energy recovery, capacitor charge reversal, energy transfer between components, voltage isolation, etc.
Power diodes are similar to p-n junction diodes but the power diodes have larger handling capabilities
of voltage, current, and power than ordinary diodes. The:switching speed of the power diode is low
compared to the ordinary signal diode.
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Figure.1.5 Structure and V-I characteristics of power diode (a) Structure, (b) V-I characteristics

1.4.2 Structure and V-I characteristics of power diode

The basic structure of the power diode is shown in Figure.1.5(a). It is made up of a heavily
doped n-type substrate on the top of which is grown a lightly doped »~ epitaxial layer of specified
thickness. A p-n junction is formed by diffusing a heavily doped p region on the n~ epitaxial layer. The
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thickness and doping levels for each layer for a typical p-n junction diode are shown in Figure.1.5(a).
The drift region #n~ is not found in low-power diodes. The function of this drift region is to absorb the
depletion layer of the reverse bias p'n~ junction. This drift region is quite wide with a large reverse

voltage and establishes the required breakdown voltage. The doping level of the drift region is light.
The V-I characteristic of the diode is shown in Figure.1.5 (b). In this plot, the voltage across
the diode (diode) is the abscissa and the diode current (Zs0q4e) is the ordinate. The difference between a
low-power diode and a high-power diode is that the current grows linearly in a power diode. The large
current in the power diode results in an ohmic voltage drop. The voltage drops in the lightly doped drift
region account for this ohmic drop. The V-I characteristics as shown in Figure.1.5 (b) is represented
by equation (1.1). This equation is called the Schockley diode equation under steady-state operation,

Idiode = Ileak (eV‘{M(‘/nVTD - 1) ( 1 . 1)

where, [..= leakage current or reverse saturation current (for the diode), n = emission. coefficient or
identity factor, V7p = Thermal voltage given by equation (1.2), where £ = Boltzmann’s. constant
(=1.3806 x 10> Joule/Degree kelvin), 7= absolute temperature in kelvin, g = electron charge (=
1.6022x10" coulomb)

v, =" (1.2)

The V-I characteristics of the diode shown.in Figure.1.5 (b) have three regions: They are the forward-
biased region, reverse-biased region, and breakdown region.. In the forward biased region, the diode
voltage. The diode current is very small when the diode voltage Vuioq. is-less than the cut-in voltage (of
the order of 0.7 for a silicon diode). At cut-in voltage, the diode fully conducting. In the reverse-biased
region, theV, , <0, which shows that diode current is negative and approximately equal to the negative

of the reverse leakage current (Iiea) and hence flows in the reverse direction. In the breakdown region,
The reverse voltage is very high; generally greater than 1000V. If the reverse voltage exceeds the Vrryv,
the diode current increases rapidly.

1.4.3 Working Principle of Diode

When the anode is positive concerning (w.r.t) the cathode, the diode is called forward bias. If
this anode-to-cathode voltage is gradually increased the depletion layer vanishes and the device starts
conducting. When the diode ‘conducts, a small forward voltage drops across it. This drop depends on
the junction temperature as well as the manufacturing process. The value of forward voltage drop is in
the range of 0.8 to 1.0V..\When the applied voltage V is increased from 0 to cut-in voltage (or threshold
or turn-on:voltage) the current is very small and beyond this voltage the current increases rapidly. The
voltage at which the diode starts conducting is called cut-in voltage. The value of the cut-in voltage is
0.7V for the silicon diode.

When the cathode is positive w.r.t anode the diode is called to be in reverse bias. When the
reverse bias voltage is applied across the diode terminals, the depletion layer widens. The reason for
the increase in the depletion layer is that electrons from the n-region are attracted toward the positive
terminal and holes are attracted to the negative terminal of the applied voltage. The increase in the width
ofthe depletion layer opposes the current flow through the diode. A small current called reverse leakage
current or leakage current (in the micro or milliampere range) flows due to minority carriers. Increasing
the reverse voltage up to a value at which reverse breakdown of the device occurs. The voltage at which
the breakdown occurs is called the breakdown voltage. This breakdown is called avalanche breakdown.
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With the application of reverse voltage, there will be a slow increase in leakage current until the
avalanche or breakdown voltage is reached. At this voltage, the diode is turned on in the reverse
direction. The current at this voltage is very high and is limited by some resistance otherwise this may
destroy the diode. The avalanche breakdown is avoided by operating the diode below the repetitive
reverse voltage (Vary).

1.4.4 Types of power diodes

There are three types of power diodes. They are general purpose, high speed or fast recovery,
and Schottky.

(a) General purpose diodes: This diode has a relatively high recovery time of the order of 25ps.
The current rating of general-purpose diodes ranges from 1A to several thousand amperes. The
voltage rating ranges from 50V to about 5kV. This is used in battery chargers, uninterrupted
power supplies (UPS), welding, traction, electroplating, etc.

(b) High-speed recovery diodes: This type of diode has a relatively low reverse recovery time of
the order of Sus or less. The current rating of general-purpose diodes ranges from 1A to several
thousand amperes. The voltage rating ranges from 50 V to about 3 kV. These are used in power
converters like choppers, communication circuits, switched-mode.power supplies, induction
heating, etc.

(c) Schottky diodes: These diodes have a very fast recovery time and low forward voltage drop.
The voltage rating of Schottky diodesranges up to 100 V-and the current-rating is from 1A to
300 A. These are used in high-frequency instrumentation, ‘and switching power supplies.

1.5 POWER TRANSISTORS

1.5.1 Introduction

Unlike diodes, power transistors are controlled devices. The turn-on and turn-off characteristics
of transistors are under control. The transistor is‘a three-terminal semiconductor device. The transistor
remains in on-state only when the control signal is present. When the control signal is removed, the
transistor is turned off. The switching speed of modern power transistors is much higher than that of
thyristors.

1.5.2 Classification of Power Transistors
Power transistors are classified into the following categories.

Bipolar junction transistors (BJTs)
Metal oxide semiconductor field effect transistors (MOSFETSs)
Static induction transistors (SITs)
Insulated gate bipolar transistors (IGBTs)
5. COOLMOS

All the above transistors are assumed as ideal switches in power electronics converters. The bipolar
junction transistors (BJTs) and metal oxide semiconductor field effect transistors (MOSFETs)s can be
chosen for the power converter and one can be a replacement for another provided the voltage and
current ratings of the same meet the output requirements of the particular converter. The construction,
working, V-I characteristics, etc. of a few power transistors such BJTs, MOSFETs, and IGBTs are
discussed in this Unit.

L% ) Nm
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1.6 BIPOLAR JUNCTION TRANSISTORS

1.6.1 Introduction

A bipolar junction transistor (BJT) is a three-layer, two-junction semiconductor device. It has
three terminals. The terminals are named emitter, base, and collector. The emitter terminal is indicated
by an arrow. It has alternate p-type and n-type layers diffused to form npn and pnp semiconductor
devices. Accordingly, transistors are classified into two. They are npn and pnp transistors. The middle
layer is the base (B) of the transistor and the other two regions are the emitter (E) and collector (C). The
junction between the emitter and base is called the base-emitter junction (BEJ), and the junction
between the collector and base is called the collector-base junction (CBJ). In power applications in
general, the base is the input terminal and collector is the output terminal and the emitter is the common
terminal and this configuration is called the common emitter (CE) configuration. The symbol of npn
and pnp transistors are shown in Figure.1.6. It is formed by using either one p-type and:two n-type
semiconductor material regions or one n-type and two p-type material regions. When there is one p-
region sandwiched by two n-region to form two junctions, the transistor is called the zzpn transistor. On
the other with one n-region sandwiched by two p-region, a pup transistor is formed.

C C
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Figure.1.6'Symbols of transistors(a) npn- transistor, (b) pnp-transistor

1.6.2 Construction of BJTs
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Figure.1.7 Construction of transistor (a) npn transistor structure, (b) pnp transistor structure

The vertical cross-section of npn and pnp transistors is shown in Figure.1.7(a) and Figure.1.7(b)
respectively. The vertical structure maximizes the cross-sectional are and thus minimizes the on-state
resistance. This facilitates the reduction of power loss. A large cross-sectional area also reduces the
thermal resistance of the BJT. The thickness and doping level of each region are shown in the figure for

a typical power transistor. There is a drift region in the collector region of n~ doping in the case of the

npn transistor and p~ in the case of pnp type transistor. This drift region is lightly dopped and its
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thickness is less than the collector n”(in case of npn) or p* (in case of pnp) region. The base region is
moderately dopped and the thickness is small. The emitter is heavily doped.

1.6.3 BJT configuration

The transistor has three possible configurations. They are common emitter (CE), common
collector (CC), and common base (CB) configurations. The configurations for an npn and pnp —
transistors are shown in Figure.1.8 and Figure.1.9 respectively. The common emitter configuration is
commonly used in switching operations. In common base, common emitter, and common collector, the
common terminal is base, emitter, and collector respectively. In the common base configuration, the
emitter is the input terminal and the collector is the output terminal. In the case of common collector
configuration base is the input and the collector is the output terminal.

(b) (¢)
Figure.1.8 Various configurations of BJT using npn transistor (a).Common base;(b) Common emitter,
and (c) Common collector

Figure.1.9 Various configurations of BJT using pnp transistor (a) Common base, (b) Common emitter,
and (c) Common collector

1.6.4 V-I characteristics of BJTs

(a) Steady-state characteristics:

The common emitter (CE) configuration is taken here for the analysis of V-I characteristics. The circuit
diagram of a npn transistor in CE configuration is shown in Figure.1.10 (a).

There are mainly two characteristics. They are input and output characteristics.

(b) The input characteristics: The plot between base current (I3) versus base-emitter voltage (V) is
the input characteristic. Since the base-emitter junction is like a p-n junction diode, hence the input
characteristics are just like a diode. The input characteristic is shown in Figure.1.10 (b)
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Figure.1.10 Circuit diagram and input characteristics of CE configuration of BJT (npn), (a) Circuit

diagram (b) Input characteristics.

(¢) The output characteristics: The output characteristic is the plot between collector’ current (7¢)

versus collector-emitter voltage (Vcg) for a particular value of base current (7z). The output
characteristics are shown in Figure.1.11(a). When the base current is zero i.e. Iz =0, with an'increase

in collector-emitter voltage (Vcg), a small leakage

current (collector current) is present. With the

increase in /p from O to I3, Ip,, ... collector current also increases as shown in Figure.1.11 (a). There is
another characteristic called the transfer characteristic. It is the plot«between. Vg versus Iz. The

characteristic is shown in Figure.1.11 (b).
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1.6.5 The Working Principle of BJT

There are three operating regions of a BJT. They are the cut-off region, the saturation region,
and the active region. In the cut-off region, the transistor is in off condition and the base current is not
sufficient enough to turn the transistor to on condition. Both CBJ and BEJ are reversed-biased. In the
active region, as shown in Figure.1.11 (a), the BJT acts as an amplifier in which the base current is
amplified by a gain. The Ve decreases with the base current. The collector base junction is reversed
biased and the base-emitter junction is forward-biased. The BJT in the saturation region works as a
switch. In this region, the collector current is sufficiently high so that V¢g is low. Both CBJ and BEJ
are forward-biased.

The working of the transistor can be analyzed by taking two output characteristics. One is at /9
=0 (Ch-1), and the other is at 7z, #0 (Ch-2) as shown in Figure.1.11 (c). In the early part of the curve
ch-2, the Vg is very low. This part is called the saturation region. The BJT in the saturation’region
works as a switch. The flat part of Ch-2 represents a nearly constant collector current, /c withanincrease
in V. This region is called the active region. In this region, the BJT works as an amplifier.‘-With further
increase in Vg at Iz, # 0 (Ch-2), there is a vertical rise in the curve and this represents the breakdown
of'the transistor. The breakdown of the transistor is avoided atany cost. A line connecting points P and
Q is also shown in Figure.1.11 (c). This line is called the load line. The load line is'the locus of all
operating points. The line is derived from equation (1.3), where R; is the load resistance and /¢ collector
current.

v,

— GG Ve (1.3)
R,

1

C

When the transistor is on, the collector-emitter voltage (V¢g) is zero, and the collector current

is given by, [.= f which is shown by point . When the transistor is in off condition, the collector

L

current is zero and the collector-emitter voltage is equal to Vec. This situation is represented by point
0. Most of the electrons given out by the emitter reach the collector. Though the collector current is
somewhat less than the emitter current, they are.almost-equal. This relation between the emitter and
collector currents (/¢ and I¢) is related by the tetm forward current gain and denoted by a.. The a is given

by equation (1.4). The value of a varies from 0.95.t0 0.99.
o= Ic (L.4)

IE

In BJT, the base current is effectively the input current and the collector current is the output
current. The relation between collector and base current is related to the term “current gain”, denoted
by the symbol S, and is defined as the ratio between collector and base current. It is given by equation

(1.5).
p=-= (15)

The value of the base current is very much smaller than the collector current, and the value of
p is greater than one. Generally, it varies from 50 to 300. In some cases, S is called the /& parameter,

denoted /#5. Thus, in such cases, equation (1.5) becomes equation (1.6).
By =C (L6)

IB
Using Kirchhoff’s current law, in the CE circuit of the npn transistor shown in Figure.1.10 (a), we get
1.7).

I, =1,+1, (1.7)
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Dividing both sides of equation (1.7), we get

I_E:1+I_B
IC IC
Or l=1+—
a B
or p=—2- (1.8)
l-a
And o =2 (1.9)
1+p
1.6.5.1 Working of transistor as a switch

It is learned from the previous discussion that when the BJT operates in the cut-off region, the
same is in off condition and when BJT operates in the saturation region, the collectot current is
sufficiently high so that Vcg is low. Thus, the operation of BJT as a switch means that/it may operate
either in the cut-off region or in the saturation region. When operates at point P, it-worksas an ideal
close switch since the collector-emitter voltage is zero. When operates at point 0, it works as an open
switch since the collector current is zero at this point. In practice; because of the large base current, the
BJT works in saturation region at point P’ instead of P with a small saturation-voltage: ¥¢gsar. The
voltage Veesar represents the on-state voltage drop’ of the BJT. When-the control signal 1.e., the base
current is set to zero, the BJT is turned off. The operating point is now shifted to-Q.” from Q. This is
because of the leakage current that flows in the collector circuit when BJT is in off condition.
Application of Kirchhoff’s voltage law for the portion of the circuit'.comprising of Vz Rp, and emitter
as shown in Figure.1.10 (a).

Ve =Ryl =V =0

Or 1, oV

B

Again, Vi =V + 1R,

Or VCE "2 Vcc _ﬂIBRL
BR,

OtV =Vio ==V, = V) (1.10)
RB
Now, Vep =Vey + Ve from  which Vep =V =V
(1.11)
Now, the current produced due to saturation voltage, Vegsar is given by (1.12)
ICSAT _ VCC _RVCESAT (1.12)

L
Thus, the base current which produces saturation is given by (1.13).

1
Tygir = C;T (1.13)

The BJT operates in the active region when the base current is less than /zss7. On the other

. . . o v
hand, if the base current is greater than Izsar, Vcesar is nearly zero, and in this case, I, = % . Thus,
L

the collector current is almost constant even if base current is increased. The BJT is in a hard drive
situation when the base current is more than /zs4r. The Vegsaris very small and hence the on-state losses
are reduced. Another factor called overdrive factor (ODF) is defined in hard drive condition and is given
by (1.14).



Power Electronics: Theory and Practicals | 15

ODF = Ly

(1.14)

BSAT
Another term called forced current gain, fr is also defined by equation (1.15). The value is fSris less
than f or hrg.
1

B =L (1.15)
If
The power loss in the junctions of BJT is given by (1.16).
PTma[ :VBEIB +VCEIC (1'16)

Under saturated region, the base-emitter voltage (Vzesqr) is more than the collector-emitter voltage
(Veesar), it is seen the hat collector-base voltage is negative. It implies that in saturation region junctions
of the BJT are forward biased.

1.6.5.2 Switching performance of BJT

There are two parallel capacitances in a forward-biased p-n junction. They are depletion layer
capacitance and diffusion capacitance. There is only depletion layer capacitance in reversed biased p-n
junction. The values of these capacitances depend on the junction voltage and/physical construction.
Under normal steady-state conditions, these capacitances .do not play any. role. Under transient
conditions, these capacitances play a vital roletin turn-on’ and ‘turn-off ‘characteristics. The
transconductance (g,) also plays an important role in the transient -performance of BJT. The g, is
defined as the ratio between the change in collector current (4/¢).and the change in base-to-emitter
voltage (4V3g), and is given by (1.17).

Al

= =C 1.17
g AV, (1.17)

The circuit models under transient conditions are shown in Figure.1.12(a) and (b), in which C¢z and
Cpe are the effective capacitances of CBJ and BEJ respectively, Rzr and Rcp are the resistances of BEJ
and CBJ respectively. Due to the internal capacitances, the BJT does not turn on instantaneously. The
npn transistor circuit at CE mode shown in Figure.1.10"(a) is considered to study the switching
performance. A resistive load (R;).is connected between the collector and given by the emitter. The
waveforms under switching are shown in Figure.1.12 (¢). When the base-to-emitter voltage (Vz) is
applied, the base current rises to /zs and the collector current is equal to 0 or collector-emitter leakage
current (Iceo). After some time, called delay time (2,), the collector current start to increase. This delay
is due to the time required to charge the internal capacitance to Vzgs. After this delay, the collector
current rises to a steady state value equal to Icsr and takes time ¢.. The time (%,) is called rise time and
it depends on the internal capacitance of BEJ. During rise time collector-emitter voltage (V¢g) falls to
Vcesar. The sumof'z; and'#. is called the turn-on time (%) (i.€ ¢,

on

=t, +t.) ofthe transistor. The transistor
remains in on condition if the forward base current is maintained.

In general, the base current is more than that required to bring the transistor to saturation. As a
result, excess minority carriers are stored in the base region. If the overdrive factor is more, the greater
is the charge storage. This extra charge is called saturating charge. The saturating charge is proportional
to the excess base drive and corresponding current, /.. The excess current /. is given by equation (1.18).

I
I =13—%=ODF.IBS—IBS =1,,(ODF —1) (1.18)

e

The saturating charge, Qs is given by equation (1.19), where 7, is the storage time constant of the BJT.
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Qs =75l, =711 (ODF —1) (1.19)

When Vg is removed at time #;, the collector current does not change for time #. This time is called
storage time. During this time the saturating charge is removed from the base and after this time period,
the collector current begins to fall and the collector voltage begins to build up till # This time is called
fall time. After ¢, the collector current falls to /czo or almost zero and the collector voltage is equal to

Vee. The sum of ¢ and # gives the turned-off time (7,5 of the BJT (i.e ¢

o =1, t1,). The conduction

period (%,) and off period (%,), and time period (7) is also shown in Figure.12 (c).
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Figure.1.12 (a) Circuit model with current gain, (b) circuit model with transconductance, and (c) npn
transistor switching waveform

1.6.5.3 Switching limits and safe operating area

Secondary breakdown: The transistor may undergo a second breakdown (SB). The SB is a
destructive phenomenon. It results from the current flow to a small portion of the base and produces
local hot spots. The energy of these hot spots is sufficient for local heat production. This heat may
damage the device. The resulting high current concentration may lead to a secondary breakdown. The
high current concentration may be caused by defects in the n transistor. SB involved some combination
of voltage, current, and time. Since time is one of the factors for SB, it is energy dependent.
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There are operating limits of collector current and collector-emitter voltage for reliable
operation of BJT. These limits are specified by the safe operating area (SOA). Most manufacturers of
BJT provide two SOA. They are forward-biased SOA (FBSOA) and reverse-biased SOA (RBSOA).

FBSOA: FBSOA is related to the operation of BJT when BEJ is forward-biased to turn the
transistor on. The power handling capability of the power transistor is limited by junction temperature
and second breakdown. The manufacturer of the BJT provides the FBSOA curve for some particular
test conditions. FBSOA indicates the collector current — collector-emitter voltage limits of the BJT. A
typical FBSOA is shown in Figure.1.13(a). The scale for collector current and collector-emitter voltage
is in logarithm.
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Figure.1.13 (a) Typical FBSOA of BJT, (b) Typical RBSOA of BJT, (c) Thermal equivalent circuit
BJT

In Figure.1.13(a), PQ is the boundary (maximum limit) for DC and continuous current for
collector-emittervoltage Ver less than 80V. If Vg is more than 80V, the collector current need to be
reduced to the limit.shown by QR so that the junction temperature is limited to a safe value. Further,
higher value of Vg, the collector current is reduced to boundary RS. The boundary ST represents the
maximum voltage capability of the transistor. In Figure.1.13(a), Sms, 500us, 100us, etc. are the pulse
wides for pulsed operation. The manufacturer of BJT specifies the limit for temperature 25° and for DC
and single operation. For actual working temperature and the repetitive nature of pulses, these cures are
modified the using thermal impedance of the BJT.

RBSOA: During turn-off, the BJT is subjected to high current and high voltage with BEJ
reversed biased. The collector-emitter voltage (Vcg) must be at a safe value or below a specified value
of collector current during the turn — off a reversed biased condition. The manufacturer provides an
RBSOA at specified conditions. Figure.1.13(b) shows a typical RBSOA. SOA during reverse biased
is specified as reverse blocking SOA (RBSOA). It is a plot between Ic and Vce. RBSOA specifies the
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limits for BJT operation during turn—off. During turn-off /s = 0 or when BEJ is reverse biased. It is seen
that with an increase in reverse bias, SOA decreases in size.

Derating of power: While deciding the rating of the device, it is necessary to consider ambient
temperature (AT) and thermal resistance (TR). The power dissipation Pr is normally specified at a
particular temperature say 25° C. If the ambient temperature increases to say 150° C, the BJT can
dissipate zero power. On the other hand, if the ambient temperature is reduced to 0° C, the power
dissipation is maximum which is not practical. This is the reason that AT and TR are considered to
decide the rating of BIT. The thermal equivalent circuit of a transistor is shown in Figure.1.13 (c),
where Rjc = TR from junction to case, Rcs= TR from case to sink, and Rss = TR from sink to ambient.
All the thermal resistances are at °C/W. The case temperature, sink temperature, and junction
temperatures are denoted by ¢, Ts, and 7, respectively.

The case temperature (Tc) is given by equation (1.20).

1. =T, - PR, (1.20)
The sink temperature is given by equation (1.21).

Ty =T = PR (1.21)
The ambient temperature is given by equation (1.22).

T,=T;, - PR, (1.22)
Thus, I -T,=B(Rc+Rg+Rg,) (1.23)

Breakdown voltages: The breakdown voltages are the voltage between two terminals of BJT while the
other terminals are open, short-circuited, or biased (forward or reverse). The current rises rapidly at the
breakdown but the voltage remains almost constant. The manufacturers have specified the following
breakdown voltages.

(a) Maximum voltage between emitter and base while collector open (Vzzo)

(b) Maximum voltage between collector and emitter at specified negative voltage applied between

base and emitter (Vegpor Verx)
(c) Maximum sustaining voltage between collector and emitter with a base open circuited

(VCEO(SUS))

1.6.5.4 Uses of BJTs

Power BJT is extensively used in Choppers (DC to DC converters), and inverters (DC to AC
converters). It is mainly preferred in low and medium-power applications.

1.7 POWER MOSFETs

1.7.1 Introduction

The metal oxide semiconductor field effect transistor (MOSFET) is a member of the transistor
family. It was invented in the late 1970s and available in various power electronics applications since
the 1980s. A MOSFET is a voltage-controlled semiconductor device. It is a unipolar device. It is a
three-terminal semiconductor device. The terminals are named drain (D), source (S), and gate (G).
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These names i.e., drain, source, and gate are similar to the collector, emitter, and base of BJT. The
source and drain of MOSFETs are identified by relative magnitudes of the bias voltage but cannot be
differentiated by structural properties.

It requires a small input current (gate current). The switching speed of MOSFET is very high. The
switching time is in the nanoseconds range. It has no secondary breakdown problem. But MOSFET
suffers from electrostatic discharge. It is also difficult to protect it from short circuits. Hence, some
special care must be taken while handling the same. The types of MOSFETsSs are shown in Figure.1.14.

Power
MOSFETs

Depletion Enhancement
MOSFETs MOSFETs

n- channel p- channel n- channel p- channel
depletion depletion enhancement enhancement
MOSFET MOSFET MOSFET MOSFET

Figure.1.14 Types of MOSEETs

There are mainly two types of MOSFETs. They are depletion MOSFETs and enhancement MOSFETs.
Both have two types. They are further subdivided into two types.. They are #-channel and p-channel
MOSFETs. The n-channel MOSFET is commonly used because of the higher mobility of electrons.

1.7.2 Construction of MOSFET

1.7.2.1 Basic Construction MOSFETSs

The basic construction of an n-channel.and p-channel MOSFETs are shown in Figure.1.15(a)
and (b) respectively. The MOSFET has four vertically orientedlayers. The layers are alternate p and n

type semiconductors. The doping layers are #%,p, n7, and n* in n-channel type MOSFETs and

p*, n, p~, and p* in p-channel types MOSEETs. The two ends of doping of each type are labelled as
drain and source. The source and drain layers of n-channel, and p-channel are heavily doped and hence
denoted by »n" in n-channel and p*.inthe p-channel type of MOSFETS. The doping level of the source
and drain region is nearly same.of the order of 10'"’/cm’. The p middle layer in n-channel and » middle
layer in p-channel type is called the body of the MOSFETs. The body of the MOSFETs is the region in
which the channel'is formed between source and drain. The typical doping level of the body is 10'/cm’.
The n~ (in case of n-channel) and p~ (in case of p-channel) region is the drift region. This region is
an epitaxially grown layer. The density of this drift layer is less than the normal doping level of p-body
(in case of n-channel) and n-body (in case of p-channel) and hence denoted by n~ and p~. The
breakdown voltage of the MOSFETs is decided by the drift region. The typical doping level of the drift
region is in the range of 10'* - 10'/cm’.

There are two pn junctions. One is between body and the drain and other is body and the source.
These junctions are reverse bias with either positive or negative polarity voltage and hence no way

current can flow from source to drain. The gate is insulated from the body with a very thin (of the order

0
of 1000 A (angstroms) layer of silicon oxide. On application of a voltage biases positive polarity to the

gate with respect to source, the silicon surface beneath the gate oxide is converted to n-type layer
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channel in n-channel MOSFET. It allows current to flow from source to drain. The value of source-to-
drain current at a particular gate to source voltage is dependent on gate oxide thickness, wide of gate,
and parallelly connected gate/ source regions.

In case of n channel MOSFET, the n* substrate on the drain side onto which the »n~ drift region
is grown epitaxially. The p type body region is diffused into the wafer from the source side of the wafer
after which n" source diffusion. The portion of the wafer is protected by using silicon dioxide so that
dopant cannot reach the wafer. Finally, the metallization of gate and source.
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Figure.1.15 Basic structure of MOSFETS (a) n- channel, (b) p- channel

The MOSFET has a parasitic BJT in its structure. The body serves as base, source as emitter,
and drain is the collector of this BJT. The forward current gain of this BJT is much greater than 1. The
reason for high forward current gain is due to the length of the body region. The channel of the MOSFET
is formed. The length of the body is kept short as possible to minimize the on-state resistance. To ensure
the BJT cut off all the times, the potential of the base is kept equal to source potential and to do this the
body-source short is provided as shown in Figure.1.15. As a result of providing a short between body
and the source a parasitic diode is connected between drain and source. This integral diode is used in
half-bridge and full-bridge converters.



Power Electronics: Theory and Practicals | 21

1.7.2.2 Construction of depletion-type MOSFETSs

The structure of n-channel depletion MOSFET and its symbol is shown in Figure.1.16(a) and
(b) respectively and the same for p-channel depletion MOSFET is shown in Figure.1.16 (c) and (d)
respectively. The n- channel depletion type MOSFET is constructed on a p-fype substrate with two n"
type substrates. The p - channel depletion type MOSFET is constructed on an n-type substrate with two
p’type substrates. A thin layer of oxide is used to isolate the gate (G). The oxide layer is in general
silicon oxide (SiO;). In general, the substrate is connected to the source. MOSFET is heavily doped in
the drain side creating an n* buffer below the n- drift layer. In the case of p - channel depletion type
MOSFET, polarities of Vs, Vps, and Ips are made reversed as shown in Figure.1.16(c) and (d).
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Figure.1.16 Structure and symbol of depletion MOSFET (a) n-channel depletion MOSFET, (b) symbol

of n- channel depletion MOSFET, (¢) p-channel depletion MOSFET, (d) symbol of p- channel depletion
MOSFET

1.7.2.3 Construction of enhancement-type MOSFETSs

In the enhancement type MOSFETs have no physical channel. The structure and symbol of -
channel enhancement.- MOSFET ‘are shown in Figure.1.17(a) and (b) respectively. Similarly, the
structure and symbol. of p-channel enhancement MOSFET are shown in Figure.1.17 (¢) and (d)
respectively. The#n- channel enhancement type MOSFET is constructed on a p-type substrate with two
n" type substrate: The p - channel enhancement type MOSFET has constructed an n-type substrate with
two p” type substrates. A thin layer of oxide is used to isolate the gate from the substrate. The oxide
layer is in general silicon oxide. This oxide layer is in the between gate and the n+ and p junction. In
general, the substrate is connected to the source. MOSFET is heavily doped on the drain side creating
an n' buffer below the n- drift layer. This layer does not allow the depletion layer to reach the metal.
Also, it reduces the forward voltage during conduction. In the case of p - channel depletion type
MOSFET, polarities of Vs, Vps, and Ips are made reversed as shown in Figure.1.17(c) and (d).
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1.7.3 Working principle of MOSFETsSs

In case of n-channel depletion type MOSFET, the gate to source voltage (denoted by Vgs) is
either positive or negative. When the Vs is negative, some electrons from the n-channel are repelled.
As a result, a depletion layer is formed just below the oxide layer and the drain-to-source resistance
(Rps) increases and a narrow channel is formed. If Vs is made more negative, Rps is very high and the
channel is depleted, and there is no drain to source current i.e Ips = 0. The value of Vs at which the Ips
is zero is called pinch-off voltage (Vrorr). With Vs being positive, the channel becomes wider and Rps
becomes very low, and hence Ips increases.

In case of n-channel enhancement type MOSFET, if the gate to source voltage (denoted by Ves)
is positive, induced voltage attracts the electron from the p-type substrate and accumulates the electrons
just beneath the oxide layer. In case, gate to source voltage (Vgs) is equal to the threshold voltage (Vrx),
good numbers of electrons are accumulated and a virtual n - channel is created and current flows. from
drain to source. In case of p- channel enhancement type MOSFET, polarities of Vs, Vps,-and Ips are
made reversed as shown in Figure.1.17(c) and (d).
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Figure.1.17 Structure of enhancement MOSFET (a) n-channel enhancement MOSFET, (b) symbol of
n-channel enhancement MOSFET, (c) Structure p- channel enhancement MOSFET, (d) symbol of p-

channel enhancement MOSFET

A depletion type MOSFETSs remain on at zero gate voltage. On the other hand, enhancement
MOSFETs, remain off at zero gate voltage. Hence, enhancement-type MOSFETSs are normally used for
switching devices in power electronics.

When gate is more positive with respect to source, the electrons are pulled from ™ layer into p-layer.
This action opens a channel closest to the gate and thus allows current to flow from drain to source. The
oxide layer is in general silicon oxide. This oxide layer is in between gate and the n* and p junction.
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1.7.4  V-I characteristics of MOSFET
The static characteristics of power MOSFET is discussed here. In this connection, the circuit
(shown in Figure.1.18(a)) of an n-channel enhancement MOSFET is considered. The various
static characteristics are
(a) Transfer characteristics
(b) Output characteristics
(c) Switching characteristics

(a) Transfer characteristics: MOSFET is a voltage-controlled semiconductor device. The input
impedance is very high. The gate draws a very small leakage current. The order of this leakage current
is in the nano ampere range. The transconductance of MOSFET is the ratio of drain current (/p) and
gate current (/). The transconductance of MOSFET is very high in the order of 10°. The transfer
characteristics is the plot between drain to source current (/ps)and the drain to source voltage (Vps): The
transconductance defines the transfer characteristics of MOSFET. Typical transfer characteristics of n-
channel power MOSFET is shown in Figure.1.18(b). It is clear from the figure that the‘device is off
below the threshold voltage (Vz#).

Similarly, the transfer characteristics of p-channel enhancement type MOSFET can be obtained
(shown in Figure 1.18(c). The transfer characteristics of depletion type n-channeland p-channel
MOSFETs are shown in Figure 1.18 (d) and (e) respectively:
) Vi Yes

(b) (©

TH Ves
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Figure.1.18 (a) Circuit diagram of an n-channel enhancement type MOSFET (b) transfer characteristics

n- channel enhancement type MOSFET, (c) transfer characteristics of p- channel enhancement type
MOSFET, (d) transfer characteristics n- channel depletion type MOSFET, (e) transfer characteristics p
- channel depletion type MOSFET

(b) Output characteristics: The output characteristics of power MOSFET is the plot between drain
current, /p and drain to source voltage, Vps. The plot is shown in Figure.1.19(a). The variation of I is
the function of Ves. It is seen from the figure that at a low value of Vps, Ip increases, and the graph is
linear. Thus, the value of drain to source resistance Rpg is constant and given by equation (1.24).

R, = Vos (1.24)

DS
ID
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With an increase in Vps, for a particular value of gate to source voltage Vs, the plot is almost flat.
Hence, the Ip is almost constant. A load line is also shown in Figure.1.19(a). The load line intersects
the output characteristics corresponding to gate to source voltage, Vey at point P and it cut the Vps axis
at Q. The point P corresponds to the fully on state and Q corresponds to the fully off state. Like BJT,
MOSFET also operates as a switch when it is either at P or Q.
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Figure.1.19 Output and switching characteristics of a n-channel énhancement type MOSFET (a) Output
characteristics, (b) Switching characteristics

(¢) Switching Characteristics: The switching waveform of MOSFET is shown in Figure.1.18(b). This
switching characteristic is affected by internal capacitances and impedance of gate drive circuit. There
is a time delay, ¢, at the time of starting. During ¢4, the input-capacitance charges to gate threshold
voltage, Vern. The t; is called the turn on delay time. The time during which gate voltage rises to Veon
is called rise time, #.. The Vgon is the voltage required to drive the device (MOSFET) on state. In ¢,
drain current rises from 0 to full on state curtent /p. The total turn-on voltage (%) is thus given by
equation (1.25).

1S = tahl, (1.25)
The turn-off process of the MOSFET is started after the removal of gate voltage at time #; as shown in
Figure.1.18(b). The delay time (z4) is the time taken to discharge the input capacitances from overdrive
voltage V; to Vgon. After that, a delay time called fall time in which input capacitances discharge from
Veon to a threshold voltage. During the fall-time, the /p falls from /p to 0. Thus, when Vs is less than
equal to Veru, the device turn-off completely.

1.7.5 Losses in MOSFET

Following are the losses taking place in a MOSFET
(a) Turn-on.switching loss
(b) On stateloss or conduction loss
(c) Turn off switching loss
(d) Off state loss

(a) Turn-on switching loss: This loss comprises losses that occur during the delay time (z,) and rise
time (). While calculating this loss separately the loss during the delay time and rise time and finally
added to get the total turn-on loss. Mathematically after derivation, the average power loss during turn-
on is given by equation (1.26), where fs is the switching frequency.
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(b) On state loss or Conduction loss: This loss takes place during the conduction period (z,). The
average power loss during this period is given by equation (1.27), where T is the time period.

t
P =1, Rpsiom ? =1 Rpsiom-tn S a.27)

(¢) Turn off switching loss: This loss includes the loss during the discharge time required for the
capacitors (%) and fall time (#). Mathematically after derivation, the power loss during switching off
(Por) is given by equation (1.28).

V, B O
p DS(max)* LD £y

= 1.28
off 6 (1.28)

(d) Off state loss: The off-state loss of MOSFET occurred during an off period. It is given by equation
(1.29).

F,= VDS(max)'IDSS A, ﬂ (1.29)
The total loss is given by equation (1.30)
Frory, = B+ B, + By +F) (1.30)

At a low value of switching frequency, the power loss.in MOSFET is higher than that of BJT. With an
increase in switching frequency, the power loss in MOSFET is less than that of BJT. It is a reason why
MOSFET is preferred over BIT at a higher switching frequency:

1.7.6 Equivalent circuit of MOSFET

D
—
@ Parasitic
BJT

Body diode Rp
£ |
Figure.1.20 MOSFET equivalent circuit

The equivalent circuit of power MOSFET is shown in Figure.1.20. There is a pn n"diode

simply called the p-i-n diode which is between p region and drain region is also called body diode. This
diode allows reverse current-to flow when the MOSFET is in off state. The p-region is in contact with

the source metal. Theintegral diode is also shown. The MOSFET has a parasitic BIT (n pn") in its
structure. The body is serves as base, source as the emitter, and the drain is the collector of this BJT.

The body (base of the BJT) is shorted to (source n™) emitter to facilitate the parasitic BJT cut-off all
the time. The resistance of the p-region is denoted by Rp in Figure.1.20. With the application of the
drain voltage nearer to avalanche voltage, current flows into p-region of BJT in addition to normal
MOSFET current through the n-channel. There is a voltage drop in Rz which is appearing as forward
biasing voltage across the base to emitter junction. When this drop is beyond 0.7V, parasitic BJT is no
longer capable of supporting p-base/n” collector breakdown voltage. During turn-off transient reverse,
reverse peak current flows through the body diode and Rg. The voltage drop across Rz makes the B E
junction of the parasitic BJT to operate in the cut-off state. This results in further increase in reverse
peak current. Thus, reverse recovery time also increases.
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1.7.7 Safe operating area of MOSFET

The safe operating area (SOA) of a MOSFET is decided by the maximum drain current (/pgmax),
maximum power dissipation (Pnax), and forward blocking voltage (Vpss). The Ipgmay is limited by the
power dissipation limit at low value of drain voltage. On the other hand, the Vpss is limited by the
avalanche breakdown phenomenon at low value of drain current. The P, is limited by the maximum
permissible temperature (Tjma). Figure.1.21 shows the SOA of MOSFET.
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Figure.1.21 SOA of MOSFET
1.7.8 Comparison of Power MOSFET and Power BJT

The comparison of MOSFET and BJT are shown in Table.1.1
Table.1.1 Comparison of MOSFET and BJT

SI No Power MOSFET Power BJT
1 Lower switching loss Higher switching loss
2 High onsstate loss Low-on-state loss
3 First choice for high-frequency | Superior for lower operating frequency
application (10 to 30 kHz) application
Voltage controlled device Current control device
5 It has a positive . temperature co- | Temperature co-efficient of resistance
efficient of resistance
6 Secondary breakdown net occurs. Secondary breakdown occurs
7 Very high input impedance Low Input impedance
8 It is the majority.carrier device It is majority as well as minority carrier
device.
9 Peak current capability more than BJT | Peak current capability less than
MOSFET
10 More sensitive to a voltage spike Less sensitive to voltage spike
11 On state voltage is higher than BJT On state voltage is lower than MOSFET
12 Lower on state loss Higher on state loss
13 Conduction loss higher Conduction loss lower

1.7.9 Uses of MOSFET

The IGBTs are used in various applications. Some of them are listed below.
(a) Computers
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(b) Uninterrupted power supplies (UPSs)
(c) Switched mode power supply (SMPS)
(d) High frequency-based Inverters

(e) Motor control

1.8 INSULATED GATE BIPOLAR TRANSISTOR
1.8.1 Introduction

The insulated gate bipolar transistor (IGBT) is a newly developed semiconductor device. It is also
known as a metal oxide insulated gate transistor (MOSIGT), conductively — modulated field effect
transistor (COMFET) or gain-modulated field effect transistor (GEMFET). IGBT combines the
advantages of both MOSFET and BJT. It has three terminals called gate, emitter, and collector. It has
high input resistance like MOSFET and low on-state power loss like BIT. Also, the second breakdown
problem is not present in IGBT. The cost of IGBT is somewhat higher than BJTs but it is: popular
because of its lower switching losses as well as smaller snubber circuit requirement.

1.8.2 Construction of IGBT

f Collector

+
P Substrate

n= Epitaxial

Gate [
D
Emitter
(@
Collector (C) Géllector (C) Collector (C)
R
Gate (G)
npi
Gate (G)
Emitter (E)
Emitter (E) Emitter (E) IGBT Symbol
Equivalent circuit Simplified circuit (C )

(b)

Figure.1.22 Cross section, equivalent circuit, and symbol of IGBT (a) Cross section, (b) equivalent
circuit, (c) symbol

The construction of IGBT is similar to MOSFET except for the inclusion p* substrate. The
performance of IGBT is closer to BJT than MOSFET. An IGBT has four pnpn layers. i.e combination
of two transistors. The transistors are pnp and npn. It could latch like a thyristor if the sum of forward
current gains of the two transistors is greater than 1. i.e. (Gpnptomnpn)>1. The gain of npn transistor is
reduced by the n” buffer and epitaxial n"layers. Thus, it avoids latching.
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There are two structures of IGBT. They are punch-through denoted by PT and non-punch-through,
denoted by NPT. In PT, the switching time is reduced by using n" layer in the drift region nearer to the
collector. The carrier life of NPT is kept more than PT type IGBT. With this provision, conductivity
modulation is established in the drift region. The structure of an IGBT is shown in Figure.1.22 (a). The
equivalent circuits and the symbol of IGBT are shown in Figure.1.22 (b) and (c¢) respectively.

1.8.3 Working principle of IGBT

An IGBT is a voltage control device like MOSFET. When the gate is provided with positive
voltage with respect to the emitter and gate-emitter voltage is more than the threshold voltage, the n-
channel is created in p-region. The n* and n” regions are short circuited by this channel. The movement
of electrons through this n-channel results in an injection of hole from p" substrate to the n~ epitaxial
layer. Thus, a forward current is established. A pnp transistor is formed with p*, #, p. In this transistor
p" is the emitter, n" is the base, and p is the collector region. A npn transistor is formed with w’, p, n*
layers. The p serves as a collector for the pnp and base for the npn transistor.

1.8.4 Symmetric and asymmetric IGBTs

Based on n* abuffer, IGBTs are classified as (a) SymmetricIGBT or non-punch through (NPT) IGBTs,
(b) Asymmetric IGBTs or punch-through (PT).
(a) Symmetric IGBT or non-punch-through (NPT) IGBTs

The Symmetric IGBT or non-punch through (NPT) IGBTs are shown in Figure.1.23. There are
three junctions J;, J, J3. The blocking capacity of the device .depends on the ‘conditions of these
junctions. In the forward blocking operation (Figure.1.23(a)), the collector.is positive with respect to
the emitter, and junctions J; and J; are forward biased and .J> is reverse biased. This Jz junction decides
the blocking capacity. The J, junction.is in between p.region (moderate doping) and »~ drift region
(light doping). The thickness. of decides the blocking capability. On the other on the application of
reverse voltage i.e collector is negative with respect to-the emitter, junctions J; and J; are reversed
biased and J; is forward biased. The reverse blocking capability is decided by reversed biased J; and J3
junctions. Since the emitter " layer is heavily.doped and p-layer moderately doped and thin, J; do not
have capacity to block. Because of the existence of »n™ drift region J; can block the reverse voltages.

The n™ layer is designed to blocklarge voltages and hence the NPT structure is compatible to forward
blocking voltage.

Collector Collector

+

p* P
Jq Ja

. n"

J2 Ve —

Jq

Emitter

(b)Reverse blocking

(a) Forward blocking
Figure.1.23 Symmetric or non-punch through (NPT) type IGBT
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(b) Asymmetric IGBT or punch-through (PT) IGBTs

In this type of IGBT there is n™ buffer layer in between the collector and »~ drift layers. The
structure of PT type IGBT is shown in Figure.1.23. In forward biased collector is positive with respect
to emitter and in case of reverse biased collector is negative with respect to emitter. When forward
biased, the junctions J; and J; are forward biased and J is reverse biased and J; decides the blocking
capacity. This J;is in between p- layer and n~ drift region. The thickness of the drift region decides
forward blocking capacity. In reversed conditions, junctions J; and J; are reverse biased and J; is

forward biased. Junction J; cannot block the reverse voltage because the emitter n* layer is heavily
doped and p-layer is moderately doped and thin, J; cannot block. Because of the presence of n* buffer

layer J; also do not have the capacity to block large reverse voltage. Thus, PT structure have asymmetric
blocking capacity.

Collector Collector

Buffer layer p+ Buffer layer p

Jq K.
Drift n Drift

Jq

=}
[+

J2 Vee— Body Jp Ve

Body

Js Js

Emitter

(a) Forward blocking (b) Reverse blocking
Figure.1.24 Asymmetric or punch through (PT)IGBT

Emitter

1.8.5 Equivalent circuit of IGBT

An equivalent circuit of an IGBT is shown in Figure.1.25.
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Figure.1.25 Equivalent circuit of IGBT

It consists of a transistor a coupled pnp and npn transistor. The transistor represents a four-layer
parasitic thyristor structure with a MOSFET shunting the upper npn transistor. The structure may give
rise to the latching up of the device either high current mode or low current mode. The emitter of
transistor T; is the collector of the IGBT. The emitter of T, is the emitter of IGBT which connected
through the emitter shorting resistance Rp to the collector of Ti. The MOSFET M; is shown because
input side of the IGBT is like MOSFET. The resistances Rp and Ry represent the body spreading and
drift region resistance. Ry is considerably large because the drift region is lightly doped and have low
conductivity. When Rp is significant, it turned on the transistor T». This will turn-on the parasitic
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thyristor structure and bring to the on state. In this way latch-up takes place in IGBT. After the parasitic
thyristor is latched on, it cannot be turned off since the gate do not have any control. The IGBT can be
turned off by forced commutation similar to silicon controlled rectifier. To prevent turning on the
parasitic thyristor, Rp should be kept minimum.

1.8.6 V-I characteristics of IGBT

The circuit diagram of an IGBT is shown in Figure.1.26 (a). The considered IGBT is of n-channel type.

1.8.6.1 Static characteristics of IGBT

The static V-1 or output characteristics of an IGBT is the plot of collector current (I¢) versus collector-
to-emitter voltage (Vcr) corresponding to a particular gate-to-emitter voltage. The plot is shown in
Figure.1.26 (b). In the forward direction, the shape of the plot is similar to the bipolar. junction
transistor. However, the controlling parameter is gate to emitter voltage. The transfer characteristics of
IGBT is the plot between collector current and gate-to-emitter voltage (Vge) and it is shown in
Figure.1.26 (c). It is identical to that of MOSFET. An IGBT is in off-state if the gate-to-emitter.voltage
is less than a threshold voltage.

V,
C = Collector lc A GE5 > Ver Icca
= A
G = Gate N Vees (A)
E = Emitter ; :
Vee 4 :
VGE3
: vV
yRM GE2 :
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( 0 O VGET VGE
(©
(b)

Figure.1.26 Circuit diagram and Static characteristics of IGBT (a) Circuit diagram, (b) Output
characteristics, and (c) transfer characteristics

1.8.6.2 Switching characteristics of IGBT
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Figure.1.27 Switching characteristics of IGBT
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The switching characteristics of IGBT are drawn in Figure.1.27. The turn-on time (ton) is the time
between the instants of forward blocking to forward on state and it is the sum of delay time (td) and the
rise time (tr). The delay time is the time taken for the initial collector- emitter voltage (VCE) falls from
VCE to 0.9VCE or the time taken by the collector current to rise from its initial leakage current (ICE)
to 0.1IC where IC is the final value of collector current. The rise time (tr) is the time in which VCE falls
from 0.9VCE to 0.1VCE or the time taken by the collector current to rise from 0.11C to its final value
(IC). After the turn-on time collector current reached to the final value and the collector-emitter voltage
falls to VCES, a small value called saturated value. The turn-off time consists of three parts. They are
delay time (tdf), initial fall time (tfl), and final fall time (tf2). During the delay time gate voltage falls
from VGE to the threshold voltage, VGET. The collector current also falls from IC to 0.91C during
delay time tdf. Atthe end oftdf, the collector-emitter voltage rises. The tfl is the time at which collector
current falls from 90% to 20% of the initial value, IC. The time tf2 is the time taken by the collector
current to fall from 20% to 10% of the initial value, IC.

1.8.7 Safe operating area (SOA) of IGBT

The forward bias safe operating area (FBSOA) and reverse bias safe operating area (RBSOA)
of IGBT are robust and shown in Figure.1.28 (a) and (b) respectively. FBSOA is identical to that of
MOSFET. The FBSOA is a square shape in case of short switching time. Forlonger switching time the
shape is not thermally limited. The RBSOA is different from that of FBSOA. The upper right-hand

corner is progressively cut out and RBSOA becomes smaller as dzibecomes larger. The RBSOA is
t

dVeg dV e

a function of

avoiding latch up. A large value of during turn-off will cause latching up

the IGBT like thyristor. With proper selection of V¢ and gate. driveiresistance, the user can easily

control the reapplied Dep .
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Figure.1.28 SOA of IGBT (a) FBSOA, (b) RBSOA

1.8.8 Uses of IGBT

The IGBTs are used in medium power applications. Examples of such applications are given below.

(a) DC and AC motor drive.

(b) UPS systems

(c) Power supplies

(d) Drives for solenoids, relays, and contactors.
(e) Converters
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The IGBT is more expensive than BJT. But because of lower switching requirements, lower switching
losses, and smaller snubber circuit requirements it very much more popular than BJT. The converters
with IGBT are more efficient, smaller in size, and low in cost than the converters with BJTS.

1.9 CONCEPT OF SINGLE ELECTRON TRANSISTOR

1.9.1 Introduction

Single electron transistor (SET) is a nanodevice that utilizes the quantum phenomena. It can
perform the role of a switch or as an amplifier like field effect transistor (FET). It has three terminals
and they are drain, source, and gate. The SET consists of a metallic island placed between two junctions
called tunnelling junctions. The tunnelling junction is nothing but a thin oxide layer between the island
and the electrodes. The quantum dots are also used as an island. The construction of SET is shown in
Figure.1.29

Tunneling  Quantum dot (QD) Tunneling

junction i Pl
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Source (S Drain (D)
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Figure.1.29 SET Construction

1.9.2 Quantum Dot

When all the dimensions of a three-dimensional material are reduced to the nano meter range,
the resultant material is called a quantum dot (QD). The shape of QD may cubical or it may be spherical.
In the process of reducing the dimensions, the delocalized electrons are localized. The localized
electrons fall into a discrete energy level. This is'called quantized. Thus, the QD behaves like an atom.
The electrical as well as optical propetties of this atom depend on the size and structural geometry of
the QD. The metallic QD is used. for the ‘construction of SET. The density of the localized electrons
dependent on the size of QD. In case of the smallest QD, the quantum energy state is compressed and
that of the biggest QD, the same is.spaced, The density of localized electronics for smaller and bigger
QD is shown in Figure.1.30

Quantum energy states

* of localized electrons *

(a) (b)

Figure.1.30 Quantum energy state (a) Smallest QD, (b) Biggest QD
1.9.3 The Coulomb Blockade and Working of SET

The SET has a metallic island. Instead of this island the quantum dot is also used. The island
(or QD) is placed in between two tunnelling junctions. One junction connects the island (or QD) and
the source (S) and the other connects the drain (D) and the island (or QD). The tunnelling junctions
consist of a layer of oxide. The schematic diagram of the core of a SET shows the junctions, island (or
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QD), the electrodes called drain (D) and source (S), and the gate (G) in Figure.1.31(a). The circuit
diagram of the SET is shown in Figure.1.31 (b). Though the island of the SET is very small in the
order of nanoscale, it contains large numbers of electrons (=10°). Through tunnelling, one can add or
remove electrons from this island. When the electrons are added to the island are called excess electrons.
When the electrons are removed from the island leaving a positive charge (may be called an excess
hole). Let the charge of the island is Qgp, the total capacitance of the island is Cr, the capacitance
between the source and island is Cs, capacitance between drain and island, Cp, the charge of an electron
is e, n is the number of excess electrons, then the charging energy of the SET is given by (1.31) in which
Cris given by (1.32).

2 2 2

E, L% _1ne (131)
27c, 27¢

C =C,+Cy+C, (1.32)

The energy scale (E¢) of SET is defined by equation (1.33). This energy is not dependent.on'the Opp
but on the induced charges by the gate.

2

e
E.= 1.33
‘< 2c, (1.33)
If the Vs is the gate voltage, the gate charge is given by equation (1.34).
0, =V.C, (1.34)

If the number elementary gate charge is ng, the €lectrostatic energy.(Eeis) of the system is given by
(1.35).
Ey =E (n—n,)’ (1.35)
From (1.33) and (1.35), the electrostatic energy (E.s) is given by (1.36).
1 O A (ne—V;C;)' .1 (ne-Q,)°
els —E-C_T—E- CT —5. CT
The energy as defined in (1.36), decides whether the tunnelling junctions are forbidden or allowed.
When an electron is added, the excess electrons increased the energy of the system, the tunnelling is

energetically forbidden. In this case, the coulomb charging energy will act as a blockade. This is called
a coulomb blockade.

(1.36)
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Figure.1.31 (a) Core of SET, (b) Circuit schematic of SET

Two cases are possible. Firstly, if there are n excess electrons on the QD and tunnelling of one
electron causes an increase in energy as per equation (1.36). Thus, the system has n+1 electrons and
QD is energetically forbidden. Hence, there is no tunnelling across the junctions. This is nothing but a
coulomb blockade and, it is said as active. Secondly, say tunning of extra electrons on the QD, result in
lowering the energy, and in this case, there is no coulomb blockade. Thus, tunnelling will be happened
by adding an extra electron to the QD. Here, the charging of the QD negative. The same principle can
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be applied if one wishes to subtract electrons from QD and the charging the QD is positive. The energy
on the QD before junction is determined by the drain to source voltage (¥ps) (shown in Figure.1.31
(b)). When this energy is higher than the coulomb blockade, tunnelling occurs. The gate charge and the
excess electrons on the QD decide the height of the coulomb blockade.

1.9.4 The working of SET

The electrical behaviour of SET is governed by the elementary charges and the gate voltage.
Based on these, the current may be flow or not flow between the source and drain. When energy on the
QD overcomes the coulomb charging energy i.e. the coulomb blockade, one electron will tunnel from
the source to the QD. Thus, one electron is added. In the same way the tunnelling process will occur
from QD to the drain.

The tunnelling junctions are nothing but a thin insulating barrier between two conducting
electrodes. In this case, the electrodes are source (S) and drain (D). These insulating barriers. do not
allow current to flow from S and D. However, as per quantum mechanics there is a probability (it greater
than unity) for an electron located at one side (say source side) of the barrier to other side. This transfer
of electrons through the barrier yield in the charging of neighbouring QD. This results in an increase in
electrostatic energy given by (1.33) and (1.36). This electrostatic energy is nothing but the coulomb
blockade energy. This energy is the repelling energy of the previously present energy in the QD which
prevent next electron moving towards QD. The capacitance Cr, given by.equation (2) is very small. As
a result, as per equation (1.33), the coulomb charging energy is very-high and hence electrons cannot
move simultaneously but pass the barrier one by one. The suppression of electron transfer is termed as
coulomb blockade tunnelling. The suppression of electrons can be eliminated by two possible ways.
They are

(a) thermal excitation to overcome coulomb charging energy.

(b) externally applied voltage to overcome coulomb charging energy.

There is a voltage called threshold voltage (/) at which energy-of electrons just above the coulomb
charging energy, and current can start flowing through the tunnelling junction. When the applied voltage
exceeds ¥, electrons tunnel through the junction tothe QD: The applied voltage is the applied voltage
between source to drain.

1.9.5 V-I characteristics of SET
The V-I characteristic of a SET is.shown in Figure.1.32. This characteristic is the plot of current

through the SET and the voltage applied across. When the voltage, |V|is less than Ci’ the current is

T
zero. This state is-the coulomb.blockade at which suppresses the tunnelling of single electron for low
bias condition. If the.externally applied voltage increases beyond threshold voltage, there is no coulomb
blockade and current flows. The behaviour of the junctions is like resistance. The junctions may be
symmetric in which (i) capacitances of both junctions are equal, (ii) resistances of both junctions are
equal. For such a SET, the V-I characteristic is shown in Figure.1.32(a). On the other hand, for
asymmetric junction, the V-I characteristic is like a staircase as shown in Figure.1.32(b).
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Figure.1.32 V-I characteristic of SET (a) for symmetric junction, (b) for asymmetric junction.

1.9.6 Application of SET

SET can be used in the following applications

(a) As a charge sensor.

(b) For detection of Infrared radiations.
(c) Ultrasonic microwave detector.

(d) Supersensitive electrometer

(e) Single electron spectroscopy

®

Programmable single electron transistor logic

Unit Summary

This unit explores the structure, operating principle, V-1 characteristics and switching characteristics of
some selected power electronic devices such power diodes, power bipolar transistor (BJT), metal oxide
semiconductor field effect transistor (MOSFET), Insulated . gate bipolar transistor (IGBT) and single
electron transistor (SET). The important summary of this‘chapter is given below.

L.

=N

10.
11.
12.
13.
14.

The ratings of the power semiconductor devices such'as‘a diode, BJT, etc. are much higher than
that are used in an electronics circuit.

The power BJT is a three terminal and three-layer power semiconductor device. The terminal
are emitter, base and collector.

There are two types of Power BIT. They are npn type and pnp type. There are various circuit
configurations of each BJT. They are common base, common emitter, and common collector.
The common emitter configuration is normally used.

Power BJT is normally off device. It can be turned on by the application of sufficient base
current.

Power BJT ha low current gain and a larger breakdown voltage rating.

SOA of BJT is limited by second breakdown. The RBSOA is normally the limiting factor.
MOSFET have a vertically oriented structure. The terminals are drain, source and gate.

The MOSFET is normally off device, it is turned on by the application of a sufficiently large
gate to source voltage.

MOSFET turns on and turns off very rapidly because it is a majority carrier device.

On-state losses of MOSFET rises faster with blocking voltage rating than BJT.

MOSFET has positive temperature coefficient of resistance.

Performance of IGBT is midway between MOSFET and BJT.

The turn-on speed of IGBT can be controlled by the rate of change of gate to source voltage.
Single electron transistor (SET) is a nano device that utilizes the quantum phenomena.
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15. The electrical behaviour of SET is governed by the elementary charges and the gate voltage.
Based on these, the current may be flow or not flow between the source and drain.
16. SET operates on the principle of coulomb blockade.

Exercises
Example.1.1

The circuit diagram of a power BJT is shown in Figure.1.33 and it has the following parameter: Vcc=
200 V, Rc=25 Q, Vce@an=1.2 V, Vg ay=1.4 V and B = 10, then compute the value of (a) Collector
current (Ic), (b) Base current (IB), (c) Power loss in collector (d) Power loss in base.

Solution:
Vee -V, - 1.
(a) Io = —C&_"CESAT 20-12 _ 7952
R 25
I 952
b) Ip=-"X= 7952 _ 7952 A
B 10

(©) P =Vepsar ¥Ie =1.2%7.952=9.542 W
(d) Py =Vigsar X1y =14x07952=1.113 W

Figure.1.33 Circuit of E_xample 1.1
Example.1.2

The switching characteristics of a power transistor are shown below and‘it has the following data: Vcc
=200V, Vcesat=2 V, Icsar= 100A, Iceo=3 mA, tg= 0.3 uS, T:=2 uS, switching frequency (f) = 10 kHz,
Calculate the average power loss due to collector current during turn.on.

C
Y
¥ lcsat
CEOT A >
Vee #

Vec . x

<l /¥ k>

toff

Figure.1.34 Waveforms related to examplel.2

Solution:
Average power loss during turned on = Average power loss during delay time tq + Average power loss
during rise time t, Thus, for 0 <t < td, the average power loss during delay time is given by

t
17,
o= Jie@mvce o

ty

f Tego-Veedt = £ o X Ve td
0

|-
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=10 x10° x3 x10° x200 x0.3 x10°
=1.8 mW
ForO0<t<t,

. I
]C(t):%xt

T

Ve -V,
VCE(t):|:VCC __Cc . CESAT Xt:|

T

The average power loss during rise time is given by
t

P = iJ‘ Lesar _t|:VCC_VCC_:/CESAT -t} dt

TO r r
Ve V.-V,
=f.I .t cc __YcCT YCESAT
CSAT r|: 2 3
=10x10°x100 x2 xlO_(’[%—zog_s}

=68.6666 W
-~ Total average power loss during turns on of the transistor = Pq+ P;
=0.0018+68.6666
=68.6684 W
Example.1.3

A MOSFET switch is used to control the power of a resistive load (Ry) = 15 Q, having a supply voltage
Vs=160 V, Rpsony= 0.2 Q, t, =1.6 uS, duty cycle = 0.7 and the switching frequency is 20 kHz. (a)
Compute the power loss in the on state, (b) Compute the power 1oss during the turn-on interval.

Solution:
(@)
VS
I = ———
(RL +Rpscon ))
160
C (15 +02)
= 10.526 A
Switching period (T) is given by,
T = l
f
3 1
20%10°
=50uS

On-time(ton) = duty cycle (d) x Switching period (T)
=0.7% 50 uS =35 uS
Energy loss during on time (Won) = In**Rps(on) X ton
-(10.526)*x0.2x35%10°
=775.623 uJ
Power loss during on time (Pon) = Won X
=1775.623x10°x20x10°
=15.512 W
(b) Energy loss during turn-on (Won)
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vDS(max)lDtr
6
- _ 160 x 10.526 x 1.6
6
=449.10 pJ
Power loss during turn-on (Pon) = Won x
=449.10x10°%x20x10°
=898 W
Example.1.4

An IGBT switching circuit is shown in Figure.1.35 The supply voltage is 200 V and the load resistance

is 10 Q. The switching frequency of IGBT is 2 KHz. Find the time required for the pulse if the power

required for the load is 5 kW.
Solution:

Time period (T) =— = =0.5mS

By using above two equations:
_PRT _5x10° x10x0.5x107

! =0:625mS
\A 200 x 200

ON

Figure.1.35 Circuit of example 1.4

Example.1.5

The IGBT switching circuit shown in Figure:1.33 has the following data: Vs =200 V, Ri= 20 Q, the
duty cycle is = 70 %, switching frequency is 5:kHz, ton="3 uS, torr = 1.5 uS and Vcgeay = 3.0 V.
Calculate (a) Average load current, (b) Conduction power loss, (c) Power loss in watt during turn-on,
(d) Power loss in watt during turn-off

Solution:

Vg - VCE(sat) _ 200-3

(a) Maximum value of load current, Ic(max = R =9.85A
L
Average load current, Ictavey = duty cycle X Ic(max
= 0.7 x9.85
=6.895 A
(b) Conduction power loss = Vcigat) X Icave
=3 x6.895
=20.685W
oo . — Vermax *Lomax Xton o
(c) Switching power loss during turn-on = . xswitching frequency
_ 200x9.85x3x10°° <5x10°
6
=4925W
VB max) * Lo max) *torr

(d) Switching power loss during turn-off = xswitching frequency

6
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_ 200x9.85x1.5x10"°
6

x5%10°

=2.462 W
Example.1.6

The maximum and minimum values of current gain (B) of a BJT (shown in Figure.1.36) are 40 and 8
respectively. The value of load resistance connected in the collector circuit is 11Q. The DC supply
voltage in the collector emitter (Vcc) is 200V. The base voltage (Vg) is 10V. The saturated value of
collector emitter voltage (Vcesar) and that of base-emitter voltage (Vgesat) are given as 1.0V and 1.5V
respectively. Determine (i) resistance Rg, due to which saturation occurs with overdrive factor (ODF)
equal to 5, (ii) forced current gain (Br), (iii) BJT power loss.

Figure.1.36 Circuit of example 1.6

Solution:

The saturated value of collector current; (Icsar) 1s given'by
Vee —Vesir — 2001

— =18.1 A
CSAT R 11
The saturated value of base current (Igsat)is given by
1, 18.1
Lpgyy =-S5 = 181 =22625 A
By

The base current is obtained by using overdrive factor (ODF),

1y =ODE x 15,7 =5x2.2625=11.3125 A
The value of Rg can becalculated from
N VB _V;BESAT _ 10-1.5

R; =0.7514Q2
I 11.3125
The forced current gain can be obtained as follows.
; =ICSAT _ 18.1 1
T, 113125

The total BJT power loss can be calculated from

Poyr =Vielp +Veplc

S Py =1.5x11.3125+1.0 x 18.1 =35.07 W
Example.1.7

The junction and ambient temperature of a BJT are 160°C and 25°C respectively. Thermal resistance
between junction and case, case and sink, and sink and ambient are 0.4°C/W, 0.1°C/W, and 0.5%/W
respectively. Calculate (a) case temperature, (b) Maximum power dissipation.
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Solution:

The given data are Rjc=0.4°C/W, Res = 0.1°C/W, Rsa= 0.5°¢/W, T;=160°C, Ta =25°C. It is required
to find T¢ and Pt

Now, T; =T, = B (R)c + Res + Ryy) =B R ),

Here, R, =0.4+0.1+0.5=1.0,and T, - T, = (160-25)°C=135"C

Hence, P =135/1.0=135W

Again, T, =T, - B.R,. =160-135x 0.4=106"C

Example.1.8

The maximum and minimum values of current gain () of a BJT (shown in Figure.1.34) are 75:and 12
respectively. The value of load resistance connected in the collector circuit is 1.5Q. TheDC supply
voltage in the collector emitter (Vcc) is 40V. The base voltage (V) is 6V. The saturated value of
collector emitter voltage (Vcesar) and that of base-emitter voltage (Veesat) are given'as'1.2V-and 1.6V
respectively. The value of resistance Rp is 0.7Q. Determine (i) overdrive factor (ODF), (ii) forced
current gain (Br), (iii) BJT power loss.

Solution:

The saturated value of collector current, (Icsar) s given by

Vee=Vepsar _ 40-1.2
RC

The saturated value of base current (Igsat) is given by

Togur  25.867

Br

=25.867 A

Tesur =

=2.156 A

Ipur =

The value of Is can be calculated from

RB — VB _IVBESAT
B
L6167 4.4
1, I,

=34 60864
0.7

0.7

The Overdrive factor (ODE), can be calculated as follows
L = 6286 =292%3
Too,r  2.156
The forced eurrent gain can be obtained as follows.
Br = Icﬂ = M =
I 6.286
The total BJT power loss can be calculated from
Poyr =Vielp +Veplc
2B =1.6 x6.286+1.2 x 25.867 =41.098 W

ODF =

4.12

Example.1.9

The switching waveforms of BIJ connected in CE configuration is shown in Figure.1.37. The various
data are as follows. Vcc=200V, Viesat =3V, Iz = 8A; Vesar =2V, Icsat = 100A, t4=0.5us, t. =5us, ts =
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Sus, tr= 3us, switching frequency, f; = 10kHz, duty cycle k =0.5, collector to emitter leakage current,
Iceo = 3mA, Find the power loss due to collector current during (i) ton, (i) tn, (iii) tof, (V) to, (V) total
average power 1oss.

V. _A
cel KT (1-K)T
Vee =200V ¢
.
td//‘\
> i _
Lt t
i t
C A s Ff
| 4, >
CSAT wee)eeeee > £
lcEo .
i > t
'B i tn toff
I BsAT -t--o-
t'
Vee A ‘
T=1/f
BESAT - t

Figure.1.37 Waveform related toexample 1.9

Solution:

Given, Vcc=200V, Viesatr =3V, Ig = 8A;Vesat =2V, Icsat=100A, ta=0.5us, t:=1us, t; = Sus, tr=3us,
switching frequency, f; = 10kHz, duty'cycle k=0.5
Now,
Time period, T = 1/f= 100ys;

kT =0.5 x100.=50pus; (1- k)T'=(1-0.5)x100 =50us

t;+t, +t,=kI =50us

o1, =50-05-1.0=485us

to+t,+1,=(1=k)T =50us

1, =50-5-3=42us
The various time periods in the given switching waveforms are (1) Delay period, 0<t<¢,; (2) rise
time period, 0<¢<¢ , (3) conduction period, 0<7<¢, , (4) storage period, 0<¢<¢ ; (5) fall time
period, 0<7<¢,, (6) off-period, 0<#<¢,. The sum of tq and t will give us ten, @ sum of t; and tr will
give us to. The total average power loss will be the sum of the average power loss during ton, ta, tofr, and
to. Now we will find the power loss in each period and at last add all to get the total power loss.
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A. Calculation of average power during on period, ton
Delay time period, 0<t<t,

i()=1pp =3x107 =0.003, v (t) = Ve =200
Instantaneous power, p, (¢) =i, (t)Xvg (t) = 0.003x200 = 0.6/

Iy
Average power during delay period = % J. p,(O)dt = f,t,x0.6=10x10°x0.5x107°x0.6
0

=0.003W
Rise time period, 0 <¢<¢,

1 t
Here, i.(t)= CtSAT 5 Ver (0= Vet Vegsar — Vcc)t_

Instantaneous power during rise time (¢,.=1us)

. t t
P, (O)=icOvep () =1 cgqr t_[Vcc +(Vegsar — cc)t_}

r r

15 Vee . Vepsar—Vee)
Average power during rise time, P, = ?J.iC (Ovep (O dt =Tt 1 gip [% + %}
0

- 10x103x100X1x106X|:2—(2)0 y2-200

}=34W

Total average power during on period, P,, =P, + P. =34 +0.003=34.003)

B. Calculation of average power during conduction period (tn), Conduction period, 0<¢<¢,
Here, instantaneous collector current, i (¢) =1 ¢, =1004

Instantaneous value of collector -emitter.voltage, v p(¢) = Veggir =2V

.. Instantaneous power, p,,(t) =V ()14 (t) =200
1,
. . L
Average power during conduction, P, = ?jic OWep)dt=1£.t, Vepoird csur
0

=2x107x48.5x10 °x2x100 =97W
C. Calculation of average power during turn-off storage time, Turn-off period, 0<7<7,,

During storage time, 0<¢<t,
Here, instantaneous collector current, i+(¢) = /5,7 =1004
Instantaneous value of collector ~emitter voltage, v . (t) =V pgir =2V

.. Instantaneous power, p,, (t) = vV ()1 (t) =200
t
, . 1
Average powet during conduction, P, = T f i, (Over At =1t Vepeird cour
0

=2x10°x5x107°x2x100 = 10W
During fall time, 0<7<¢,

. . t .
Here, instantaneous collector current, i.(f) = /s, (1——), Neglecting I .,
t,
S

. Ve .
Instantaneous value of collector -emitter voltage, v . (t) = —<¢, Neglecting, I,
s
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. Instantaneous power, p (t) = Vg ()i () = Ve Logyr [[

Ly

. . 1
Average power during conduction, P = ?J‘ic(t)vcf (t)dt =

0

Lt

I,

t

I

I

Veclcsarty /o
6

_ 200x100x3x10~°x10x10°
6
Total average power during turn off period, P, = P, + P, =10+100 =110

=100W

D. Calculation of average power during off-period, 0<¢<¢

Here, instantaneous collector current, i (¢) =14,

Instantaneous value of collector -emitter voltage, v () =V

. Instantaneous power, p, (t) = v (1)ig (t) = Ve o = 200x3x107 = 0.6
1,
. . ¢
Average power during off period, P, = T f i, (O vep (O dt = LoVt f,
0

=0.6x42x107°x10x10° = 0.252W

E. Calculation of total average power, Pr

P, +P +P,+F =34.003+97+1104+0.252=241.26W"

Total average power, P, =P, o

Example.1.10

The parameters of a MOSFET are as follows. Vps=100V,, Looad résistance in drain to source circuit, RL
=12Q, £=30kHz, drain to source resistance, RDS(on) = 0.2Q, duty cycle, k = 70%, t.= 2us. Find the
power (a) loss in on state, and (b) power loss during turn-on.

Solution:

The circuit diagram is shown below.

D D
+
_ VDS
f—
G —
S
RL
Drain current is given by I, = Vs = 100 =8.2
R, +Rps(ony 12+40.2
. . 1 1
Time period, T=— = - =33.33us
f. 30x10

on =DT =0.7x33.33us =23.33 s
(a) Power loss during conduction period =1,> R 5,1 Z,,..f; =8.2°x0.2x23.33x107°x30x10° = 9.41W

The on time period, t
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, Vosamao!pty ,  100x8.2x2x10°x30x10°
(b) The power loss during turnon, P, = DSty D Jo= 00x8.2x2x10 "x30x10

P —8.2W
6 6

Example.1.11

The parameters of a MOSFET are as follows. Vps =120V, Drain current, Ip = 4A, Ipss = 2mA, fs =
45kHz, drain to source resistance, Rpson) =0.2Q, duty cycle, k = 0.5, t;= 80ns. Find the power (a) loss
in on state, and (b) power loss during turn-on.

Solution:
. . 1 1
Time period, T=— = +=2222us
f.  45x10
The conduction period = off period Since D = 0.5

. . 22.22
- The conduction period, t, =¢,, = — - 11.11us

_ 4x0.2x11.11x10°

The power loss during on state, P, = — 1.eWw
22.22x10
-3 . 1 —6
The power loss during off state,P, = 120x2x10 x11 161X p =0.12w
22.22x107

, 120x4x80x10™x45x10°
The power loss during turnon, P, = Oxdx o e~ 0.288W

. 4x120x 107 x45x 10’
The power loss during turn-off, P, = L OX60 a2 =04321

Total power loss, P, =P, + b, + By + K, =0.288+1.6+0.432+0.12 =2.44W

Multiple Choice Questions

1. The majority charge carties in an npn transistors are
(a)  Electron
(b) Holesin
(¢)  Trivalent atom
(d) Pentavalent atom
2. npn transistors are‘preferred over pnp transistors because they have
(a)  high mobility of holes
(b)  equal to the'mobility of holes
(¢)  low mobility of‘holes
(d)~ " higher mobility of electrons than the mobility of holes in pnp transistors
3. pnp transistor has the following arrangement
(a) “p-type base, n- type emitter, p-type collector
(b)  p-type emitter, n-type base, p-type collector
(c)  p-type collector, n-type base, n-type emitter
(d)  p-type emitter, n- type collector, p-type base
4. In an npn transistor operating in saturated mode, the output voltage V¢ is
(a)  Greater than 2Vgg
(b)  Between 2Vgg and Vg
(c)  Less than Vge
(d)  Equal to Vgg
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5. Which of the following are the charge carriers available in BJT?
(a) Holes
(b)  Electrons
(¢)  Neutrons
(d) Bothaandb
6. The amount of voltage required for forward biasing p-n junction is called
(a)  Avalanche voltage
(b)  Breakdown voltage
(c)  Breakover voltage
(d) Cutin voltage
7. Which of the following BJT terminal controls the current flow?

(a) Base
(b)  Collector
©) Emitter
(d)  Drain
8. In which of the following region do BJT operate in forward bias?
(a)  Active
(b)  Cut-off

(¢)  Saturation
(d) Bothaandc
9. Which of the following BJT region do¢s amplification?
(a)  Active
(b)  Cut-off
(¢)  Saturation
(d) Bothaandc
10. In which of the following region do BJT operate in reverse bias?
(a)  Active
(b)  Cut-off
(¢)  Saturation
(d) Bothaandc
11. Which of the following BJT region perform switching?
(a) Active
(b)  Cut-off
(¢)  Saturation
(d) Bothbandc
12. A power transistor.is a
(a) _~Three-layer, threejunction device
(b).» Two-layer, three junction device
(¢)  Three-layer, two junction device
(d)  Four-layer, two junction device
13. The maximum reverse voltage in a diode is called
(a)  Barrier potential
(b)  Breakover voltage
(c)  Peak inverse voltage
(d)  Average voltage
14. dvce/dt of an IGBT during turn-off should be controlled to prevent
(a)  Short circuit
(b)  Thermal run away
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15.

16.

17.

18.

19.

20.

21.

22.

23.

(c) EMI problem

(d) Latchup

The IGBT used in switching has Ton = 3.0 ps, Torr = 1.20 ps, Duty cycle (D) = 0.70, Vcg (sat)
=2.0V and f; = 1 kHz. What are the switching power losses during turn-on and turn-off?

(& 22Wandl1.7W

(b) 198 Wand0.792 W

() 22Wand0.792 W

(d 198Wand1l.7W

Which of the following two devices best describes the characteristics of an IGBT,

(a) SCRand TRIAC

(b) MOSFET and SCR

(¢) SCRand BJT

(d) MOSFET and BJT

A charger can charge a laptop's battery with 100 W at 20 V. A switching frequency of 200 kHz
is used by the power components in the converter inside the charger. Which electrical appliance
is most appropriate for this use?

(a) IGBT

(b) MOSFET
(¢) SCR

(d BIT

The reverse recovery current depends on
(a)  Temperature
(b)  Storage charge
(¢)  Peak inverse voltage
(d) Forward current
Power MOSFET is
(a)  Voltage controlled
(b)  Current controlled
(¢)  Field control
(d) Both (a)and (c)
The main difference between MOSFET and BJT is
(a) MOSFET is made of silicon
(b)  BIJT current controlled and aaMOSFET is voltage controlled
(¢) MOSFET current s controlled and a BJT is voltage controlled
(d) None of the above
Power MOSFET is
(a) _~Bipolar
(b)».> Unipolar
(c)  Voltage controlled
(d) Both (b) and (c)
Secondary breakdown occurs in
(a) A MOSFET
(b) ABIJT
(¢) AnIGBT
(d)  All the above
A diode is properly functioning, when
(a)  Conduct current in both directions
(b)  Conduct current in reverse biased condition
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(c)  Not dissipate heat
(d)  Conduct current in one direction only
24. Main purpose of diode in power electronics
(a) Conversion of AC to DC
(b)  Amplification
(c)  Variable speed drive
(d) Converting DC to AC
25. SOA stands for semiconductor device
(a)  Semiconductor operating actuator
(b)  Semiconductor operational amplifier
(c)  Safe operating area
(d)  None of'the above
26. SOA represents
(a) Maximum capacity that a device can withstand with failure.
(b) Maximum capacity that a device can withstand without failure.
(c) Minimum capacity of the device that withstands with failure
(d)  Minimum capacity of the device that a device can withstand without failure
27. A transistor is turned of effectively by
(a) Making base positive
(b) Removing base voltage
(c)  Driving base negative
(d) Injecting negative current at-the base
28. BJT operates as a switch
(a)  Under small signal condition
(b)  With no signal condition
(c) Inactive region of transistor
(d)  Under large signal conditions
29. Saturation state of a MOSFET is
(a) A closed switch
(b)  An open switch
(¢)  An amplifier
(d)  Pure resistance
30. Forward current gain of a BJT is
(a)  Ratio of collectorcurrent’and base current
(b)  Ratio of base.current.and collector current
(c) Ratioof emitter current and base current
(d) _~Ratio of emitter and collector current

Answers to multiple-Choice Questions

1. (a) 2.(d) 3.(b) 4.(c) 5.(d) 6.(d) 7.(a) 8.(d) 9.(a) 10. (b) 11. (d) 12. (c) 13. (c) 14. (d)
15.(b) 16.(d) 17.(b) 18.(3) 19.(b) 20.(c) 21.(d) 22.(b) 23.(d)24. (a) 25.(c) 26.(c) 27.
(b),(d) 28. (d) 29.(a) 30.(a)

Short and Long Answer Type Questions

1. What is the difference between power and signal diode?
2. What are the different types of power diodes? Indicate clearly the difference between them.
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NNk W

10.

11.
12.

13.

14.

15.

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

Enumerate the types of power transistors along with their symbols.

Classify the power semiconductor devices.

What is a bipolar junction transistor? Why it is so called?

Describe the types of BIT and with their circuit symbols.

What are the different types of BJT configurations? Draw the circuit configuration for each
BJT.

What is the difference between the current gain () and the forced current gain (Br) of a BJT?
Enumerate the conditions at which the transistor operates as a switch.

The collector current at saturation is substantially constant even if the bas current is increased.
Explain.

Explain the switching performance of BJT with necessary waveforms.

Explain the constructional details of low power and power MOSFETs and bring the difference
between them.

What is the difference between current gain (B) and forced current gain (Br) of a bipolar junction
transistor?

What are the conditions under which a BJT operates as a switch? Discuss the hard drive and
overdrive factors of bipolar junction transistors?

A Typical switching waveform of a BJT in CE mode.is given in Figure.1.38. (a) Show that

. .. Vel . .
switch on energy loss is given by —<“~<¥L¢ " (b) obtain the average value of the switch-on

loss, (c) derive the expression for switch-off energy loss and average power during switch-off.

Ai.
lcsat
Ay
y >
t
Vce A
IVCC
—y t°“§<— > foff « !

1% >
|

Figure.1.38 Waveform related to example 15
Describe with the necessary diagram the input and output characteristics of BJT.

Classify power MOSFETs.

Explain‘the transfer and output characteristics of power MOSFETs. Use necessary diagrams.
Explain the switching performance of power MOSFETs.
Compare the power MOSFETSs and BJTs.

What is IGBT? What are the other names of IGBT?

Give the basic structural features and the working of IGBT.
Describe the input and transfer characteristics of IGBT.
Explain the switching characteristics of IGBT.

Why IGBT is popular in converter applications?

Enumerate the applications of IGBT.

What is single electron transistor (SET)?

Describe the construction of SET with the necessary diagram.
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29.

30.
31.
32.
33.
34.

What is a quantum dot? Explain the quantum energy state of a quantum dot with the necessary
diagram.

Describe the phenomena of coulomb blockade.

Explain the working of SET with the necessary diagram.

Draw the circuit equivalent of SET. Explain the circuit.

Draw and explain the V-I characteristics of SET.

What are the switching limits of BJT? Explain each with the necessary diagrams.

Numerical problems

L.

Find the maximum power dissipation and case temperature of a BJT, if the junction and ambient
temperature of a BJT are 150°C and 25°C respectively. Thermal resistance between junction
and case, case and sink, and sink and ambient are 0.3°C/W, 0.2°C/W, and 0.5°c/W respectively.
The maximum junction temperature of a BJT is Ty= 160°C and the ambient temperature T =
25°C. The maximum power dissipation is 125W. If thermal resistances are Ri¢, Reg-are 0.4°C
and 0.2°C/W respectively, find the thermal resistance from sink to ambient Rga.

The maximum and minimum values of current gain (f).of a BJT (shown in Figure.1.28) are 60
and 10 respectively. The value of load resistance connected in the.collector. circuitis 5Q. The
DC supply voltage in the collector emitter (Vcc) is 100V. The base voltage. (Vi) is 8V. The
saturated value of collector emitter voltage (V.cesar) and that of base-emittet voltage (Vaesar)
are given as 2.5V and 1.75V respectively. Determine (i).resistance Rg, due to which saturation
occurs with overdrive factor (ODF) equal to 20, (ii) forced-current gain (Br), (iii) BJT power
loss.

The switching waveformsof BJT connected in-CE configuration is shown in Figure.1.29. The
various data are as follows. Veec=300V, Veesar =3V, Iz = 8A; Vcsar =2V, Icsat = 100A, t4
=0.5us, t- =1us, ts =Sus, tr = 3us, switching frequency, fs = 10kHz, duty cycle k =0.5, collector
to emitter leakage current, Icgo = 3mA,; Find-the power loss due to collector current during (i)
ton, (i1) tn, (1i1) tofr, (V) to, (V) total-average power loss.

The switching waveforms of BJT connected in CE configuration is shown in Figure.1.34. The
various data are as follows.'Viec=250V, Veesat=2.3V, Ig = 8A; Vcrsat =1.4V, Icsat = 100A, t4
=0.1ps, t. =0.45us, ts =3.2us, tr = 1.1us, switching frequency, f; = 10kHz, duty cycle k =0.5,
collector to emitter leakage current, Iecego = 3mA, Find the power loss due to collector current
during (i) ton, (i) tn, (ii) tor,*(1V).te, (V) total average power loss.

The E-MOSEET used in switching has Ip (ON) = 400 mA at Vgs = 12V and Vgs (th) = 2V.
Determine the drain current for Vgs = 4V.

A MOSFET switch has the following parameters: Ips = 4 mA, Rpsony = 0.4 Q, duty cycle =
50%, Ip = 8A;"Vps =120 V, t. = 150nS, tr = 200 nS, switching frequency = 50 kHz, find total
power loss through the switch:

An IGBT switching circuit is shown in Figure.1.33. The supply voltage is 250 V and the load
resistance is 20 Q. The switching frequency of IGBT is 1 KHz. Find the time required for the
pulse if the power required to the load is 10 kW.
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Practical Experiments

Experiment No.1.1
Title: Testing of the given power transistor
Objectives:

(a) To test the power transistor for determining its type, identification of terminals, and condition
(Good or damaged),
(b) To study the output characteristics of the power transistor (BJT)

Resources required:
Table.1.2 Apparatus/ components required

S1 Apparatus/ Nos | Range/ Rating Remarks
No. | Component
1. | DC Power supply 2 Required range in Volt The ranges are
2. | Digital Multimeter | 1 As available decided as per the
3. | Voltmeter 2 Required range in Volt type of transistor
4. | Ammeter 2 (LA range for base current measurement, .|-available.
Ma or A range for Collector current
measurement)
5. | Resistor 2 1 for Rg high range say 100k<2 (or.decided),
1 for R¢ say 1kQ (as decided)

Theory: A bipolar junction transistor (BJT) is a three-layer, two-junction semiconductor device. There
are two types of transistors. They are npn transistor and pnp. transistor. Three terminals are taken out
from each region. The terminals are named emitter, base, and ‘collector. The junction between the
emitter and base is called the base-emitter junction(BEJ), and‘the junction between the collector and
base is called the collector-base junction(CBIJ). “The symbol of npn and pnp transistors are shown in
Figure.1.39. Manufacturer have manufactured power transistors of various size and shape. A picture
containing various transistors manufactured by the different manufacturers is shown in Figure.1.40.
The output characteristic is the'plot between collector current (I¢) versus collector-emitter voltage (Vcr).
The output characteristics are shown in Figure.1.43. When the base current is zero i.e. [z = 0, with an
increase in collector-emitter voltage (V¢r), a small leakage current (collector current) is present. With
the increase in /3 from 0'to Jp;, Is,, ... collector current also increases as shown in Figure.1.43.

Collector C

Collector

Base
Base
BO-
; Rl > o
g
Emitter
Emitter +' E
E
E
(a) (b)

Figure.1.39 Symbols of transistors (a) npn- transistor, (b) pnp-transistor
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(a) To test the power transistor for its type, identification of terminals, and condition (Good or
damaged),

To fulfill this objective, the following methods are adopted.

Methods of transistor testing:

Before testing the proper functioning of the transistor, it is required to identify the types and terminals
of the particular transistor. In general, the manufacturer data sheets specify the types of transistors by
symbol and their nomenclature.

(a) Using Transistor tester

(b) Using Digital Multimeter

Collector (2)
Base (1) I
MJ2955

Emitter (3)

N

Collector (2)

Base (1)

TIP32C Transistor Pinout

TO - 220 Package

9
ol e 3| Emitter
.\

; ; 2/ Collector

|
Base 11 | |3 Emitter

2
Collector

Figure.1.40 Pictures of various transistors manufactured by manufacturers

(a) Using transistor tester

If your laboratory is equipped with a Transistor tester, the transistor can be tested using the same. There
are many varieties of testers available in the market. Some of the pictures of such testers are shown in
Figure.1.41. The detailed procedure of testing is-available in the instruction manual.

Figure.1.41 Picture of various transistor testers

(b) Using Digital Multimeter
In most of cases, the name of the pin like emitter, base, and collector also provided. If it is difficult to
identify, the type following the procedure adopted.
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L.

2.

Take a digital multimeter, connect the black prob (consider negative) to the com port, red prob
(considered positive) connect to V-Q port of the multimeter. Set the multimeter at diode mode.
Now, place the transistor on the wooden table, and numbered the terminals, 1, 2, and 3 from
the left.

Connect the negative probe to terminal 1 (and 3) and the positive probe to terminal 2 of the
transistor. If the multimeter shows a reading, the transistor is a mpn transistor. If there is no
reading shown in the multimeter, the transistor is pnp transistor.

Connect the negative prob to terminal 2 and the positive prob to terminal 1(and 3) of the
transistor. If the multimeter shows no reading, the transistor is npn transistor. If the multimeter
shows a reading, the transistor is pnp.

After knowing the type, if the terminals cannot be identified, the following procedure can be followed.

L.

2.

Take a digital multimeter, connect the black probe (consider negative) to com port,.red probe
(considered positive) connects to V-Q port of the multimeter. Set the multimeter at diode mode.
Now, place the transistor on the wooden table, and numbered the terminals, 1,2, 3 from left.
Say this a npn transistor. Hence, 1 isn, 2 is P and 3 is n

Connect the negative prob to terminal 1 (and 3) and the positive probe to terminal 2 of the
transistor. In each case note the voltage drop. If voltage drop between 1.and 2 is more than
voltage drop between 2 and 3, then terminal 1 is an emitter, and terminal 3 is.a eollector. If
voltage drop between 1 and 2 is less than voltage drop between 2 and 3, then terminal 3 is
Emitter, and terminal 1 is the collector.

If the data sheet provides the type and terminal nomenclature; no need to perform the above test. After
knowing the type and identification of the terminals, we.can test whether the transistor is in good

condition or not.

L.

(b)

Take a digital multimeter, connect black probe-(consider negative) to com port, red probe
(considered positive) connects to V-Q.port of the multimeter. Set the multimeter at diode mode.
Base to Emitter: Connect the positive prob of the mustimeter to the base (B) and negative probe
to the emitter of the transistor.-In case of a good npn transistor, the multimeter shows a voltage
drop between 0.45V and 0.9V. Fora good pnp transistor, meter will show over limit.

Base to Collector: Connectthe positive probe to the base (B) and negative probe to the collector
(C). In case of good.mpn transistor, the multimeter shows a voltage drop between 0.45V and
0.9V. For good pnp transistor, the meter will show over limit.

Emitter to Base): Connect thepositive probe on the emitter (E) and connect the negative probe
to the base(B). For.a goodnpn transistor, meter shows over the Limit. For a god pnp transistor,
the meter should show-a voltage drop between 0.45V and 0.9V.

Collector to Base: Connect the positive probe to the collector (C) and connect the negative
probe to.the base (B) of the transistor. For a good npn transistor, meter shows Over Limit. For
good pnp transistor, the meter should show a voltage drop between 0.45V and 0.9V.

Collector to Emitter: Connect the positive probe to the collector (C) and connect the negative
probe to the emitter (E) — A good npn or pnp transistor will read over Limit on the meter.
Interchange the leads (positive to Emitter and negative to collector) — Once again, a good npn
or pnp transistor should read “OL”.

To study the output characteristics of power transistor (BJT)

An experiment for plotting the output characteristics of the transistor is provided here. The circuit
diagram is shown in Figure.1.42
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Circuit diagram:

A=Ammeter
VCE: Collector-Emitter voltmeter

VBE= Base-emitter voltmeter

E
=
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1 _p region 1B~

|B6
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'B3
52
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4
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Figure.1.43 V-I characteristics of transistor
Procedure:

1. Make the circuit connection as shown in Figurel.42

2. Keep Ig constant at a value (say 10p A (or other value as per data sheet of the transistor), vary
Vce (By varying Vce) and note down.the collector current Ic. (As shown in Table.1.3)

3. Increase the value of I in step.of some value (say SpA), vary the Vce (By varying Vcc) and
note down the collector current Ic_(As shown in Table.1.3)

4. Repeat step 3 by keeping:the 1B .to next value in step, vary the VCE (By varying Vcc) and
note down the collector’s’current Ic. (As shown in Table.1.3)

5. Plot the Ic Versus.Vce for €ach value of Is.

Result and analysis
Table.1.3

SL. I =.... Is=.... Is=...
No VcE Ic Vce Ic Vce Ic

SR Eal bl iad e

Analysis: Using the readings of obtained (shown in Tablel.3), three graphs are plotted. The plots are
attached. The plots are look like the typical V-I characteristics as shown in Figure.1.43. It shows that
the power transistor functioned well as desired.
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Conclusion: The shows that the transistor functioned properly.
Experiment No.1.2

Title: Testing of the given IGBT.

Objectives:

(a) To test the IGBT for determining its type, identification of terminals, and condition (Good or
damage),
(b) To study the output characteristics of IGBT

Apparatus required:

SI No. Apparatus/Components required Range
1. IGBT characteristics Kits As available
2. CRO with probes As Available
3. Digital multimeter As available
4, MC Ammeter 0-1A
5. D.C. Power supply, dual range 0-30V

Resources required:

Theory: The insulated gate bipolar transistor (IGBT) is.a newly developed semiconductor device. It is
also known as metal oxide insulated gate transistor (MOSIGT), conductively-modulated field effect
transistor (COMFET) or gain-modulated field. effect transistor. (GEMFET). IGBT combines the
advantages of both MOSFET and BJT. It has three terminals called gate (G), emitter (E), and collector
(C). It has high input resistance like MOSFET and low. on-state power loss like BJT. Also, the second
breakdown problem is not present in IGBT. An IGBT is-a voltage control device like MOSFET. The
equivalent circuit and the symbol of IGBT are shown in Figure.1.44

Collector (C)

Collector (C)
R R
%— pnp

Collector (C)

H =
np |:> I Rae Gate (G)
Gate () | 1 -
|_ RBE Gate (G)
Emitter (E)
Emitter (E)(L Emitter (E) O
Equivalent circuit Simplified circuit IGBT Symbol
(b)
(a)

Figure.1.44 Equivalent circuit, and symbol of IGBT (a) equivalent circuit, (b) symbol

The static V-1 or output characteristics of an IGBT is the plot of collector current (IC) versus collector-
to-emitter voltage (VCE) corresponding to a particular gate-to-emitter voltage. The plot is shown in
Figure.1.45. In the forward direction, the shape of the plot is similar to the bipolar junction transistor.
However, the controlling parameter is the gate to emitter voltage.
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Figure.1.45 Output characteristics of IGBT

(a) To test the IGBT for its type, identification of terminals, and condition (Good or

damaged),

Nowadays various IGBT testers are available in the Market. Some pictures of them aré shown in
Figure.1.46. Power electronics laboratories are also in general equipped with the such tester. As per the
instruction provided in the manual, the IGBT can be tested with the available instruments.

Figure.1:46 1GBT testers

(b) To study the output characteristics of IGBT

Circuit diagram:

R
C .\ C .
V lc
CE -
B +
E Vee

Figure.1.47 Circuit diagram for studying the V-1 characteristics of IGBT
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Procedure:
1. Make the circuit as per the circuit diagram shown in Figure.1.47.
2. Set the finite gate-source voltage (Vge1) by varying Rge and Vae
3. Vary the voltage source Vcc (or Rc) and note down the Vcg and Ic in Tablel.4
4. Repeat step 2 for the second gate-source voltage (Vge2).
5. Repeat step 3 for Vge2 and note down the Vcg and Ic in Tablel.4
6. Plot the graphs using data obtained in step3 and step5.

Result and analysis:

Table.1.4

S1. No VGE1 = VGE2 =
Ve Ic Ve Ic

ol =~ Rl el

—| o

Analysis: Using the readings of obtained (shown in Tablel.4), three graphs are'plotted. The plots are
attached. The plots are look like the typical V-I characteristics as shown in Figure.1.43. It shows that
the IGBT functioned well as desired.

Conclusion: The shows that the IGBT. functioned properly.

Know More

1. The history of power electronics started with the invention of the mercury arc rectifier in 1900.

2. The bell telephone laboratory, USA is the first<organization in which the power electronics
revolution started in 1948 with the invention.of the Silicon transistor.

3. There are some other power transistors namely static induction transistor (SIT), COOLMOS.
SIT is a high-power high frequency device. It is solid-state version of triode vacuum tube.
COOLMOS is a new technology for high-voltage power MOSFETs.

4. The power diodes and power transistors are used in power converters like AC to DC converters,

Inverters etc:
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Thyristor Family
Devices

UNIT SPECIFICS

This unit covers the following aspects:

Introduction to introduction to thyristor family devices.

Silicon Silicon-controlled rectifier (SCR) and its construction, V-I characteristics, and working
principle.

Two transistor analogy of Silicon Silicon-controlled rectifier.

A brief description of turn-on methods of SCR.

SCR power loss, cooling, ratings.

Analysis of switching characteristics of SCR.

Classification of thyristors.

Light Activated Silicon Controlled Rectifier (LASCR). and'its .construction, V-I characteristics,
working principle, and application.

Silicon Controlled Switch (SCS) and its construction, ¥~-I characteristics, working principle,
and advantages as well as disadvantages.

Gate turn-off (GTO)and its construction; V-1 characteristics, working principle, applications,
advantages as well as disadvantages.

Unijunction Transistor, or UJT and its. construction, V-1 characteristics, working principle,
applications, types, advantages as well.as disadvantages.

Programmable Unijunction Transistor (PUT). and its construction, V-1 characteristics, and
working principle.

DIAC and its construction, V-IL.characteristics, working principle, applications, advantages as
well as disadvantages.

Triode for alternating current (TRIACs) and its construction, V-1 characteristics, working
principle, applications, advantages as well as disadvantages.

Protection circuits of SCR and the design of the components of the protection circuits.
Practical experiments on DIAC and SCR.

The concept of.thyristor family members and their construction, V-1 characteristics, working,

advantages as well as disadvantages, and applications are discussed and analyzed for generating

further curiosity and creativity as well as improving problem-solving capacity with some numerical

problems.

Besides giving a large number of multiple-choice questions as well as questions of short and long
answer types marked in two categories following the lower and higher order of Bloom’s taxonomy,

assignments through several numerical problems, a list of references, and suggested readings are given
in the unit so that one can go through them for practice.
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Some practical experiments related to the courses covered in Unit Il are also appended at the end
of this unit to make the students aware of the hands-on on these topics.

After the related practical experiments on the topic, based on the content, there is a “Know More”
section appended. This section has been designed to supplement additional information and higher
learning skills on the topic.

RATIONALE

This fundamental unit on thyristor family devices helps students to get a primary idea about the thyristor
family devices for application in power modulation and control.

The SCR is the oldest device of the thyristor family. The construction, V-1 characteristics, and working
principle of thyristor family members such as SCR, LASCR, GTO, SCS, UJT, TRIAC, DIAC, and PUT
are discussed.

The physics behind various thyristors’ family members and their use are also discussed at length to
develop the basic idea about these devices.

Some related problems are pointed out after each section with their solutions which can help further
for getting a clear idea of the concerned topics. The mathematics behind the thyristor family members
will certainly help students with numerical problem-solving.

As a student in the field of electrical engineering; this unit on thyristor family. members helps students
to grasp the basic knowledge of various types of power electronic devices.

PRE-REQUISITES
ESC101: Basic Electrical Engineering

UNIT OUTCOMES

After completion of Unit-2 students will be able.to:

U2-0O1: Identify the application of SCR, LASAR, GTO, UJT, DIAC, TRIAC, SCS, and PUT.

U2-02: Explain the construction-of SCR, LASAR, GTO, UJT, DIAC, TRIAC, SCS, and PUT

U2-03: Explain the working principle of working with SCR, LASAR, GTO, UJT, DIAC, TRIAC,
SCS, and PUT

U2-04: Analyse the V-I characteristicsof SCR, LASAR, GTO, UJT, DIAC, TRIAC, SCS, and PUT

. EXPECTED MAPPING WITH COURSE OUTCOMES
Unit;2 (1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)
Outcomes

CO-1 CO-2 CO-3 CO-4 CO-5
U2-01 3 -- 1 1 1
U2-02 - 3 1 1 1
U2-03 - -- 3 3 1
U2-04 - -- -- 3 2
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2.1 INTRODUCTION TO THYRISTOR FAMILY DEVICES

A semiconductor device called “Thyristor” was fabricated in Bell Laboratories. The prototype of
thyristor was introduced by GEC (USA) in 1957. Afterward, similar to thyristor characteristics, many
other devices were developed. All such semiconductor devices are included in a common family,
named as “Thyristor”. The oldest member is the Silicon-controlled rectifier (SCR). Some other family
members of thyristor family are TRIAC, MOS-controlled thyristors (MCTs), DIAC, Silicon-
controlled switch, Emitter turn-off (ETO) thyristors, programmable unijunction transistor (PUT),
static induction thyristor (SITH), gate turn-off thyristor (GTO), reverse conducting thyristor (RCT),
MOS-turn off (MTO) thyristor, light-activated silicon-controlled rectifier (LASCR), gate assisted
turn-off thyristor (GATT), etc. In most of the books and other literature, the terms Thyristor and SCR
are used interchangeably. In this Unit, the construction, working, V-I characteristics, and protection
circuits of a few members of the thyristor family are discussed.

2.2 SILICON CONTROLLED RECTIFIER

2.2.1 Introduction

The silicon-controlled rectifier (SCR) is a solid-state semiconductor device having four layers and three
terminals. The terminals are called anode, cathode, and gate. It has three pn junctions. The schematic
diagram and symbol of SCR are shown in Figure.2:1 (a) and (b) respectively. The anoede, cathode, and
gate are represented as 4, K, and G respectivelyin Figure.2.1. An actual picture of'an. SCR is shown in
Figure.2.1(c).

Anode (A)
O
A
Gate
(G) o
G
K
Cathode (K)
(a) (b) ©

Figure.2.1 Schematic showing layers, symbol, the actual picture of SCR (a) Schematic diagram, (b)
Symbol, and (c) Actual picture:

2.2.2 Construction of SCR

Figure.2.2 (a) shows a vertical cross-sectional view of an SCR. The approximate doping level and
thickness of the layers are also shown in the figure. The symbol of the SCR is already shown in
Figure.2.1. Figure.2.2 (a) is similar to BJT but the doping density and thickness are different. The

cathode and gate are at the same location as shown for BJT. The n™ layer is for absorbing the depletion

layers of the junction if the SCR 1is in the off state. The purpose of n~ layer is same as that of n~ layer
of the collector of BJT.
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Figure.2.2 Vertical cross section of SCR (a) Vertical cross section showing all layers showing the
thickness and doping density for typical SCR, (b) Only the layers and terminals.

Figure.2.2(b) displays only the layers p, n, n, p along with terminals. The p*substrate n7layers are
not shown separately. It comprises alternate p and n-type semiconductor layers.i.e., p-type, n-type, p-
type, and n-type. These four layers form three junctions, and the junctions are shownasJ;, J;, and J; in
Figure.2.1(a) and (b). Normally gate is placed nearer to the cathode. A‘treaded stud is‘also shown.
This is required to fix the SCR with the heat sink<or the frame. The anode (4), gate (G), and cathode
(K) terminals are taken out from the outer p-type layer, inner p-type layer; and outer n-type layer
respectively. The heat sink is used to remove heat from the device. Mainly silicon is used in SCR
construction. The operation of the SCR as a rectifier can be controlled. It is unidirectional like a diode.

2.2.3 Working principle of SCR

The different terminals are shown in Figure.2.1. Aclow gate current flows from the gate to the cathode.
The 4 and K terminals are connected to the main power circuit. When anode, 4 is made positive with
respect to (w.r.t) cathode (K), the junctions'/; and<J3 are forward biased and junction J; is reversed
biased. Because of the existence of the depletion layer, junction J, prevents the current from flowing
through the SCR. Only a small leakage current called forward leakage current flows through the device
due to insufficient drift of mobile charges to make the device on. The SCR under this condition is called
the forward blocking state or off-state.of the device. If terminal 4 is made more positive w.r.t terminal
K, the depletion layer across the J> junction starts to decrease. When 4-to-K voltage goes on increasing,
a stage will be reached at which.the depletion layer vanishes and the device starts conducting.

2.2.4 V-I characteristics of SCR

Figure.2.3 (b) displays.a typical V-I characteristic of an SCR. It is nothing but a plot between the
anode to cathode voltage (V4«) and the anode current (i) of the SCR. Let us consider Figure.2.1(a) and
the circuit of Figure.2.3(a). When the anode is positive w.r.t cathode J; and J; junctions are forward
biased, J> junction is reversed biased. Only a small leakage current flows through the device. The SCR
is now called to be in forward blocking mode and the current through the device is called off-state
current. When ¥k increases, a stage will reach at which its reversed biased .J, junction breaks down.
This breakdown phenomenon is named avalanche breakdown. The value of V4xat which this breakdown
occurs is called the forward breakdown voltage (Vz0). Since J; and J; are already forward-biased and
J> breaks down, the large anode current (/) flows due to the movement of carriers across the junctions.
This is the forward anode current. The SCR is in a state called conducting state or on-state. The ohmic
drop in the junctions is very small in on-state and it is of the order of 1V. The anode current should be
more than a minimum anode current, called latching current (/) to maintain conduction in the on-state.
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In case, if it is less than /;, the SCR will go back to the forward blocking state. During the conduction
period, the SCR behaves like a diode. The anode current is limited by the resistance R; in Figure.2.3(a).
The SCR remains conducting because of the absence of a depletion layer at J> junction. If the anode
current is reduced to a value called holding current (/x), the depletion layers across Jz are formed and
SCR reaches the blocking state. Thus, the holding current is always less than the latching current. When
the SCR is reversed biased i.e. terminal K is positive w.r.t terminal 4, the junction J; is forward biased
but junctions J; and J; are reversed biased. The situation is like a circuit of two series-connected diodes
in which reversed voltage is applied. The SCR is now in a reverse blocking state. A small current called
reverse leakage current (/z) flows through the device due to minority carriers. When the reversed voltage
increases further, a stage is reached at which the breakdown of reversed biased junctions occurs and
heavy current flows through the device. The voltage at which reverse breakdown occurs is called the
reverse breakdown voltage (Vzsr). The SCR can be turned on by two methods. They are as follows.

(a) By increasing the forward voltage greater than the forward break-over voltage (Vo). But this
method is destructive.

(b) By maintaining a forward voltage below Vo, and applying a positive voltage across gate (G)
and cathode (K). The situation is shown by the dashed line in the V-I characteristic. This type
of turn-on method is called gate triggering.

After the SCR is turned on by gate triggering and the anode current is above the holding current, the
SCR remains conducting because of positive feedback even afterthe gate signal is removed. Thus, the
SCR is a latching device.

i

Forward voltage drop
+‘ ®A ’ (conducting drop)
Forward
breakover
voltage

le2 >le1
Gate

Latching eurrent I, * | triggered

; Holding current |, ... -
Vs @ Vrgy + § ] %
T -
K T‘\ Veo Vak
RL Reverse Reverse
blocking leakage Forward
i voltage current leakage current
A
(a) (b)

Figure.2.3 (a) Circuit of SCR, (b) V-I characteristics
2.2.5 Two transistor analogy of SCR

Thelatching action of a SCR can be demonstrated using a two-transistor model of SCR. An
SCR can be assumed to comprise two transistors. One of them is pnp type (T:1) and the other is npn type
(T,) as shown in'Figure.2.4. The basic structure of the two-transistor model and the equivalent circuit
of the same is shown in Figure2.4(a) and (b) respectively.

The collector current of a transistor is given by equation (2.1), where Icgo is the leakage current
of the collector—base junction, /¢ is the collector current, a is the forward current gain, and 7 is the
emitter current.

Ie=Plp+1cpo (2.1)
The base-emitter current gain a is defined as equation (2.2)



Power Electronics: Theory and Practicals | 63

a=— 2.2)

In the case of Ty, I is the anode current, 14, hence collector current of T, is given by equation (2.3) in
which a; is the current gain of T; and /cso; is the leakage current of T.

Tey=aud  +1po (2.3)
Similarly, for transistor T, the collector current, /> is given by equation (2.4), in which a; is the current
gain of T, and Icos is the leakage current of T».

Iey =00y +1poy (2.4)
Combining /¢; and I, we will get the anode current of the SCR, which is given by equation (2.5).
Ty=Icy+ 1y =ad +aylg +1cgo + g, 2.5)

Considering the gate current, /¢, the cathode current is given by equation (2.6)
Io=1,+1; (2.6)

After solving equation (2.6) for 14, we will get the equation (2.7)
_ Al +1cpo +1cpos

2.7
4 1-(oy + 1) @7
A
7 J
p p T2
Jq
n ::> " "
J2 J2
oG— p o—P p
G s Js
n T n
K l K iIK
(a) (b)

Figure.2.4 Basic structure and.-equivalent ‘circuit<of ‘two transistor model (a) basic structure, (b)
equivalent circuit

From the above, it is seen-that the current gain o, varies with anode current (/,= Ir) and o
varies with cathode current (/x = I4#1¢). Itis seen from equation (2.7) that with the sudden increase in
gate current, the anode current increases, and both a; and o> will also increase. An increase in the value
of a;and a; further increases the anode current. It is just like a positive feedback effect or regenerative
effect. When the sum of a; and @ is nearly equal to 1, the denominator of equation (2.7) tends to zero
and the anode current will:be very high. Hence, the SCR turns on by the application of a small gate
current.

The two-transistor model of an SCR showing the capacitances of pn junctions is shown in
Figure.2.5. This helps in deciding the characteristics of the SCR. At the blocking state, the application
of rising voltage across the SCR causes high current to flow through the capacitances. Let the voltage
across the junction J; is V},, and the capacitance across J is Cj2, the charge across J: is g2, and the
current through the capacitance is ij>. The current i;; is expressed as equation (2.8).

_d(qu)_d(cjz ij)_V deZ dez
1= = =V
dt dt dt dt

+C, (2.8)

Vs

From equation (2.8), it is seen that when the rate of rise of voltage ( j is large, the current ij; is

large and as a result the leakage current /czo; and Icgoz also rises. Thus, from equation (2.7), it can be
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concluded that with large values of /czo; and Icoz, the sum of a; and o> becomes nearly equal to 1 and
the denominator tends to zero and hence anode current is very large. This large current through the

capacitor C;; may damage the SCR. Thus, the applied 7;2 must be less than the specified value.

Figure.2.5 Two transistor model of an SCR

2.2.6 SCR turn on methods

To turn on the SCR, it is required to increase the anode current. This can be done by following methods.

@

(b)

(©

(d)
(e)

(a) Thermal runway

(b) Application of light

(c) Application of high voltage
(d) High dv/dt

(e) Application of gate current

Thermal runway: The pairs electron - holes are generated to increase in temperature of the SCR.
Thus, the leakage currents are increases. When SCR:leakage current increases, the sum of o; and
a2 approaches unity and from equation (2.7), it is’seen that the anode current is very high. Thus,
the SCR will turn on. This method'is the thermal runway and in general not use because, there is a
chance of damage to the SCR.

Application of light: When the light is‘permitted to fall on the junctions, pairs of electrons and
holes are generated and this in turn:makes the sum of a; and o, tend to unity and from equation
(2.7), it is seen that anode current increases to very high value. The light can be injected using
light-activated-thyristors

Application of high voltage: When the applied voltage between the anode and cathode increases
beyond break-over voltage, a significant leakage current flows through the device. This results in
an increase in anode current due to positive feedback.

High dv/dt: When the rate of rise of voltage across the anode and cathode increases, it is seen from
equation (2.8) that junction current increases, and thus anode current increases.

Application of gate current: By application of a +ve gate voltage w.r.t the cathode, the forward
blocking voltage decreases. This SCR is turned on.

2.2.7 SCR switching characteristics

The static characteristics of SCR are already provided in section 2.2.4. In this section, the switching
characteristics will be discussed. Both characteristics are important for the design of converters using
SCR. The switching characteristic is also called dynamic or transient characteristics. At the time of
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turn-on and turn-off, the voltage across, and current through the SCR undergoes changes. The plots of
these variations versus time give the dynamic characteristics of the SCR or thyristor. The dynamic
characteristics at the time of the turn-on and turn-off processes are discussed separately.

2.2.7.1 Switching characteristics while turn-on

A forward-biased SCR (thyristor) is turned on normally by applying a positive gate pulse to the gate
terminal with respect to the cathode. There is a transition state between the off-state and the on-state
of the SCR. The time for this transition is called on turn-on time (¢:). The #,, is the time taken by the
SCR to bring it from forward blocking state to final on the state. The #,, has three parts. The first part
is called delay time (z,), the second part is called rise time (#-), and the third part is called spread time
(p). These time periods are shown in Figure.2.6.
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Figure.2.6 Switching characteristics of SCR

The delay time () is measured from the time when gate current attains 0.9 times of the final gate
current (/) to'the time when the anode current attains 0.1 times the final anode current (/4). (i.e. 0.9/,
to 0.1/4) Sometimes tq is defined as the time period in which the anode voltage falls from the initial
anode voltage (V4) to 0.1 times of initial anode voltage (V4) (i.e. V4 to 0.1V). Let the SCR be in a
forward blocking state and at this stage the anode to cathode voltage is V4, and there is a small leakage
current. The turn-on process starts with an increase in anode current from the small leakage current
and falls in the anode to cathode voltage from V,. When a positive gate signal is applied w.r.t the
cathode, gate current start flowing from the gate to the cathode.

The rise time (¢.) is measured from the instant at which the anode current rises from 0.1 times
of final anode current (i.e. 0.1/4) to 0.9 times I, (i.e. 0.1/, to 0.914). ¢, is also defined as the duration
of time taken by the anode to cathode voltage for falling from 0.9V, to 0.1V, ¢ is inversely
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proportional to the gate’s current magnitude as well as its built-up rate. Thus, ¢, can be reduced by the
application of high and steep current pulses applied to the gate terminal. The nature of the anode
current is the factor defining #.. The rate of rise of the anode current is slow in the case of the R-L
circuit and fast in the case of the R-C circuit. Hence, if the anode circuit R-L, ¢ is more than that of
the R-C circuit.

The spread time (z,) is the time taken by the anode current to rise from 0.9, to I,. The time
taken by forward blocking voltage to fall from 0.1/, to on-state voltage (may be 1 to 1.5V) is also
defined as spread time. During ¢4, the conduction is spread over the entire cross-section of the SCR. #,
is dependent on the area of the cathode and gate structure. After #,, the anode current reaches its steady
state value, and the voltage drop across SCR is the on-state voltage drop.

The SCR can be considered as a charge control device during turn on. The charge to be injected
is proportional to gate current. Thus, if value of gate current is higher, lesser will be the time required
to inject charge into the gate. The turn-on time can be reduced by applying higher values of gate
current than the minimum value of gate current. Normally it is 3 to 5 times that of the minimum value
of gate current. Higher value of gate current facilitates injecting charge to the gate. An SCR issaid to
be hard firing or overdriving when the gate current is several times that of its minimum value required.

. . . di . . ” .
Hard driving facilitates the improvement of z capability. A typical gate current versus time curve is
t

shown in Figure.2.7. The initial value of gate current is high and sustained for several-microseconds
and then reduced to a low value to avoid unwanted turn-off of the device.

AGate current, ig

t

.
|

Figure.2.7 A typical waveform of gate current
2.2.7.2 Switching characteristics during turn-off

The process of turn-off of an SCR is also called commutation process. It is a dynamic process
in which the device is brought from the on-state to the forward blocking state. The turn-off of the SCR
means the change from on to off condition and the SCR is able to block the forward voltage. Once,
the SCR is turned-on, the gate lost its control. Thus, no gate signal is required to sustain the conduction
of the SCR. The SCR may be turned off by decreasing the anode current below the holding current
and this job is.accompanied by either natural commutation or forced commutation. When the anode
current goes to zero to turn off, the SCR will be unable to block the forward voltage because of the
presence of holes and electrons in the semiconductor layers of the SCR. Thus, the situation is
favourable for the conduction of the SCR and it will go to conduction though there is no gate signal.
To avoid such a situation, the SCR is reversed biased for a duration after the anode current attains
Zero.

The turn-off time (#,) is measured from the time when the anode current is zero to the time at
which the SCR is in forward blocking state. All the excess carriers (holes from outer p and electrons
from n layers) must be removed from the four layers of SCR during #,. The carrier around the J;
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junction can be removed by recombination. The time #, has two components. They are reverse
recovery time (¢,,) and gate recovery time (%z-). The sum of #.- and #,- gives the turn-off time ¢,.

The various time instants ¢, ¢, 3, t4 ts are shown in Figure.2.6. At ¢; anode current is zero. After ¢,
the anode current increases in the reverse direction. This reversal is due to the existence of minority

. . di . .
carriers in semiconductor layers of SCR. The slope % of this anode current is same as whatever
t

before ¢;. The surplus carriers from J; and J; are removed by the reverse recovery current (RRC)
during period from ¢, to #3. At #2, nearly 60% of storage charge are removed from the outer two layers.
The carrier density around J; and J; start decreasing and RRC starts decaying. The decay of RRC is
fast during beginning and gradual afterwards. During fast decay there is a reverse voltage. This voltage
is due to the presence of circuit inductance. This reverse voltage charge if appeared across the device
may damage it. This is avoided by connecting resistance and capacitance elements across the device.
At 3, the RRC fallen nearer to zero and the junctions J; and J; are recovered. Thus, SCR is capable of
blocking reverse recovery voltage. At the end of period ¢, to ¢;, junction J> still have'some trapped
charge due to which SCR is not able to block forward voltage. This trapped.charge.cannot be
eliminated by external circuit. The only way is recombination. The recombination is possible only
when reverse voltage is applied. The time taken for recombination is called gate recovery time ()
and it is the period between #; and #, as shown in Figure.2.6. At #7 junction J; recovers. Now, forward
blocking voltage can be reapplied between anode and cathode. The turn off time 7, is applicable for
an individual SCR. The SCR is a part of the power circuit. For practical power circuits, the turn-off
time provided to SCR is different and it greater than #,. In the Figure.2.6, it is-#. The turn-off time 7.
is called circuit turn-off time. The turn off time is also dependent of the magnitude of rate of rise anode

di . . ;| L .
current (; at the time of commutation and junction temperature. The turn-off time increases with
t

increase in the magnitude ofthese parameters increases. When the forward current is more, the trapped
charges across J> is more and the time taken: for recombination ‘is more. The turn-off time decreases
with an increase in reverse voltage. Thyristors or SCR are designed for the slow and fast turn-off. The
SCR with slow turn-off (50-100us) are converter grade SCR. The cost of converter grade thyristor is
less. The SCR with fast turn-off (3-50ps).are inverter grade SCR.

2.2.8 SCR Forward‘gate characteristics

The gate characteristics of an SCR can be shown with the help of graph between gate voltage
and the gate current and-a such typical characteristic is shown in Figure.2.8. In this figure both gate
voltage and gate current are DC values and positive. The gate characteristics are spread between curve
1 and curve 2. Curve. l-and curve 2 represent the lowest and highest voltage that can be applied safely
to turn on the SCR.‘Each SCR has maximum and minimum limits of gate voltage and current. In the
figure maximum limit of voltage is denoted by Vg, and the maximum limit of current is denoted by
Igm. The minimum limit of voltage oy and minimum limit of current ox are also shown. There is also
another specification called average gate power dissipation (Pg.) Which is shown by curve de. To
avoid permanent damage to junction J3, the limits should not exceed Pgav, Vem, Igm, and for reliable turn
on V, and /s should not be lower than the minimum limit. It is therefore concluded that the area
abcdefghb as shown in figure is the preferred area for the gate drive. Manufacturers generally
prescribed the non-triggering gate voltage (here denoted by oa in the figure). The unwanted signals
like noise or spurious signals should be less than oa.
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Figure.2.8 (a) SCR forward gate characteristics, (b) SCR forward gate characteristics for selecting gate
parameters

2.2.9 Triggering circuits of SCR

The trigging circuits for triggering SCR are shown in Figure2:9. The gate source voltage, gate source
resistance, gate to cathode voltage is denoted by Vs, Rs, Vg respectively. While designing the circuit the

. Vs .
ratio —1i.e. current should not harm to the source-and the gate circuit. In case of low-value of Rs, an

S
external resistance required to connect in series with Rs. To provide an easy path for leakage current, a
resistance R; is connected across the gate to cathode. The current through R; is‘given by equation (2.9),
in which Vgu, is the minimum gate to cathode voltage.

V
L _gmn (2 . 9)

mn
& R]

With resistance R;, the gate<source voltage is given by equation (2.10).

ngn
Vs = Rell + 52+, (2.10)
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Figure.2.9 (a) Triggering circuit (a) without gate to cathode resistance, (b) with gate to cathode
resistance

The operating point of a low power circuit can be obtained by using V-I characteristics of the SCR and
gate. To select the operating point for the circuit of Figure.2.9, a load line AD is drawn in the
Figure.2.8(b). Here OD = I,= Vs/Rs, OA = Vs. The curve 3 represent a V,-I, characteristic of an SCR
and it cuts the load line at point S. Here OP = [, and PS = V,. The point S is the operating point. To
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minimise the turn-on time and unwanted turn-on (called jitter), the point S may vary from point S; to
S, (within curve 1 and curve 2) and it must be closer to Pg,, curve. The required gate source resistance
is given by the gradient of AD (i.e. OA/OD). The minim gate to source resistance is obtained from
gradient of the tangent to the P, curve. In this way gate requirement in terms of DC signal can be
obtained from Figure.2.8(b). In general pulse triggering is done for SCR turn on. In the case of pulse
widths greater than 100us, the DC data as obtained above can be used. But for pulse widths less than
100us, the value of gate voltage and current can be increased. As we know that SCR is a charge-
controlled device and its turn-on time can be minimized by application of bigger gate current pulse. In
this case, the pulse wide should be such that anode current is more than the latching current of the SCR.
In general gate pulse wide is taken > to the value of turn on time. The power dissipation in pulse
triggering should be less than the peak instantaneous gate power dissipation Pg,,. The frequency of firing
(f) can be obtained by taking Pgs, pulse width (7), and periodicity (7;). The pulse gating is shown in
Figure. 2.10(a). Hence,
P
P Tf>P .or 22<P (2:11)

gm gav? fT gm

where f = %,T = pulse widths in second .
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Figure.2.11 SCR protection for reverse overvoltage

The duty cycle (D) is defined as ratio of pulse wide in on period to the periodicity. Thus, duty cycle is
given by equation (2.13).

T
D_E_ﬂ” (2.13)
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Thus, the equation (2.12) in terms D becomes

gav?

Pgav Pgav
PngZP or ?z%m and Pgm:F (2.14)

Sometimes the pulses are modulated and generate train of pulses. This technique is called high-
frequency carrier gating. The generated pulses are shown if Figure.2.10 (b). There is a prescribed peak
reverse voltage of an SCR and if any voltage signals greater than this limit may damage the thyristor.
Hence, to prevent this a diode as depicted in Figure. 2.11. This diode is called clamping diode.

2.2.10 SCR power loss and cooling

SCR suffers from power losses while it is in operation. These losses occur at various stages. They are
as follows.

(a) Forward conduction loss simply on state loss.

(b) Forward and reverse blocking loss because of leakage current.

(c) Switching loss in turn-on and turn off.

(d) Gate loss.

Out of these (a) is most dominant in power frequencies from zero to 400Hz and (b) is significant in high
operating frequency. These losses produce thermal heat: Thelosses-as well as tempetature are increases
with increase in SCR rating. The heat must be removed from the junction region. Hence cooling is
extremely necessary. The heat produced in the SCR is dissipated as-electrical power to ambient fluid.
The ambient fluid may be air or water. This is done by fitting the SCR.on-a heat sink. The heat sink
dissipates the heat. If the dissipated heatds equal to heat produced by.the SCR, then the junction will
reach steady temperature.

2.2.11 Thermal resistance

The thermal resistance is analogous to electrical resistance. It is denoted by symbol R. The unit of
thermal resistance is °C/Watt. The heat energy or thermal energy moves from high to low temperature.
If the temperature at a point is 7;°C and the other point is T>°C, and if T is greater than 7>, heat energy
flows from T’ to 7> and is given by equation (2:15), where P,, is the power loss.

L=1

R, = 'c/w (2.15)

av

Figure.2.12 Thermal equivalent circuit of SCR

In case of SCR, the heat developed at the junctions of the semiconductor. The thermal equivalent circuit
of'an SCR is displayed in Figure.2.12. The heat flows from Junctions to case, case to sink, and sink to
ambient. Let thermal resistances between Junctions and case, case and sink, and sink and ambient are
denoted by Rjc, Rcs, Rsu, respectively. The Py, is the average rate of heat produced at junction, and it is
giVGIl by equation (2 16), where Ry = Pav(RJC"" Rest RSA).
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p :TJ—TC :TC—TS :TS—TA :TJ—TA
“ R)c Reg R, Ry,
Thus, the difference in temperature between junction and ambient is given by equation (2.17).
I)-T,=F,(Ryc+Res+Rgy +Ry) (2.17)
The manufacturer of SCR provides a data sheet or graph in which the temperature difference between
junction and ambient (7-T4) versus power loss (P,,) for a particular heat sink (say aluminium).

(2.16)

2.2.12 SCR mounting

SCRs are mounted on the case. The case must be designed in such a way that heat flows from junction
to the case. Based on the power ratings of the SCR, various techniques of mountings are developed.
They are given below.

(a) Lead mounting

(b) Stud mounting

(c) Bolt down mounting
(d) Press fit mounting
(e) Press pack mounting.

Cathode g‘ Gate
O

Heat sink

L

Figure.2.13 Various types of SCR mountings (a) lead, (b) Stud, (c) Bolt down, (d) Press-fit, (e) Press
pack

(a) Lead mounting: If the load current is very small of the order of 1A, lead mounted SCR is used.
SCR under .this category do not require cooling or heat sink. The housing of the SCR dissipates
adequate heat via radiation as well as convection.

(b) Stud mounting: Due to the flexibility and ruggedness, the stud mounted SCR is normally used.
The SCR is fixed to the sink via threaded stud, bolts, and nuts. The threaded stud is anode of the
SCR. Thus, anode is electrically connected to heat sink. If electrical connection in between gate
and heat sink undesirable, mica or PTFE washers are used between the joining surfaces.

(c¢) Bolt down or flat pack mounting: This type of mounting has tabs with one or more holes.
Sometimes hole is situated in the middle. Bolts are pushed through these holes to mount the device
onto the heat sink. A thin insulating layer of PTFE or mica is provided to insulate the SCR
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(d) Press-fit mounting: Press-fit or pressure-fit mounting is designed for insertion into appropriate-

(e)

sized holes in the heat sink. Insertion is done with the help of a vice or by pressing the device using
a wooden block. For larger-sized SCR it is carried out using a hydraulic ram.

Press pack mounting: It is also called a disc or hockey pack. Here SCR is clamped between two
heat sinks. Uniform external pressure is applied for not producing deformation. The heat sink may
be air, water or oil cooled. This type of mounting is provided for high current rating SCR.

The above types of mountings are shown in Figure.2.13

2.2.13 SCR ratings

Like other semiconductor devices, SCR also have ratings. These ratings are in terms of voltage, current,
power, and temperature limits. The SCR can be used within these limits without any damage. The
current and voltage should not exceed the desired limit for reliable operation. The various ratings of

SCR are given below.

A. Voltage rating of SCR

(a) Working peak-off state forward voltage: This is the maximum ‘instantaneous voltage
excluding repetitive and non-repetitive transient voltage at forward OFF state condition.

(b) Repetitive peak-off state forward voltage: It is the peak transient voltage blocked by the SCR
in OFF state in forward direction and stated at maximum allowable temperature of the junctions
when gate circuit is in open condition.

(¢) Non-repetitive peak-off-state forward voltage: This'is the. maximum instantaneous voltage
across the SCR of any non-repetitive transient in the OFF state.

(d) Working peak reverse voltage: The maximum instantaneous reverse voltage across the SCR
except all repetitive and non-repetitive transient voltagesis called working peak reverse
voltage.

(e) Repetitive peak reverse voltage: It is the peak reverse transient voltage which may arise
repeatedly in the reverse direction ‘at the allowable maximum junction temperature. The
junction temperature will increase enormously if this rating exceeded and the SCR may
damage.

(f) Non-repetitive peak reverse voltage: This is the maximum transient reverse-voltage that can
be safety blocked by the SCR. This rating can be increase by inclusion of a diode in series of
same current rating that of SCR.

(g) On state voltage: The voltage drops between anode and cathode for a specified-on state current
and junction temperature is‘called on state voltage. Typical value is in the range of 1 to 1.5V

(h) Gate trigger voltage: ‘The minimum gate to cathode voltage that is required to produce
triggering current.

(i) Voltage safety factor (Vr): This factor relates the operating voltage in rms to the peak inverse
voltage and is given by

Peak inverse voltage

Voltage safety factor, (V,)=
v / 2 rms value of input voltage

The operating voltage in general kept below the rms voltage of the SCR so that the damage of
the device avoided. Typical value is in between 2 and 2.5.

. dv . .. . . . .
(j) Forward 7 rating: This is the maximum rate of rise of anode voltage with respect to time at
t

which the SCR will nor trigger without firing signal at the gate. If this rating exceeded the SCR
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B.

may switch from off state to on state. This phenomenon can be explain with the help of charging
of the internal capacitances of the SCR. With increase of rate of rise of anode voltage, the
charging current also increases, thus sufficient charges flow through the device. These charges
help in bringing the SCR from off state to on state like application of gate triggering signal at

. . dv . . .
the gate. The maximum rate of rise of % can be limited by using snubber circuit across the
t

device.
Current ratings

Thermal capacity of thyristor is small because it is made from semiconductor materials. The current
carrying capability of an SCR is decided by the junction temperature. The device may get damage
because of rise in temperature. The current ratings of SCR accordingly decided. The various current

ratings are given below.
(a) Average on-state current: This rating is stated at maximum junction temperature and1is varies

with case temperature. This rating is repetitive type. As we know that forward voltage drop is
low in case of thyristor, hence the power loss mainly depends on forward average current of
the device. The rating can be obtained from the manufacturer data sheet in which wvariation in
current with respect to case temperature provided:

(b) RMS on-state current: This rating is a repetitive type and specified at- maximum' junction

(c)

temperature. For direct current rms and average current is same. The'tms cutrent i.e rms on
state current have importance when thyristors are applied: for high peak low duty cycle
waveforms. The rms value may exceeded the allowable value. To preventexcessive heating in
metallic joints, leads, and interfaces due to excessive rms current manufacturer have provided
a data sheet specifying the rms values.

Surge current rating or non-repetitive, peak-on state current: When the SCR is operating
within the repetitive ratings, its junction temperature not exceeded but during short circuit or
faults condition the junction temperature may ‘€xceeded which may damage the SCR. This
unusual working condition is-avoided, the.surge ‘current rating is specified. It indicates
maximum probable non-repetitive surge current that can be handle by the SCR. This rating is
stated in terms of the number of surge cycles with corresponding surge current peak. It is
inversely proportional to the duration of the.surge. The 1-cycle surge current rating is the peak
value of an allowable non-recurrent half-sine wave of 10 ms (50 Hz) duration. If duration less
than 1 cycle, a sub cycle surge currentis specified. The sub-cycle surge current is given by

1 =7 Ii—cycle
Sub—cycle — *1-cycle ¢

is'the sub'cycle current rating in ampere, 7,

Where, I 1—cycle

sub—cycle

is the time for 1 cycle, 1,_,

is the surge current in 1- cycle, and t is the duration in seconds of sub cycle surge.

(d) I*trating: It is the maximum permissible non-recurring value of the square of the instantaneous

(e)

current integrated with respect to the time (i.e jizdt ). This rating is important to decide the

rating of the fast-acting fuse used for protection of the device.

di . o . .
zlratlng: It indicates maximum rate of rise of anode to cathode current of the SCR. The
t

maximum rate of rise of current that can withstand by the SCR is called critical rate of rise of
current. The critical rate of rise of current is always specified at the value of the temperature at
which the device safely withstand.
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() Holding current: This is the minimum value of anode to cathode current below which the
device stop conducting.

(g) Latching current: It is the minimum value of anode to cathode current that is required to keep
the device in on state.

(h) Gate current: This is the current applied to the gate of the SCR for control purpose. It may be
minimum gate current and maximum gate current. The minimum value of gate current is the
minimum gate current required to fire the SCR, and maximum gate current is maximum value
of gate current that can be applied to the gate safely.

C. Power rating

(a) Forward conduction loss: The average on state loss is the SCR is given by
Average power loss = Average anode current x forward voltage drop.

This on state loss is a main source of junction heating. The information related to forward
conduction loss are supplied by the manufacturer in terms of graph between the average power
loss versus average forward anode current for various conduction angles.

(b) Turn-on losses: During turn on an appreciable amount of power loss taking place. For
switching frequency above 400Hz, additional circuits are used to limit the same.

(¢) Turn-off losses: These losses are arising during the time of decay of reverse current. The
circuit inductance is used to limit the 'change of current-and thus the ‘energy dissipated.
However, inductance produce high reverse voltage transients during tutn-off. The turn off
losses is considered while selecting the device rating:

(d) Forward and reverse blocking losses: dn the forward blocking region, anode is made positive
w.r.t cathode and the anode current is the small forward leakage current. The forward blocking
power loss is the integration of product of the forward blocking voltage and forward leakage
current. Similarly, reverse power loss occurs in reverse blocking region.

(e) Gate power loss: The gate power loss.is the average power loss due to gate current between
the gate and main terminals. Gate losses are negligible for pulse types of triggering signals.
Losses may become more significant for-gate signals with a high duty cycle or for SCRs in a
small package.

D. Thermal ratings

The main thermal ratings are given below.

(a) Junction temperature: The junction temperature of an SCR is specified and the junction
temperature. should be within the limit. If it exceeds this rating the thyristor may turn on even
there is no gate signal. This rating is the deciding factor to control the maximum current that
can be carried by the SCR for any significant period of time. The range of junction temperature
varies with type of thyristor.

(b) Transient thermal impedance: This impedance (resistance) is the impedance between
junctions and the cooling surfaces.

E. Turn-on and turn-off Time Ratings
Thyristors for a specific application is dependent on turn-on and turn -off time. For fast acting thyristors
it is of low values. Gold doping in silicon is used to make fast acting thyristors. Life time of minority
carriers are reducing with inclusion of gold doping but increases the leakage current.
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2.3 TYPES OF THYRISTORS

Based on the physical construction, turn-on and turn-off behaviour, members of thyristors family are
classified into the following

(a)  Phase controlled thyristors or Silicon controlled rectifiers (SCRs)

(b)  Light activated silicon-controlled rectifiers (LASCRs)

(¢ Silicon control switches (SCSs)

(d)  Gate turn off thyristors (GTOs)

(e)  Programable unijunction transistor (PUT)

63} Unijunction transistor (UJT)

(g)  Bidirectional diode (DIAC)

(h)  Bidirectional triode thyristors (TRIACs)

(1) Reverse conducting thyristors (RCTs)

Q)] FET-controlled thyristors (FET-CTHs)

(k)  MOS turn off thyristors (MTOs)

)] MOS-controlled thyristors (MCTs)

(m)  Static induction thyristors (SITHs)

(n)  Emitter turn-off thyristors (ETOs)

(o)  Integrated gate-commutated thyristors (IGCTSs)

Out of all the above SCR have been explain in details in section 2.2. In the preceding sections some of
them will be explored with symbol, construction, operating principle:and V-1 characteristics.

24 LIGHT ACTIVATED SILICON CONTROLLED RECTIFIER

2.4.1 Introduction

The Light Activated Silicon Controlled Rectifier (LASCR), which belongs to the photoelectric
thyristor family, is widely used as a control element. This device can be activated by optical radiation
and has the highest trigger sensitivity to light with‘a wavelength of 0.8 to 1.5um. It is commercially
available as a 6000 V and 1500 A device with-a light triggering power of less than 100 mW, also known
as a photo SCR. The LASCR is a;semiconductor optoelectronic switch that has a higher capacity for
handling power than other similar‘devices. Furthermore, it requires only a small amount of light energy
to control a significantly larger amount of electrical energy. The usual rate of change of current (di/df)
is around 250 A/ms while the rate of change of voltage (dv/dr) can reach up to approximately 200 V/ps.
The LASCR provides full electrical separation between switching component of a power converter and
light-triggering source.

The LASCR belongs to the category of thyristors that can be activated by photons found in
light rays: It is a type of semiconductor optoelectronic switch equipped with a lens that concentrates
light onto its Gate. Tts conduction is initiated by exposure to light, and it remains in the OFF state if the
amount of light received is insufficient.

The LASCR have Anode (4), Cathode (K), and Gate (G) terminals. The gate terminal is utilized
for electrical triggering of the LASCR. Optically triggering of the thyristor provides an advantage of
protection against electrical noise disturbances. Thus, the LASCR is regarded as one of the most
desirable devices. The symbolic illustration of LASCR is shown in Figure.2.14(a).

2.4.2 Construction of LASCR

When light falls on the LASCR, it enters the conduction state. The LASCR functions similarly to
a regular SCR, but the difference is that it can be triggered by light through its Gate. The LASCR has a
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pnpn or npnp structure and is made up of four semiconductor layers. It contains three junctions, namely
J1, J», and J3. The anode terminal of the LASCR is connected to the p-type material of the pnpn structure,
and the cathode terminal is connected to the n-type layer. The gate of the LASCR is connected to the
p-type layer that is near to the cathode, as displayed in Figure.2.14(b).
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Figure. 2.14 (a) Symbol of LASCR, (b) pnpn structure of LASCR, (c) Basic structure of LASCR

The basic structure of LASCR 1is depicted«in Figure.2:14(c).. The LASCR consists of a
semiconductor material, where the silicon pellet is located at the bottom of the device. To focus the
external light source on the semiconductor material, a glass lens is-utilized. ' The semiconductor crystal
within the LASCR is designed to have its-electrons dislodged by the-intensity of the light, thereby
contributing to conduction. Due to its high sensitivity, the LASCR is.prone torespond to various factors
such as temperature, applied voltage, as well as the rate of change of applied voltage. To facilitate its
photosensitivity, the LASCR is designed with a glass.top to allow light input and a lens to focus on the
gate. It can be activated by directing radiation on the silicon wafer of the gate with light. However, its
turn-off time is longer compared to a standard SCR. The LASCR pellet is shown in Figure.2.15.
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Figure.2.15 LASCR pellet
2.4.3 Operating principle of LASCR

Figure.2.16 (a) illustrates the configuration of a LASCR that is appropriately biased. By applying
a supply voltage V;, the LASCR is forward biased. To achieve optimal sensitivity, it is recommended
to leave the gate G unconnected. When light does not pass through the transparent window on the p;
base layer, the LASCR remains inactive since the junction J: is reverse biased. Therefore, the LASCR
is in an OFF state when there is no light, which is known as the forward blocking state. However, if
light passes through the transparent window and the light intensity is strong enough, it generates
electron-hole pairs in the p; layer. These pairs then diffuse towards the J; and J: junctions, reducing the
width of the depletion layer and the reverse biasing across the junction. The carriers injected into J:
further decrease the reverse bias, leading to the breakdown of the junction and allowing current to flow
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through the LASCR from anode to cathode. Hence, when there is light, the LASCR becomes active and
is in an ON state or forward conduction state. To activate the LASCR, a positive pulse voltage can be
applied to the gate G through incident light, which has low sensitivity to light. Additionally, the

sensitivity of the circuit to light intensity can be adjusted by inserting a variable resistor in between gate
and cathode.
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Figure.2.16 (a) Operation of the LASCR, (b).Simple LASCR at maximum sengitivity, (c) Simple
LASCR at variable sensitivity

LASCR is utmost responsive to light when the gate ‘tetminal.is open. To achieve maximum
sensitivity, the gate is kept open, as shown in Figure.2.16 (b). However, if the triggering point of the
LASCR needs to be adjusted, a<variable resistor is-installed along with its gate, as depicted in
Figure.2.16(c). By applying resistance between the ‘gate and ground, some of the electrons generated
by the intensity of light are diverted, altering their path and reducing the circuit's sensitivity to incoming
light. This enables the adjustment of the level of light at which'the SCR triggers on. It is imperative to
note that the LASCR's gate is connected to a lead, similarto-a regular SCR, allowing it to be triggered
on as needed by providing positive signals to its gate.

244 Voltage-current (V-I) characteristics
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Figure.2.17 V-I Characteristics of the LASCR
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Voltage- Current characteristics of a LASCR is as depicted in Figure.2.17. The LASCR is forward
biased with open Gate. When there is no light present (&; = 0), the LASCR will not conduct
electricity and will be in a state known as forward blocking (OFF). As light of varying intensities
(flux) shines on the LASCR, it gradually becomes conductive at lower breakover voltages, indicating
that it has entered a forward conduction state (ON). Once it has been turned on, a small voltage is
produced across the LASCR like an SCR. To decrease turn-on voltage, a positive pulse can be applied
at gate G. Additionally, it has been observed that the amount of luminous flux (@, > @3 > @, > @)
incident on the LASCR affects the forward voltage required to turn it on, with larger amounts of light
requiring lower voltages to activate the LASCR.

2.4.5 Applications of LASCR

(a) Light activated SCR is typically utilized in low power applications because of its 10w power
generation capacity.

(b) Motor control applications often incorporate light activated SCR.

(c) LASCR is necessary for fulfilling the power demands of various components in' computer
systems.

(d) Optical light control operates on the principle of‘photoconduction, making LASCR an
indispensable component.

(e) In solid state relays, two LASCR are connected in reverse parallel toproduce power during
both half cycles of AC.

() It can be used to trigger high power. SCR.

(g) Italso canbe used in high voltage DC transmission.and static VAR compensation.

2.5 SILICON CONTROLLED SWITCH

2.5.1 Introduction

Like SCR, the Silicon Controlled Switch (SCS) is.a silicon-based device with a unilateral structure
consisting of four layers and three junctions. The device features four electrodes, namely the cathode
(K), cathode gate (Gx), anode gate (G4), and the anode (4), which are illustrated in Figure.2.18. The
symbol of SCS is shown in Figure.2.18(a).
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Figure.2.18 (a) Symbol of SCS, (b) pnpn structure of SCS, (c) Two transistor model of SCS
2.5.2 Construction of SCS

The SCS is comprised of four semiconductor layers arranged as pnpn, and it possesses four
terminals: cathode (K), cathode gate (Gx), anode gate (G4), and the anode (4). This device has three
junctions and is constructed similarly to an SCR. The basic structure for an SCS is shown in
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Figure.2.18(b). and it is commonly available in low power ratings. Compared to the SCR, the SCS is a
low-power device that can handle currents in the milliampere range rather than the ampere range. The
SCS differs from the SCR in several ways, including the presence of an additional gate known as the
anode gate, its smaller physical size, lower leakage, and holding currents, and its ability to operate with
small triggering signals. Additionally, the SCS exhibits more consistent triggering characteristics from
sample to sample. The pnpn structure of SCS is shown in Figure.2.18 (b) and the equivalent transistor
model is depicted in Figure.2.18(c).

2.5.3 Operating principle of SCS

The SCS is considered as consisting of a complementary pair of transistors with regenerative
feedback. The operation of SCS is like an SCR, it can be turned on by either a positive pulse at gate Gg
or a negative pulse at gate G,. Its construction is similar to that of an SCR. The operating principle is
illustrated here with the two-transistor model exposed in Figure.2.19(a).
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Figure.2.19 (a) Operation of SCS using two transistor.model, (b) V-I characteristic

The SCS is made forward biased when a positive voltage is applied at anode (4) w.r.t cathode
and no voltage is applied at the gates Gk and G. As'the gate current is zero, both the transistors will be
OFF. If a positive pulse is applied at the. Gate: (Gk), the gate current will flow through the base of
transistor Q. Due to regenerative feedback action, the transistors, O; and Q; are driven into saturation
and heavy current will flow through the device from anode to cathode. This is forward ON (conduction)
state of a SCS. The SCS can alsobe turned ON by applying a negative pulse at the anode gate G4. The
SCS can be turned OFF from its ON.state by applying a positive pulse at anode G, or a negative pulse
at cathode gate Gk. Once the SCS is turned ON, it behaves like an SCR. The SCS can be turned off like
SCR by reducing the’anode current below the holding current /5. Despite, the SCS having the ability to
be turned off at either gate, its turn-off gain is relatively low, similar to that of a gate-controlled switch.
Nevertheless,since the*SCSs are designed for low-current applications, that necessitate low gate
currents for turn-off, which means this drawback is not significant. Its versatility stems from its ability
to be activated.and deactivated by signals of either polarity.

2.5.4 V-I characteristics of SCS

When the gate Gk receives a positive pulse voltage or the gate G4 receives a negative pulse voltage
under a forward biased condition that is lower than the breakover voltage, the SCS will not conduct
current. However, reverse saturation (leakage) current through the SCS, which will put it in a forward
blocking (OFF) state. On the other hand, if the positive pulse voltage at the gate Gk or the negative
pulse voltage at the gate G4 exceeds the breakover voltage under the forward biased condition, the SCS
will start conducting current from anode to cathode. At this point, the anode current will experience a
sudden rise, but the voltage across it will drop to a low voltage of approximately 1V. This state is called
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the forward conduction (ON) state of the SCS. The forward OFF and ON states of the SCS are illustrated
in Figure2.19. Similar to SCR, SCS also displays negative differential resistance in the on state. If there
is a sudden application of anode voltage, SCS can unintentionally switch ON due to a phenomenon
called rate effect. The transition capacitance between G4 and Gk electrodes are known as
interelectrode capacitance, and is responsible for this effect.

2.5.5 Advantages and disadvantages of SCS

Compared to an SCR, one benefit of using an SCS is its shorter turn-off time, usually falling within the
range of 1 to 10us for the SCS and 5 to 30ps for the SCR. In addition to this advantage, the SCS offers
improved control and triggering sensitivity, as well as a more predictable firing situation. Nevertheless,
the SCS has its limitations in terms of power, current, and voltage ratings, with maximum anode currents
ranging from 100 mA to 300 mA and a dissipation rating of 100 to 500mW.

2.6 GATE TURN-OFF THYRISTOR
2.6.1 Introduction

The SCR is a semi-controlled switch that can be activated by applying a-positive gate current,
but it is not capable to turned off using the same gate. To turn off the SCR, the main current must be
interrupted by means of a commutation circuit. To resolve this issue, the gate turn-off (GTO) thyristor
was developed.

The GTO thyristor provides complete control over switching, meaning it can be turned on and
off using the same gate terminal. Despite its-unique capability, the GTO sharessmany similarities with
a standard thyristor.

The GTO is a semiconductor-based unidirectional switch.that is-fully controlled and has three
terminals named as gate (G), cathode (K), and anode (4). Its.ON/OFF state can be controlled through
the gate terminal. Application of a positive current pulse to the gateturns ON the GTO, while a negative
current pulse switches OFF.the GTO. The current flows only in one direction i.e from anode to cathode.
A positive current pulse at the gate can also trigger-itinto conduction mode. Although the GTO has a
low on-state voltage drop, it requires a relatively high turn-off current at the gate. In particular, the
negative current pulse required to switch it OFFE is approximately one-fourth of the anode current. The

symbols of GTO are displayed in Figure.2.20 (a).and (b).
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Figure.2.20 Symbols of GTO

2.6.2 Construction of GTO

The GTO shares a similar structure with a regular thyristor in that it is composed of four pnpn layers
and three junctions. The anode ofthe GTO is made up of a p* layer with n* type fingers that are diffused
within it, while the highly doped n" layer serves as the cathode. This results in a low breakdown voltage
for junction J3, typically ranging from 20 to 40V. To maintain excellent emitter efficiency, the p-layer
doping level must be kept low, while the region doping must be high for good switch-off properties.
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The anode junction is defined as the junction between the p* (p* heavily doped region for the purpose
of maintaining high anode efficiency) anode and » base. A heavily doped p" anode region is necessary
for achieving good switch-on properties, but this can negatively impact switch-off capabilities. To
address this issue, n" layers that are heavily doped can be initiated at regular intervals within the p*
anode layer. This allows electrons to move from the base region to the anode metal contact from the p*
anode without causing hole-injection, resulting in a GTO structure with anode shorted. However, the
reverse blocking capacity of the GTO can be reduced towards the reverse breakdown voltage of the Js
junction, and the switch-on performance can be degraded with increased anode shorts density. Thus,
careful consideration must be taken to strike a balance between anode shorts density and switch-on/off
performance. The structure of GTO is depicted in Figure.2.21(a). The two-transistor analogy is depicted
in Figure.2.21(b).
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Figure.2.21 (a) Structure of GTO, (b) transistor model

2.6.3 Operating principle
The GTO functions similarly to SCR, but it has the additional feature of being able to turn off.

Turn-on mechanism: The conventional thyristor and GTO have the same turn-on operation. GTO can
be activated through two methods: firstly, by raising the forward voltage beyond the break-over voltage
and secondly, by application of a positive gate current. When the GTO receives a forward voltage, the
anode voltage becomes positive w.r.t cathode, and this results forward biasing J; and J; junctions and
reverse biasing J> junction. Thus, junction J> prevents the flow of current. However, if the forward
voltage is raised beyond the forward break-over voltage, an avalanche occurs, and the J> turn out to
be forward biased, thereby allowing the flow of current. Nonetheless, this type of switching is avoided
because it is destructive. Toproperly turn on a GTO, a positive gate current should be applied while the
forward voltage is being applied: The application of a positive gate current injects holes into the p gate
region, causing J; to become forward biased, which then allows current to pass through the device.

Turn-off mechanism: Providing a negative gate current is necessary to turn off the GTO. When the
gate metallization collects holes from the anode, the voltage drop in the p base region is greater than
that in the n emitter region. This results in the reverse biasing of junction J3, which stops the flow of
electrons. This occurs at the boundary region between the p base and n emitter layers. At the gate contact
anode region, high-density filament current congestion can occur, which may cause device failure if not
handled promptly. Once these filaments disappear completely, the flow of electrons stops, and a
depletion region is generated at junctions J> and J;. This blocks the forward voltage through the device,
but the anode to gate current still flows due to the diffusion of n base carriers towards J;. This current
is known as tail current and reduces exponentially when the excess carriers of the n base region
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recombine completely. To expedite the decay of tail current, the electron from the n base region needs
an alternative path to reach the anode contact without further emission from the anode.

2.6.4 Types of GTO

There are two types of GTOs based on their structure. They are
(a) Symmetric GTO
(b) Asymmetric GTO

(a) Symmetric GTO

The voltage blocking capabilities of the symmetric GTO are symmetrical, with the reverse blocking
voltage (RBV) being just as high as the forward voltage. Unlike a "shorted-anode" structure, the anode
of this GTO is constructed solely from a pure p* region.

(b) Asymmetric GTO

The most commonly used type of GTOs is the Asymmetric GTOs, which are also referred to.as "shorted
anode GTO". These GTOs have unequal voltage blocking abilities, meaning their forward blocking
voltage differs from their RBV, with the RBV being significantly lower than-the forward blocking
voltage. Typically, they are utilized in conjunction with a diode in anti-parallel configuration:

2.6.5 V-I characteristics of GTO

GTO exhibits similar V-1 characteristics to a conventional thyristor (CT), but with a higher latching
current, typically around 2A compared to 100-200 mA for a'CT. The V-I characteristics of the GTO
include four regions: Forward Blocking Mode (FBM), Forward-Conduction Mode (FCM), Reverse
Blocking Mode (RBM), and Reverse Conduction Mode (RCM); which.are illustrated in the Figure.2.22.
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Figure.2.22 V-I Characteristics of GTO

In FBM, the GTO behaves like a high voltage low gain transistor, exhibiting a small forward leakage
current that is significantly higher than that of a thyristor. The anode current is also low in this mode,
and the GTO can only block rated forward voltage when the gate terminal is negatively biased with
respect to the cathode. FCM is activated when a positive gate signal of appropriate amplitude is applied
while the GTO is forward biased. In RBM, the GTO can block the reverse voltage up to a limit, but if
the reverse voltage reaches a critical value called the reverse breakover voltage, the GTO starts
conducting in reverse direction. However, this operation is not destructive to the device if the gate is
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negatively biased, and the time of operation is short. The reverse blocking capability of the GTO is
dependent on the type of GTO. A symmetric GTO has a higher reverse blocking capability than an
asymmetric GTO, which typically has a reverse blocking capability of around 20V to 30V.

2.6.6 Advantages and disadvantages of GTO
A. Advantages of GTO

(@) GTO has exponential switching characteristics.

(b)  GTO circuit has a smaller size and smaller weight when compared with thyristor circuit
unit.

(c) Due to the absence of a commutation circuit, the GTO results in reduced cost, weight,
and size.

(d) Compared to the SCR, the GTO has a faster switching speed.

(e) Maintenance requirements are lower for the GTO.

()  GTO has a current surge capacity similar to that of an SCR.

(g) GTO has a high blocking voltage capacity.

(h)  The di/dt ratings are higher during turn ONfor the GTO.

(i)  GTO has high efficiency.

B. Disadvantages of GTO

(a)  The combined loss and ON-state voltage drop are greater in GTOs due to their multi-
layered structure, which also results in higher-gate. triggering currents compared to
conventional thyristors.

(b)  Gate drive circuits‘experience significant losses when.driving GTOs, and the ON-state
voltage drop across the gate turn-off thyristor is also higher.

(¢)  GTOs require higher magnitudes of latching and holding current as compared to SCRs.

(d)  The latching current for GTOs is 2A;while it ranges from 100mA to S00mA for SCRs.

(e)  The triggering current required for GTOs is higher than that for SCRs.

2.6.7 Applications of GTO

GTO (Gate Turn-Off) thyristor.is‘favoured over traditional thyristors in several applications due to its
exceptional switching characteristics and ability to turn off without requiring a commutation circuit.
The following are some examples.of the applications where GTO is utilized:

(a) Employed for high-performance motor drives.

(b) Utilized in'variable frequency drives (VFD) with regulating frequency.

(c) Used.in DC-AC or DC-DC converters, and in inverters.

(d) Used in high-voltage direct current (HVDC) systems.

(e) Utilized in induction heating.

® Used in high-power AC/DC power supplies.

2.7 UNIJUNCTION TRANSISTOR
2.7.1 Introduction

Unijunction Transistor, or UJT, is a solid-state device with three terminals. The UJT can function as a
gate pulse, timing circuit, or trigger generator for switching and control of thyristors and TRIACs Like
diodes, UJTs are made up of distinct p-type and n-type materials that create a single pn-junction within
the main conducting n-type channel of the device. Despite its name, the UJT has different switching
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characteristics than BJT or FETS, and cannot amplify signals. Instead, UJTs function as on-off
switching transistors with unidirectional conductivity and negative impedance characteristics. It acts
like a variable voltage divider during breakdown. The UJT consists of a single solid piece of n-type
semiconductor forming the main current-carrying channel, with Base 2 (B:) and Base 1 (B;) as its outer
connections, and the Emitter (£) located along the channel. The Emitter terminal is represented by an
arrow pointing from the p-type emitter to the n-type base, and the Emitter rectifying pn-junction is
formed by fusing the p-type material into the n-type silicon channel. There are also p-channel UJTs
with an n-type Emitter terminal, but these are not commonly used. The Emitter junction is positioned
closer to terminal B, than B;, and the UJT symbol includes an arrow pointing towards the base,
indicating that the Emitter terminal is positive and the silicon bar is negative material. The UJT symbol,
p-n structure, and equivalent structure is shown in Figure.2.23 (a), (b), and (c) respectively. The symbol
for the unijunction transistor looks very similar to that of the junction field effect transistor (JEET),
except for the bent arrow representing the Emitter (£) input. Although the two types of transistors have
similar ohmic channels, they operate differently, and one should not confuse them.
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Figure.2.23 (a) Symbol, (b) prn structure, (¢) Equivalent Structure
2.7.2 Construction and equivalent circuit of UJT

Figure.2.23 (b) shows the structure‘of a UJT, which comprises of a lightly doped silicon bar of
n-type with ohmic contacts at-both ends, labelled as base-1 (B:) and base-2 (B:). A heavily doped p-
region is alloyed into one side of the'bar, closer to the B: end, creating the UJT emitter (£) that forms a
p-n junction with the bar. The unijunction transistor's n-type channel comprises two resistors, Rp; and
Rp», in series with an equivalent (ideal) diode, D, on behalf of the p-n junction connected to their center
point.

2.7.3 . Operating principle and V-I or Ve- It characteristics of UJT

During the manufacturing process, the Emitter p-n junction is permanently positioned along the
ohmic channel and cannot be altered. Rp; and Rp; are situated between the Emitter (£) and terminals B;
and B, respectively. Due to the physical proximity of the p-n junction to terminal B;, Rp; has a lower
resistive value than Rp;. The overall resistance of the silicon bar, also known as its ohmic resistance,
depends on the dimensions of the n-type silicon channel and the semiconductor's actual doping level.
This resistance is represented as Rpp and is typically between 4kQ) and 10kQ) when measured with an
ohmmeter for most common UJTs, including the 2N1671, 2N2646, and 2N2647. The two series
resistances of Rz; and Rp; create a voltage divider network between the UJT's two base terminals. When
a voltage is applied to the device, the potential at any point along the channel is proportional to its
position between terminals B and B, with the voltage gradient level determined by the supply voltage.
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In a circuit, the Emitter serves as the input to the device, and terminal B, is connected to ground. If a
voltage Vs is applied between B; and B; while zero Emitter input is given, the voltage developed across
Rp; of the resistive voltage divider can be calculated as shown below

1% OrVR :—XVBB: XVBB
* B Rp +Rp Rgp
n
=V, or VRBl =n-Vpg (2.18)

The intrinsic stand-off ratio, denoted by the Greek letter # (eta), is the resistive ratio of Rs; to Rpp in a
unijunction transistor. Common UJTs typically have # values ranging from 0.5 to 0.8. When a small
positive input voltage that is less than #- Vs is applied to the Emitter input terminal, the P-N junction of
the diode is reverse biased, resulting in a high impedance and no current flow. This turns the UJT "OFF".
However, when the Emitter input voltage exceeds #-Vsz + 0.7V, the p-n junction becomes forward
biased, and the UJT begins to conduct current (#-/z) from the Emitter into the Base region. When
additional current is directed towards the Base, the channel between the Emitter junction and the B,
terminal experiences a decrease in resistive properties, which in turn lowers the resistance value of Rg;
to alow level. As a result, the Emitter junction becomes mote forward-biased, leading to an increase in
current flow and generating negative resistance at the'Emitter terminal. Conversely, if.the voltage
between the Emitter and B; terminal drops below breakdown, the Rp; resistance value inereases to a
high level, and the UJT acts as a voltage breakdown device. Thus, the resistance of R, varies depending
on the level of Emitter current (Ig). Forward<biasing the Emitter*junction causes a reduction in the
resistance between the Emitter (E) and By, leading to a decrease in the voltage drops across Rp; (Vrs:),
an increase in current flow, and the occurrence of negative resistance. In summary, the flow of current
into the UJT's Emitter triggers a decrease in the resistive value of Rz, resulting in a negative resistance

state.
_______________ )
: t Ve
I . volts
: B | Operating states :- fvglrs) Negative
| 2 | resistance | .
[ : uoff" state: ], z = 0 Cut-off region Saturation
| ¥V; P (Peak Point
! I Rp, : E L U= NVs + V) v Vw =20V
: ¥ - | h "on"state: Vg ~ ¥V =135V) Baby — 788
) | - g
: m x | 573 i Ig >0
{ ' - limited by R s
! : (limitedby R _(a5v)| 14— N2
Ry i |
. | 1
Rg | | Valley point :
\ Ve | I
| |
% |
I BesS XN awlv ol ____\ \
Ve — : : !
I
— |- | "
\
[ | Ve=1Vgp Iro Ip Iy Iy
,,,,,,,,,,, === (until UJT turn “on’) (1uA) (6 pA) (5mA) (50mA)
(@) (b)

Figure.2.24 (a) Equivalent circuit for UJT studies, (b) V-I Characteristics

In order to examine the functioning of the UJT circuit, we will employ the UJT correspondent
circuit depicted within the dotted lines in Figure.2.24 (b). Additionally, we will make use of the UJT
emitter-base-1 Vz-Ir curve presented in Figure.2.24 (b). This curve displays the variation of emitter
current I in relation to emitter-base-1 voltage Vz, at a constant Bz-B; voltage. The curve is marked with
important points, and typical values are indicated in parentheses. When considering the "Off" state, we
can temporarily disregard the diode and observe that Rz; and Rp; create a voltage divider, resulting in a
voltage V at point x in relation to ground, as shown in Figure.2.24(a).
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At point x, the voltage corresponds to the voltage on the N-side of the p-n junction. When the
Ver source is applied to the emitter, which is on the p-side, the emitter diode becomes reverse-biased.
This results in the "off" state, which is represented by a very low current region on the V-I curve. During
the "off" state, the UJT displays a high resistance between £ and Bj, and the reverse leakage current is
usually negligible. Without any /g, there is zero drop across Rp, and the emitter voltage, Vi, is equal to
the source voltage. The UJT's "off" state, depicted on the Vg-Ig curve, continues until the emitter voltage
surpasses Vx, augmented by the diode threshold voltage Vp that is required to generate forward current
through the diode. Vp, is known as the peak-point voltage and is located at point P. It can be computed
as:

Vp =V, +Vp=0-Vyp+Vp (2.19)

with Vp, typically being 0.5V. For instance, when # equals 0.65 and Vs equals 20V, Vp equals 13.5 V.
As Vpp changes, Vp will also alter. When Vg rises, the UJT remains "off" until Vi approaches the peak-
point value Vp. Once Vi approaches Vp, the p-n junction becomes forward-biased and starts conducting
in the reverse direction, signifying the "on" state.

On the Ve-Ig curve, it can be observed that the current Iz becomes positive as.it approaches the
peak point P. When Vg is equal to Vp, the current flowing through the emitter is equal to the peak-point
current, /p. At this juncture, the heavily doped emitter releases holes which moyve into-the n-type bar,
particularly in the B; area. Due to the lightly doped nature of the bar, the holes find‘few. chances to
recombine. Consequently, the lower section of the bar is overwhelmed with-additional current carriers,
in the form of holes, causing the resistance of Rz;to be dramatically réduced..The drop in Rp; results in
a decline of Vp. Consequently, the diode becomes more forward biased, causing+/zto further increase.
The injection of a larger Iz causes more holes to move into B;; causing a furtherreduction in Rg,;, and
so on. Eventually, this regenerative process ends with Rp; dropping to a very small value (between 2-
25 Q), leading to a very large /g, limited primarily by the external resistance Re.

UJT undergoes a transition to the high-current; low-voltage region of its Vz-I¢ curve, where the
resistance is low and the slopeis steep in the "on"region. At this point, the emitter voltage (V) remains
relatively stable at around 2 V as the current (Ig) increases up to its maximum value (/gsqy). Increasing
the voltage Ve results in a boost in /r while keeping Vz at approximately 2V. To turn off the UJT,
reducing Vg causes I5 to drop along the "on" portion of the Vz-I; curve until it reaches the valley point,
V, where Ir equals Iy, the valley current. Iy .is the holding current necessary to maintain the UJT's "on"
state. If /g is decreased below Ir,.the UJT will turn.off and quickly return to the "off" region of'its Ve-Ig
curve, where I¢ is zero and Vg -Vze. The valley current is similar to the holding current found in pnpn
devices and typically ranges from 1.to 10. mA.

Notes:

e [Initially, in the cut-off region of operation, a small current flow from terminal B; to the emitter
as.a result-of minority charge carriers when the emitter voltage is increased from zero. This
current is referred to as leakage current.

e  Once the emitter voltage exceeds a specific value, denoted as Vg, the emitter current (/¢) begins
to flow and continues to increase until it reaches its maximum values of V» and /p at point P.

e Beyond point P, further increases in Vg lead to a sudden rise in /g, accompanied by a decrease
in V. This section of the curve is known as the Negative Resistance Region since an increase
in /g leads to a reduction in V.

e The Negative Resistance Region concludes at the valley-point (V), which has a valley-point
voltage (V) and current (/). Following the valley-point, the device enters the saturation region.
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2.7.4 Types of UJTs

Below are descriptions of the three main types of unijunction transistors.

(a) Original UJT: Essentially, the original unijunction transistor consists of a bar made of n-type
semiconductor, into which a section of p-type semiconductor is diffused at some point along
its length.
(b) Complementary UJT: The complementary unijunction transistor can be described as a solid
piece of semiconductor material that is primarily composed of p-type material. However, there
is a portion of the bar where n-type semiconductor material has been diffused into it.
(c¢) Programmable UJT: The programmable unijunction transistor, which features several
junctions and two resistors that are external, is a device that can perform a comparable function
to the conventional UJT. However, it is not directly replaceable with the conventional UJT due
to its unique structure.
2.7.5 Advantages of UJT

(a) Itis affordable

(b) Excellent characteristics

(c) Consumes minimal power during normal operation.
2.7.6 Applications of UJT

(a) Oscillators

(b) Trigger Circuits

(c) Saw tooth generator

(d) Bi-stable networks

(e) Pulse and voltage sensing circuits

() UJT relaxation oscillators

(g) Over voltage detectors

2.8 PROGRAMMABLE UNIJUNCTION TRANSISTOR
2.8.1 Introduction

The PUT, or Programmable Unijunction Transistor, is a pnpn device that shares a striking
resemblance to the UJT. Although the two are distinct, the PUT is often discussed in conjunction with
the UJT due to their comparable behaviour. Notably, PUT can be viewed as a UJT with a controllable
trigger voltage V that can be-established by an external voltage divider.

2.8.2 Symbol and construction of PUT

Anode (A) A
(0]
G
P
Gate (G) f
n —o0 N
o R VA
0 [¢)
K

l

Cathode (K)
@ (b)

Figure.2.25 (a) pnpn structure of PUT, (b) Symbol of PUT
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In Figure.2.25, the pnpn structure and circuit symbol for the PUT are displayed, with the anode
(4) and cathode (K) serving as the same for all pnpn devices. The gate (G), located adjacent to the
anode, forms a p-n junction with it and controls the device's "on" and "off" states. Typically, the gate is
positively biased by a certain amount, Ve, with respect to the cathode. When the anode voltage is less
than ¥, the anode-gate junction is reverse-biased, and the device remains in the "off" state, behaving
like an open-switch between anode and cathode. When the anode voltage exceeds V, by approximately
0.5 V, the anode-gate junction becomes conductive, causing the device to switch "on" in the same way
as forward-biasing the gate-cathode junction of an SCR. In the "on" state, the PUT operates like any
other pnpn device between the anode and cathode, with low resistance and V,x of 1V. The PUT is
sometimes known as a complementary SCR (CSCR).

2.8.3 Operation of PUT

VGG VGG
Vp=Vy+0.5V I» =Edc/R
Eq.<Vp VAK drops to 1V
Vax=E R; 1
AK™Ede Vg drops to 0.5V
IA =0 EdCZVp

M2

>
®
> +
-}
b
®
> +

+ | Eac K + B K
T IA =0 LN IA =Edc/RJ
~ A 4 ~ 4
OFF STATE ON STATE

(a) (b)
Figure.2.26: (a) off state of PUT, (b) on state of PUT

Figure.2.26 illustrates the typical bias.configuration for the PUT. The gate voltage, Vy, is established
by the voltage divider consisting of Rz and R:. It should be noted that R; and R; are not part of the device
and can be selected to obtain any desired value of V. The anode-cathode bias is provided by E;.. When
Eq is less than ¥, the device is in an "off" state with no current flowing through it, and the full voltage
Eq4. is applied across the anode-cathode junction (Vix = Equ). Part (a) of Figure.2.26 summarizes the
"off" state.

Increasing the Emitter-to-Collector voltage (E4) by approximately 0.5V above the bias value of V;
causes the device to switch to the "on" state. This means that the Peak-Point Voltage (7)) for the PUT
is given as:

Vp = Vg =05V (2.20)

When the device is in the "on" state, the voltage between the anode and cathode (V.4x) drops to 1V, and
the anode current (/) is mainly determined by E4/R;, as the current is limited by R. Moreover, the
voltage of V, decreases significantly to around 0.5V since R: is bypassed by the "on" pnpn structure.
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The device will remain in the "on" state until the anode current drops below the valley current (/). The
characteristics of the "on" state are described in part (b) of Figure.2.26.

2.8.4 V-I characteristics of PUT
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Figure.2.27 (a) Biasing circuit of PUT, (b) V-I characteristics of PUT

PUT (Programmable Unijunction Transistor) characteristics are defined by a-plot of anode voltage (V.)
versus anode current (/,). The biasing circuit and V-I characteristics of PUT are shown in Figure.2.27(a)
and Figure.2.27(b) respectively. Typically, the anode is connected to a positive voltage and the cathode
to ground. The gate is connected to the junction of two external resistors«(R; and R), which create a
voltage divider network that determines the intrinsic standoff ratio () and peak voltage (V) of the PUT.
As the anode-cathode voltage (V) is increased, the anode current also increases, and the junction
behaves like a standard p-n junction. However, there is alimit to‘ how much ¥, can be increased, as the
junction becomes saturated after ‘a sufficient number of charges are‘injected. Beyond this point, the
anode current (/;) increases.and the anoede voltage (Va) decreases, creating a negative resistance
scenario. This negative resistance region in the PUT characteristic is used in relaxation oscillators.
When the anode voltage (V) is‘teduced to a specific level known as the "Valley Point," the device
becomes fully saturated, and no further decrease:in V. is,possible. At this point, the device behaves like
a fully saturated p-n junction. The point at'which the PUT enters the negative resistance region is
referred to as the peak voltage (V5), which is the voltage measured between the anode and cathode.

V, =07V +Vy =07V +Vy =07V 41V, .21)

where 1 represents the intrinsic standoff ratio and Vy, represents the total voltage across the external
resistor network.

The intrinsic standoff ratio () of a PUT is defined as the ratio of external resistor R; to the sum
of R; and R,. This ratio.allows us.to predict the amount of voltage that will be dropped across the gate
and cathode for a given V3. Mathematically, the intrinsic standoff ratio can be expressed as

n=Ri/(Ri+Ry) (2.22)

2.9 BIDIRECTIONAL THYRISTOR DIODE OR DIODE FOR ALTERNATING CURRENT
(DIAC)

2.9.1 Introduction

A DIAC is atype of power semiconductor device comprising of two junctions and three layers. Its name
is a combination of two parts: DI, which refers to the diode (such as Di, Tri, Quad, Penta, etc.), and AC,
which represents alternating current. Essentially, DIAC is an abbreviation for a diode (member of the
thyristor family) designed to handle alternating currents. This is a bidirectional switch with two
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terminals that conducts electricity in both directions when the applied voltage surpasses its breakover
voltage. However, it is not capable of amplifying or providing regulated switching. DIACS are seldom
employed individually, but rather combined with other thyristor devices. In phase control circuits, they
serve as triggers to provide gate pulses to a TRIAC or SCR. Many gate triggering circuits utilize this
component to attain enhanced stability and immunity to noise during triggering These silicon devices
are not only bidirectional but also voltage-triggered. To decrease the DC component in the load circuit,
DIAC voltage options ranging from 27V to 70V generate trigger pulses that are symmetrically matched
at the positive and negative break-over points. The range of power dissipation is 0.5 to 1W. Basically,
the switching voltage of DIACs is symmetric in nature. Asymmetric DIACs are also available.

The DIAC is represented by two diodes arranged in parallel and opposing each other, with two
terminals. The DIAC can conducts in both directions, it is not possible to identify its terminals. Rather,
the terminals are denoted as A; and 4> or MT; and MT>, in which MT signifies main terminals.
Consequently, like a resistor or ceramic capacitor, the pinouts of the DIAC are interchangeable. Despite
being a member of the thyristor family, the DIAC does not feature a gate terminal for control purposes.
Instead, it can be turned on or off by merely reducing the voltage level below the avalanche breakdown
voltage in either polarity. The symbol of DIAC is depicted in Figure.2.28.

MT1

Main Terminal 1 MT1
Main Terminal 2 MT2
MT2

Figure.2.28 Symbol of DIAC
Depending on the polarity of the applied voltage, each terminal has the ability to function as
either an anode or a cathode. The end junction that is active and the one that is bypassed are also
determined by the polarity of the‘applied voltage.

2.9.2 PNPN structure or construction of DIAC
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p n n1 n1
P p1 p1
n n n2 n2
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p P P
n n3 n3
- +
oT; MT2 MT2
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Figure.2.29 (a) pnpn construction, (b) Current flow
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In essence, the DIAC is a device with two terminals that consists of parallel layers of semiconductor
material, which enables it to conduct in one direction. It is commonly used to activate the TRIAC. The
DIAC has two terminals - MT; (T;) and MT> (T>). When a positive voltage is applied to MT; relative to
MT>, current flows through the four-layer pnpn structure, which is another type of diode. The DIAC
can conduct in both directions and its symbol looks similar to that of a transistor. It acts as a diode that
conducts only after a certain voltage, known as the break-over voltage or Vo, is exceeded. Once this
voltage is reached, the diode enters a region of negative dynamic resistance, which causes a decrease in
the voltage drop across it with increasing voltage. This results in a rapid increase in current flow, which
is controlled by the device. The diode remains in its conducting state until the current falls below a
certain value known as the holding current or /5. Once the holding current is reached, the DIAC reverts
back to its non-conducting state. Its behaviour is bidirectional, which means it can conduct in beth

directions of an alternating cycle. The prpn structure of DIAC is shown in Figure.2.29 (a) and (b).

2.9.3 Operation and V-I characteristics of DIAC
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Figure.2.30 (a) Working principle, (b) V-1 characteristics of DIAC

Figure.2.30 (c) V-I characteristics of DIAC showing break brake voltage

In Figure.2.30 (a), the operation of the DIAC is illustrated in terms of polarities. Assuming that the MT1
terminal is positive, the p; layer close to MT1 will be activated, resulting in conduction in the sequence
of p;-n»-p>-n3;. When the current flows from M7 to MT2, the junctions between p;-n, and pr-n; are
forward-biased, while the junction between n,-p; is reverse-biased. Likewise, if we assume that the M72
terminal is positive, the p2 layer close to MT2 will be activated, and conduction will occur in the order
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of p2-nz-pi-n;. The current will flow from MT2 to MT1, and the junctions between p;-n2 and pi1-n; will
be forward-biased, while the junction between n>-p; will be reverse-biased. As a result, conduction will
be possible in both directions.

The V-I characteristics of a DIAC is shown in Figure.2.30(b) and (c). The DIAC's V-I characteristic
curve takes the form of a Z-shape and spans the first and third quadrants due to its ability to conduct in
both positive and negative polarities. In the first quadrant, which corresponds to the positive half cycle,
current flows from M7/ to MT2, while in the second quadrant, which corresponds to the negative half
cycle, current flows from M72 to MTI. Initially, the DIAC's resistance is higher due to the Reverse Bias
junction between its layers, resulting in a small amount of leakage current flowing through it, which is
referred to as the blocking state on the curve. When the applied voltage reaches the breakdown voltage,
the DIAC's resistance decreases abruptly, causing it to begin conducting, resulting in a sharp decrease
in voltage and an increase in current, which is referred to as the conduction state on the curve. The
breakdown voltage of most DIACs is approximately 30 V, although the exact value is determined by
the device type. The DIAC remains in the conducting state until the current reaches ‘the holding
current, which is the minimum current required to maintain the device in the ON state.

Notes:

(a) The voltage needed to activate the DIAC by passing through its terminals is referred to as the
Break-Over Voltage (Iz0). Once the DIAC is switched on, the only method to deactivate it is
by cutting off the current completely, which means isolating it from the powet source.

(b) Initially, when a small positive or negative voltage is_applied to.the. DIAC's terminals, a
negligible leakage current (/z0) will flow through the DIAC due to ‘one pn-junction being
reverse-biased. The leakage current persists until the voltage gradually rises to the Break-Over
Voltage (Vo). At this threshold, an avalanche breakdown occurs in the reverse-biased junction,
and the current through the DIAC increases as the applied voltage decreases. The voltage across
the DIAC decreases to the Break-Back Voltage (V).

(c) When the applied voltage equals or surpasses the-breakdown voltage, the DIAC commences to
conduct, and the voltage drop across it is a.few volts.

2.9.4  Advantages and disadvantages of DIAC

Advantages

(a) DIAC exhibits symmetrical switching properties which facilitate the mitigation of
harmonics.in-a system.

(b)  Additionally, it'possesses a low voltage drop during the on-state, but this increases as
the voltage.increases.

(c) DIAC can be readily switched by adjusting the applied voltage and can provide
seamléss.power regulation when employed to trigger other thyristors or TRIAC:s.

Disadvantages
(a)" This device operates at a low power level and is designed to conduct electricity only
when the voltage exceeds 30 volts.
(b) However, it lacks the capability to block high voltage currents.

2.9.5 Applications of DIAC

The primary use of DIAC is to activate TRIAC, which has an uneven triggering due to
dissimilarities in its two halves. This disparity leads to a dissimilar voltage level for the forward and
reverse current, generating harmonics in the system. These harmonics can create various issues, and
therefore, it's crucial to minimize them. To solve this issue, the DIAC is connected in series to the gate
of the TRIAC. As the DIAC has a similar forward and reverse breakdown voltage, it switches on
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whenever the voltage exceeds VBO in either direction. This symmetrical triggering causes the TRIAC
to trigger at the same voltage level for both halves of the AC cycle, thus preventing asymmetrical
switching and minimizing harmonics in the system.

2.10 TRIODE FOR ALTERNATING CURRENT

2.10.1 Introduction

Thyristors, which are semiconductor devices, are extensively utilized for power regulation. They can
only conduct in one direction similar to a diode, making them appropriate for DC power regulation. On
the other hand, triode for alternating current (TRIACs), is a type of thyristor, can conduct in both
directions and provide complete power control. As a result, they are preferred for regulating AC power.

2.10.2 Symbol, pnpn structure and V-I Characteristics of TRIAC

The conventional thyristor, or SCR, is known for its reverse-blocking capability that stops current from
flowing from cathode-to-anode. However, in applications such as AC circuits, bidirectional conduction
is often necessary. To achieve this, two thyristors can be connected in inverse-parallel, or a single device

structure can integrate two antiparallel thyristors, as illustrated in Figure.2.31 (a) and (b).
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Figure.2.31 (a) Symbol of TRIAC, (b) p-n Structu(re)of TRIAC, (c) V-I characteristics of TRIAC

This device is commonly referred to as a TRIAC (triode a.c. switch) and is represented by the
circuit symbol shown in Figure.2.31 (a). The term "TRIAC" is formed by combining the capital letters
from the words TRIODE and AC, as it can conduct in either direction due to its design, the terms
"anode" and "cathode" are not applied to TRIAC. For this reason, its three terminals are usually referred
to as "main terminals" MT;, MT,, and gate G, similar to a thyristor. The MT; terminal serves as the
reference point for measuring voltages and currents at the gate terminal and MT,. The gate is nearer to
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the MT; terminal. The V-I characteristics of a TRIAC is depicted in Figure.2.31 (c) and is based on the
MT; terminal as the reference point. The first quadrant refers to the region where M7 is positive in
relation to MT);, while the third quadrant is the opposite. The maximum voltage applied across the device
in either direction must not exceed the breakover voltage to maintain control by the gate. Triggering the
TRIAC into conduction in either quadrant requires a gate current of a specified magnitude with either
polarity, assuming the device is in a blocking state initially before the gate signal is applied. The TRIAC
and SCR share similar characteristics in their blocking and conducting states, with one significant
difference: while the SCR conducts in one direction only, but the TRIAC conducts in both directions.
The four-layer structure that triggers the regenerative process and turns the device on can be one of p;
n; p2 2, p1 g P2 B3, OF p2 0y pr Ny, depending on the biasing conditions and polarity of the gate pulse.

2.10.3 Operation of TRIAC

As observed earlier, the TRIAC can be activated by either positive or negative gate current, while
maintaining the M7, terminal at positive (+ve) or negative (-ve) potential. The TRIAC canbe triggered
by a variety of sources, including DC, rectified AC, or pulse sources such as UJT, DIAC, SBS, and
asymmetrical trigger switch. To comprehend the operation of the TRIAC, one can utilize any of the
four methods outlined below and consult Figure.2.32

Mode Triggering Quadrant Polarityof MT, Polarity of Gate
Mode-1 Quadrant-1 +vew.r.t MT, +ve wirt MT,
Mode-2 Quadrant-2 +vew.r.t M1, -ve'w.r.t MT,
Mode-3 Quadrant-3 -ve w.r.t MT; tve w.r.t MT;
Mode-4 Quadrant-4 -vew.r.t MT; -ve w.r.t MT;

Forward A +!
current
Reverse Conducti Forward
blocking ot blocking
(OFF) (OFF)
N Lo o ] TNTTTTYY
Reverse A Forw;d-'—
voltage voltage
Triggered on
Condudfing (conduction)
state
| | Reverse
¥ current
Figure.2.32 V-I Characteristics of TRIAC
Mode-1

When the gate current has a +ve polarity relative to M7, it primarily flows from the gate lead
towards the MT; terminal through the p,-n; junction, as illustrated in Figure.2.33. The device behaves
in a conventional manner similar to an SCR when it turns on. However, for a TRIAC, a higher amount
of gate current is necessary to achieve turn-on at a specific voltage. This is because of the ohmic contacts
between the gate and MT; terminals on the p;-layer, resulting in additional gate current flowing from
the gate lead G to the main terminal M7, through the p; layer of the semiconductor, without having to
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pass through the p;-n> junction. The p; n; p2 n2 structure can be turned ON through regenerative action.
The flow of gate current across the p,-n; junction floods the p, layer with electrons. These electrons
then diffuse to the junction J; and are collected by the n; layer, creating a space charge in the n; region.
To neutralize this negative space charge, more holes from p1, diffuse into 71 and attain at junction .J>.
This produces a positive space charge in the p, region, which in turn results in the injection of more
electrons from n;, into p». Ultimately, this positive regeneration causes the p; n; p; n; structure to conduct
the external current.

Mode-2

In Figure 2.34, the Mode-2 behaviour is illustrated. When the voltage at terminal M7 is +ve
while the voltage at the gate terminal is -ve with respect to terminal M7, a gate current flows through
the pz-n3 junction. This gate current, also known as I, forward biases the gate junction p:-ns of the
auxiliary p; n; p> n3 structure, initiating the conduction of the TRIAC through the p; n; p; nzlayers. As
the p; n; p» n3 structure conducts, the voltage drops across it reduces, and the potential of the.layer
between p: ns rises towards the anode potential of MT>. Since the right-hand section of p> is clamped at
the cathode potential of MT}, there is a potential gradient across layer p., with its left-hand region being
at a higher potential than its right-hand region. This establishes.a current in layer p, from left to right,
forward biasing p: n> junction and ultimately leading to.the conduction of the main structure p; n; p> no.
The auxiliary structure p; n; p: n; is like a pilot SCR, while the main structure p; ni'p; n, can be
considered as the primary SCR, and both are built into a single common structure..The anode current
of the pilot SCR functions as the gate current for the main SCR.-The device in which M7 is positive
but gate current is negative is less sensitive than the turn-on process described inthe above section, and
thus necessitates more gate current.
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Figure.2:33 Mode-1 Figure.2.34 Mode-2

Mode-3

The activation of the device can be achieved by applying a positive voltage between the gate and MT;
terminal, given that M7 terminal is negative and M7 terminal is positive. Once triggered, the device
will operate in the third quadrant. The p, n; p; ns configuration depicted in Figure 2.35 plays a crucial
role in the turn-on process, with n, serving as a remote gate. By applying a positive voltage, the external
gate current /g will forward bias the p> n; junction, which enables 7; to inject electrons into the p; layer.
The electrons collected will increase the current through the p2 n; junction, while the holes injected
from P, will diffuse through n; and reach p;, thereby generating a positive space charge in the p; region.
To counterbalance this positive space charge, more electrons from ny will diffuse into p;, creating a
negative space charge in the ni region. As a result, more holes will be injected from p: into n;, which
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continues the regenerative process until the p> n; p: ns configuration is fully turned ON and conducts
the current that is limited by the external load. It's important to note that as the TRIAC is turned ON by
the remote gate n., the device becomes less sensitive in the third quadrant when a positive gate current
is applied.

lo 4 —
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w MODE4 I MT; (=)
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Figure.2.35 Mode-3 Figure.2.36 Mode-4

Mode-4:

Figure.2.36 presents a cross-sectional view of a structure that employs n3; as‘a remote gate. When
operating in this mode, p: n; junction is‘forward biased by<the external gate current /s, allowing
electrons to be injected and collected by p> n; from 73, resulting in‘an'increase in current across p; n;.
The regenerative action of the p: ng p; ny structure causes‘it to-turn ON, with the device being more
sensitive in this mode than when turned ON by a positive gate current..The TRIAC exhibits its highest
sensitivity in the first quadrant when activated with a positive gate current and in the third quadrant
when activated with a negative gate current, out of the four available operating modes. When activated
with a negative gate current in the first quadrant, its sensitivity is slightly lower, and when activated
with a positive gate current in the third quadrant, it is much less sensitive. As a result, it is uncommon
to operate the TRIAC in the first quadrant-with a negative gate current or in the third quadrant with a
positive gate current. Due to the interaction between its two halves, the TRIAC has limitations in terms
of voltage, current, and frequency ratings compared to conventional thyristors. Therefore, it is typically
used in consumer and light industrial appliances that operate at moderate power levels from 50 or 60
Hz AC supplies. The plastic encapsulated TRIAC is a cost-effective and compact device that is widely
used for controlling the speed-of single-phase a.c. series or universal motors in consumer appliances
like food mixers‘and portable drills.

2.10.4 Advantages and disadvantages of TRIAC
Advantages of TRIAC

(a) The heat sink used for it is slightly larger in size, whereas for SCR, two smaller heat sinks
are required.

(b)  Although a secure breakdown in any direction is possible, SCR requires protection through
a parallel diode.

(o) In DC applications, to protect SCR from reverse voltage, it needs to be connected with a
parallel diode. On the other hand, TRIAC can function alone as it can achieve safe
breakdown in any direction.
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(d) Once the voltage reaches zero, the TRIAC will turn OFF.
(e) It can be triggered by both positive as well as negative gate signals. It can be protected using
a single fuse.

Disadvantages of TRIAC

(a) Compared to SCR, these have lower reliability.

(b)  Caution must be taken when turning on the circuit as it can be activated in any direction.
©) The switching delay is significant.

(d) The dv/dt rating of these is considerably lower than that of SCR.

(e) TRIACs have lower ratings compared to silicon-controlled rectifiers.

® These are not suitable for use in DC applications.

2.10.5 Application of TRIAC

TRIAC:s find extensive application in various fields, including but not limited to; regulating the
intensity of light, controlling the speed of fans and motors, and in computerized control circuits of a
wide range of household appliances. They are versatile enough to be used in both' AC and DC circuits,
although their initial purpose was to replace the requirement of using two SCRs in’ AC. circuits. The two
primary TRIAC families, namely BT136 and BTI139, are widely employed for their specific
application-oriented features.

2.11 PROTECTION CIRCUITS
2.11.1 Introduction

To ensure reliable and satisfactory.operation of power-devices,. it should be ensured that the circuit
conditions they encounter do not exceed their limited operating capabilities. This can be achieved by
using protective components-around the device to guard against-extreme conditions, allowing for the
use of cost-effective and readily available devices. There may'be many abnormal conditions like over-
voltage, and high device temperature, transients;-etc. ,These conditions can lead to performance
degradation or permanent destruction of the power device: Thus, it is crucial to protect the device from
such abnormal conditions to maintain its adherence to.the manufacturer's specified characteristics and
ensure reliable operation.

Figure.2.37 Picture of heat sinks [Courtesy: https://www.google.com]
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2.11.2 Cooling and Heat Sink

Power semiconductor devices generate heat due to switching losses that occur during switching on,
which must be dissipated to keep the temperature of the device junctions within a definite range. Several
methods can be used to transfer heat, including conduction, convection, and radiation, and either natural
or forced air can be employed. Industries typically employ the convection method, wherein heat is
transferred from the junction to the case and then to the sink. Section 2.2.11 provides the formulas for
average power and thermal resistance, which apply to all semiconductor devices, and the device
manufacturer specifies the thermal resistance between the junction and case, as well as between the case
and sink. The market offers a wide range of heat sinks that employ cooling fins to improve heat transfer,
and Figure 2.37 shows images of some of these heat sinks.
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Figure.2.38 Thermal resistance characteristics [Source: EG&G Wakefield engineering]
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A typical thermal resistance characteristic is shown in Figure. 2.38. In this figure, the plots between
power dissipation‘and heat sink temperature rise at natural cooling is depicted. The device needs to
properly mounted on sink so that it maintains the proper mounting pressure between the mating
surfaces. Installation guidelines are provided by the manufacturer. The mounting torques must be such
that there will not be any damage to the silicon wafer. The stud and nuts must be properly greased or
lubricated to increase the tension on the stud in case stud mounted device. Heat pipes (Figure.2.39(a))
are also used for cooling the device. The pipes are partly filled with low vapor-pressure liquid. In high-
power applications, the cooing is done by using liquids (may be oil or water). Water cooling is more
efficient than oil cooling.

Temperature of the junction varies with instantaneous power loss because of low thermal impedance.
The instantaneous power loss should be kept below the acceptable value. The manufacturer generally
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supplied a data sheet in terms of plots between transient thermal impedance and duration of square wave
pulse. The plot of power loss versus time is determined with known value of the current waveform. The
step response of the first order system can be used to represent the transient thermal impedance of the
device. The instantaneous thermal impedance, Z(?) is given by equation (2.23) in which Zy = junction
to case thermal impedance at steady state, 7, = thermal time constant.

/i

Z(t)=Z,(1-e ™) (2.23)
The instantaneous junction temperature (T;) can be expressed in terms of power loss and Z(?), and given
by equation (2.24).

T,=PZ() (2.24)
For a pulsed-type power loss, the corresponding step response by utilizing the equation (2.24) for the
junction temperature (7)) T, (t) is shown in Figure.2.39(b). Here, P; .... are power pulses in which.i =1,
3, 5 etc. At the end of m™ pulse, the device T may be represented as equation (2.25) in which 7)) =
initial junction temperature. The -ve sign on Z,.; (i.e Z,, Zj,...etc) represents the 7 fall during the
interval 2, 74, ......

T, =T+ > PZ,~Z,,) (2.25)

n=13,...

T, at the end of m™ pulse is given by equation (2.26), where Z, is the impedance of the n™ pulse of
duration #, = ot, P, is the power loss for n'™ pulse, Py =0, and ¢ is the time interval.

T,(0)=T,+ Y -ZAP=P.) (2.26)

n=1,2,3."

2.11.3 Overvoltage protection

It is typically essential for power semiconductor equipment to have a mechanism that restricts
transient overvoltage to prevent the semiconductor devices from being excessively stressed. To ensure
protection against all voltage transients, each device must be protected individually. To limit the number
of protective components needed, a safety factor 7, can be implemented, and devices are chosen with
maximum voltage ratings of 1.5 t02.5 times to-that of normal peak operating voltage. Protective
elements and circuits are commonly used to.minimize the impact of overvoltage. The three main
protection circuits are as follows.

(a)  Snubber Circuits

(b)  Crowbar Circuits

2.11.3.1 Snubber circuits (dv/dt suppression)

Protection is typically necessary in power electronic circuits to avoid unintended breakover caused by
a high dv/dt across devices. If left unchecked, such a condition could cause circuit malfunction and
potential device failure. The dv/dt that exceeds normal levels can stem either from few external factors
for example, the closure of the main power supply contactor or the circuit's inherent operation. To
control this excessive dv/dt, snubber circuits are employed for damping purposes. As seen in
Figure.2.40, the basic components of the snubber circuit are an SCR put-in shunt with a series-
connected resistor and capacitor. If there is a capacitor C present across the thyristor, then high dv/dt
values that appear at the SCR terminals will cause the capacitor to conduct at the proper current (C=
dv/dt). The size of the current passing through the capacitor will be severely constrained by the circuit's
inductance, which will also limit dv/dt. Figure.2.40 (a) shows that the effective inductance, L, restricts
the initial di/dt, when the device is turned on. To enhance the supply circuit inductance, a linear or
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saturable series inductor may be added. Usually, the LCR circuit exhibits a slight underdamped
behaviour, and when a forward voltage step is applied, it restricts the device's peak voltage and its rate
of change to acceptable levels. However, when operating at high-switching frequencies, losses caused
by the snubber can become considerable.
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Thyristor current

L JOR _\/ di/dt = EIL
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Figure.2.40 (a) Snubber circuit for a thyristor, (b) reverse recovery characteristics
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After a thyristor is turned off, a brief burst of reverse recovery current-is produced, peaking before
the device becomes blocked. Without an RC snubber, the sudden cessation of the revetse recovery
current (RRC) flowing through the series inductance, L, can lead to transient overvoltage of Ldi/dt,
which have the potential to harm the thyristor or other semiconductors within the eonverter circuit.

Connecting an RC snubber to a thyristor can redirect.the RRC to'the RC path, as demonstrated
in Figure.2.40 (b), thereby producing an oscillatory reverse voltage across the semiconductor. By
properly designing the snubber, the amplitude and rate of rise of the reverse-recovery voltage can be
limited, and the build-up of reverse voltage across.the semiconductor can be delayed, resulting in
reduced recovery losses in the device. However; excessive ringing may occur in the LCR circuit if the
snubber resistance is too small, and the semiconductor's reverse blocking voltage capacity may be
exceeded.

When the thyristor 7; turns on in Figure.2.40 (a), the capacitor C in the snubber discharges into
the thyristor, with the discharge. current being limited by resistor R to prevent excessive di/dt during
turn-on. However, during turn-off, a sudden forward /R voltage drop appears across the thyristor due to
diode reverse recovery, as-shown in Figure.2.40 (b). Thus, the presence of the resistor in the snubber
weakens its ability to limit forward dv/dt on the thyristor.
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Figure.2.41(a) Polarized snubber, (b) The snubber circuit
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To tackle this issue, the polarized snubber in Figure.2.41 is commonly employed, which involves using
a small damping resistor R; to enhance forward dv/dt protection and a larger value of resistor R; to limit
snubber discharge current when the thyristor is gated.

In utility-powered circuits, Snubber networks are commonly utilized to restrict incoming transients by
connecting them between the AC supply lines. Additionally, RC snubbers are employed across
transformer secondary windings and other sources of inductive voltage transients. Nonetheless, snubber
networks are only partly successful in mitigating transient over voltages, hence requiring significant
safety margins for semiconductor blocking voltages. Compared to RC snubbers, voltage-damping
devices are more effective at limiting transient over voltages and have lower losses during normal
operating conditions.

Design of snubber network for DC circuit

Figure.2.41(b) illustrates the usage of a snubber circuit in a direct current (DC) circuit, which-is.crucial
when switching a DC voltage across an SCR. It is imperative to ensure that the rate of voltage change
across the SCR is lower than its dv/dt rating to prevent it from conducting without a gate trigger pulse.
When the switch S is closed, the capacitor functions as a short circuit while the SCR is ina state of
forward blocking, which results in a significantly high resistance. The load resistance.in the circuit is
indicated as R;, and the source inductance is denoted as‘L within the depicted diagram. The voltage is
given by

di
E;, =(R+R; )i+ L—
The solution of the above expression is
7 1(1 Lothe ) 2.27)

E IL
Where | =——4¢ and t=——,1in(2.27), tis time (s) of closing the switch.
R+Rp R+Rp

Differentiating (2.27) w.r.t ¢, we get

di ot Lo Eje n RERp ot Zieft/r

dt T R+R; L L
(2.28)
The di/dt is maximum when ¢ = 0.
i E E
[ﬂ] =2de oy [=———dc (2.29)
)L (difdt)
Now the voltage.at the thyristor.is
V=R-i .'.@:R-ﬂ or do =R di (2.30)
dt dt dt ) o dt ) o
Substituting the value of (di/dt) .. from (2.29), then
E
[@] :R[ﬂ] or R:L[@] (2.31)
dt ) ox L Eg.\dt ).«

To make the circuit critically damped, the parameters L, R;, R and C should be properly selected.

(R, +R)" —% ~0 or (R +R) —%:0 (2.32)

Hence,
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R, +R ZZ\E (233)

By taking the allowed dv/dt value as a reference to prevent any malfunctioning of the SCR, and
considering the provided values of L and R;, the snubber components R and C can be calculated using
equations (3) and (4), respectively.

Design of snubber network for AC circuit

The following equation mentions the capacitance requirement for keeping the voltage transients within
the device ratings.

VA 60

C=10-—2-— (2.34)

v f
Where, C = minimum capacitance required (uF), VA = transformer Volt-Ampere rating, ¥s. =
transformer secondary RMS voltage, f= operating frequency
The R can be calculated as

R=2p,/L/C (2.35)

Where, pis the damping factor of 0.65, L and C are the effective circuit inductance, and minimum

capacitance. So, if the maximum dv/dt for the thyristor is specified, the C.can be.computed as
2
_1 0.564E,, (2.36)
2L\ do/dt
Where E,, is the peak input line to line voltage.

2.11.3.2 Crowbar Circuits

In both AC and DC circuits, a crowbar can serve as protection against overvoltage and/or overcurrent.
To safeguard sensitive DC power electronic circuits and loads from faults, an SCR can be utilized, as
depicted in Figure.2.42.
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Figure.2.42 SCR crowbar for overvoltage and overcurrent protection

In the event of a fault, the crowbar SCR is activated, which results in a short circuit of the power
supply. This creates a high-supply current flow that triggers either the blowing of a fuse or the activation
of a fast-acting circuit breaker, which then disconnects the load from the supply, thereby isolating it.
Diode Dy provides a current pathway for inductive load energy. The voltage across the sense resistor R
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is used to measure the load current. Once this voltage surpasses a predetermined limit, which indicates
that the load current has attained the fault level, the SCR is triggered. The voltage of the load or DC
link is measured by the resistor divider R, - Rs. If this voltage surpasses the pre-set limit, the SCR is
triggered, and the crowbar short-circuit current causes the fuse to blow, thereby separating the sensitive
load from the supply.

The Crowbar SCR can handle a significantly higher amount of current than its normal rating.
When the fuse is disconnected briefly, the SCR's It feature for surge current can be utilized. For proper
operation, the SCR's /¢ rating should exceed the total F¢ rating of the fuse. If a fuse link is used to
protect the Crowbar SCR, the total It rating of the dc-link fuse link must be lower than the pre-arcing
Pt rating of the Crowbar SCR's fuse link. An AC Crowbar can consist of either two SCRs connected in
antiparallel across the fuse-protected AC line or a single SCR in a four-diode rectifying bridge.

2.11.4 Overcurrent protection

Specially designed fast-acting fuses and circuit breakers are typically employed to provide overcurrent
protection for thyristors, as they have a limited overcurrent capacity. These fuses are designed to open
and clear fault currents within milliseconds as the fault current rises. Before delving into the details of
the fuse, it is important to carefully consider the specific requirements that it must meet, which include:

(a) The fuse must be capable of carrying the device's rated current continuously.

(b) The thermal storage capacity of the fuse'should not exceed that of the deviceit is safeguarding.
This implies that the fuse's F°# let-through value; which.is the amount of energy that can pass
through the fuse before it clears the fault current, must be lower than the rated /¢ value of the
device.

(c) To dissipate the energy in-the circuit.and reduce the current, it'is necessary for the voltage of
the fuse to be sufficiently high during arcing.

(d) The fuse should haye the ability to endure any restriking voltage that may occur across it once
the current is interrupted.

Figure 2.43(a) displays an image depicting a fuse and'its components. The fusing component is
composed of silver and possesses one or more.necks, where fusing occurs due to restricted current flow.
The stages of fuse current can be:seen in Figure 2.43(b). In the event of a fault, the fault current elevates
the fuse temperature until it reaches.tm, at which point fuse melt arcs are produced, generating an arc
voltage across the fuse. Asaresult of the heat produced, the fuse element vaporizes, causing an increase
in arc length and a decrease in current.. This cumulative effect leads to the extinguishing of the arc in a
very brief period. The clearing time is determined by the sum of melting time and arc time 7., with
melting time being reliant on load current and arc time being reliant on arc time.
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Figure.2.43 (a) Fuse and its component, (b) Stages of fuse current
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Unit Summary

This unit explores the construction, operating principle, V-I characteristics, various characteristics of

Silicon controlled rectifier (SCR) in details. Also, some important members of thyristor family such as
LASCR, SCS, GTO, UJT, PUT, DIAC and TRIAC are presented in terms of symbols, construction,
operating principles, V-I characteristics etc. The overvoltage and overcurrent protection circuits for
thyristors are presented.

L.

10.

11.

12.

13.

Thyristors are four-layer semiconductor device. The doping density and thickness of different
layers are different. The oldest member is the Silicon-controlled rectifier (SCR). In most of the
books and other literature, the term Thyristor and SCR are used interchangeably.

SCR has three terminals. They are called anode, cathode, and gate. The anode, cathode, and
gate are represented as 4, K, and G respectively in most of the books and other literature.
There are many members in thyristor family. Some of them are unidirectional and some are bi-
directional. Some of them are self-turned-off devices and some are forced turned-off.

No commutation circuits required for self-turned off devices. On the other hand, commutation
circuits are required for forced commutated thyristors:

SCR, LASCR, GTOs, SCS etc. are unidirectional and TRIACs, bidirectional phase-controlled
thyristors (BCTs) etc are bi-directional. The SCR, LASCR etc. arenot gate turn of dévices but
GTOs, static induction thyristors (SITHs).are gate turned-off thyristors.

SCR is a simple turn-on latching device with high turn-on'gain. It.is.low-cost high voltage and
high current device.

Light Activated Silicon Controlled Rectifier (LASCR) belongs to ‘the photoelectric thyristor
family, is widely used as a control element. The'LASCR is a device with three terminals - the
Anode (4), Cathode (K), and Gate (G) terminal. The gate of the LASCR is isolated and it can
be operated separately. This device can be activated by, optical radiation and has the highest
trigger sensitivity to light with a wavelength of 0.8 to1.5{um. It is also known as a photo SCR.
Similar to the SCR, the Silicon Controlled Switch (SCS) is a silicon-based device with a
unilateral structure consisting of four. layers and three junctions. The device features four
electrodes, namely the cathode (K), cathode gate (Gk), anode gate (G,), and the anode (A4).
Compared to an SCR, one benefit of using an SCS is its shorter turn-off time, usually falling
within the range of 1 t010ps for the SCS and 5 to 30us for the SCR.

GTO is a semiconductor-based unidirectional switch that is fully controlled and has three
terminals. They are Gate (G), Cathode (K), and Anode (4).

DIAC is represented by two diodes arranged in parallel and opposing each other, with two
terminals. The'DIAC has.two terminals - M7 (T1) and MT2 (72). The primary use of DIAC is
to activate TRIAC, which has an uneven triggering due to dissimilarities in its two halves.

The triode for alternating current (TRIACs), is a type of thyristor, can conduct in both directions
and provide complete power control.

Unijunction Transistor, or UJT, is a solid-state device with three terminals that can function as
a gate pulse, timing circuit, or trigger generator in applications involving the switching and
control of thyristors and TRIACs for AC power control.

PUT, or Programmable Unijunction Transistor, is a pnpn device that shares a striking

resemblance to the UJT. The PUT has four layers (pnpn) and three terminals. They are the
anode (4), cathode (K), and gate (G).
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14. The minimum value of the anode current to maintain the conduction of the device is called
latching current (/;). The value of the anode current at which the SCR reached the blocking
state is called the holding current (/).

15. The value of anode to cathode voltage (V) at which this breakdown of the reverse biased
junction occurs is called the forward breakdown voltage (V30).

16. To turn on the SCR it is required to increase the anode current. This can be done by (a)thermal
runway, (b) application of light, (c) application of high voltage, (d) high dv/dt, and (e)
application of gate current

17. SCR are mounted on the case. The case must be designed in such a way that heat flows from
the junction to the case. Based on the power ratings of the SCR, various techniques of
mountings are developed. They are (a) Lead mounting, (b) stud mounting, (c) bolt-down
mounting, (d) press fit mounting, and (c) press pack mounting.

Exercises

Example.2.1
A thyristor circuit comprises a 100V source, the thyristor and-a R-L series impedance of R =20Q, L =
0.5H. The duration of triggering pulse is 50us. The datching current of the SCR<is 50mA.. Determine
whether the SCR get fired.
Solution:

The circuit diagram is shown in the Figure.2:44

When the SCR is triggered, the anode to cathode current will i Thyristor
rise exponentially, and it is given by \ 200
. V ~1/(L/p) 100 ~t(0350) —— 100V
i)=—0-e "*)y=——(1-¢ 20 -
© R ( ) 20 ( ) 0.5H
At = 50ps, i(r) = o (1 = 0 0025y 26 994 : ircui
us, i(1) = E( —e )=9.99m Figure.2.44 Circuit related to
example 2.1

The calculated value of circuit current is'less than latching current, hence the thyristor will not be
triggered.

Example.2.2

An SCR circuit is shown in the Figure:2.:45 The latching current is 4mA. Determine the minimum value

of gating pulse required to turn on the device.
Solution: The:equation of the circuit is given by

V= Lﬂ Ordt= £di, i = latching current i Thyristor

“ g - 0.1H

T— 100V )

. L 0.1 L -

Integrating, t=—i ort,_ =——x4x10~ =4us
v 100 a
Thus, the minimum width of the gate pulse is 4ps. Figure.2.45 Circuit related to
example 2.2

Example.2.3
The gate cathode characteristics of an SCR has straight-line with slope of 150. For trigger source voltage
of 20V and gate power dissipation of 0.6 watt, Find out the value of gate-source resistance in (Q).
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Solution:

v,
VI, = 0.6 W Slope of the line is , I—g =150
g

Thus, 1501; = 0.6 from which

b2
=96 =63.24 mA
€ 150

Hence, the gate voltage, V, =150 x 63.24 x 10° =9.486 V

For the gate circuit, E_ = I,R, +V, = 63.24x107xR ,+9.486 = 20

Thus, gate to source resistance is R, =166.25 Q

Example.2 4

The latching current rating of thyristor used in the following circuit is 50 mA. Compute the minimum

width of gate pulse to be applied for thyristor to turn on.

Solution:

di

dt

The solution of above equation can be written as,

R
-t
izl[l_e L J
R

Putting the values of given parameters, the solution of equation

Vs =Ri(t)+L

for t as follows.
120
50x 107 = 1001 o0z
120

Thus, t = =103.12ps
Thus, width of minimum gate pulse'is.103.12psecond.
Example.2.5

120Q

4 i Thyristor

4
—— 100V 0.2H

Figure.2.46 Circuit related
to example 2.4

A trigger circuit of a thyristor is supplied by 20 V and the slope of load line is -130 V/ampere. The SCR
take 20 mA minimum-gate current to.turn on. Then find out, (a) Source resistance requires in the gate
circuit, (b) the trigger voltage and trigger current for an average gate power loss of 0.6 watt.

Solution:

The necessary gate source resistance is determined by the slope of a load line. Hence, series resistance

is required in the gate circuit is 120 Q
It is given that V,I, =0.6

From the gate circuit, E,=R,I, +V,

20 = 1301, + 08 o 1301,%- 20Ig + 0.6 =0

g
I; = 113mA or 40.84 mA
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=20 5300V and v, = —20  — 14691V
113x10 40.84x10

Choosing, V= 5.309 and I, = 40.84 mA for minimum gate current of 20 mA

Example.2.6
The gate-cathode characteristics of a thyristor is given by V= 2+20I,, Gate source voltage is a
rectangular pulse of 20V with 25us duration. If the average power dissipation is 0.4W, and a peak gate
drive power is 5W, find (a) the resistance to be connected in series with SCR gate, (b) the triggered
frequency, (c) the duty cycle of gate pulse.
Solution:

(a) Here, V, =2+ 201,

For pulse- triggering of SCRs,

(Peak gate voltage) x (peak gate current) = Peak gate drive power (Pgm)

Hence, (2+201,)I, =5 or 20Ig> +2Ig—5=0

Solving for I, Ig =0.4524 A

The amplitude of current pulse = 0.4524A

During the pulse on period, E;=RI, + V,, or 20=Rsl,+ (2+201y)

Putting the values of, I, and solving for series resistance, Rs, we.will get

R - 20—(2 +20x% 0.4524)
’ 0.4524

Py,
(b) Pgm = s

= the triggering frequency, fis given.by =
(c) Duty cycle (D)= fx T =3.2 x10°x25%10° =0.08

=11.78 Q

R _ 04 10°
PgmT 5x25

=3.2 kHz

Example.2.7

The latching for an SCR inserted in between-a dc voltage source of 400 V and the load current is 200
mA. Calculate the minimum width'of gate pulse current required to turn on the SCR in case the load
consist of (a) L= 0.25H, (b) Series com bination of R =40Q and L= 0.25H

Solution:
(a) For purelyinductive (L) load; as, we know,
E:L2 or di:Et or i:Et
dt L L
2 2
0200= 200 o = 02004035 _ o5 cec
0.25 400
Therefore, the minimum gate pulse is required 125 psec.
. . di
(b) For R-L series load, from the circuit equation, E =Ri + Ld_‘i

-R
. _E —
Solution for I, is given by i= E(l- el tj

-R
Putting the given values in 1= E(l- el tj,
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or 0.200=——
40

Hence, the minimum gate pulse is required 126.26 psec.

Example.2.8

40
400(1- eo<25tJ, and and solving fort, t=126.26 us

The data sheet of an SCR provides maximum rms on-state current as 45A. If the SCR is used in a
resistive circuit, find out the average on-state current rating for the half sine wave current for condition

for conduction angle (a) 30", (b) 90°, and (c) 180"

Solution:
The half wave sine wave for current depicted in Figure.2.47

From this figure

1 ¢ . I
Ly = —IIms1n6 do = (1 + cosh, )
2me 2n
1 t % 12 n 1 20 12
Lis =| 7= Ii sin” 6d® = —mj{— - &}
27'59 i : 2 2

1
_ i(g ) sin26jn "
2n\2 4 ),

2 P
= {Iﬂ{%el + iSinZGIH

2n

. ° .
(a) For conduction angle 30 6;=150 =?n

L., = Iﬂ(l + cos(%n =0.02131L,

¥ op
1
. 51 A
| ol A I
IL..=|-—" _<6 +lsin(2x5—n] = —=
| 2 4 6 242
! =3.9818

I
Form factor (FE)= - x — —
Vi 232 0.02131,

I 45
iy = s — =1130 A
™WETURE  3.9818

(b) For conduction angle 90", ;=90

Lye = ;—‘;(1 + cos90°)=;—“;T

I jm-0" 1. ko

[ =] ——+—sin(2x90°) | = —2
21 4 22

I I 2n T

From factor (FF) = —
EH=7 PN N )

Conduction angle

i

0 0 E:d 2 3n
Figure.2.47 Waveform related to
example2.8
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I
Itavg= 2 = B xV2 V2 =20.25A
FF oL
(c) For conduction angle 180", 6;=0"
I | I
I =-2(1+cosO m (1 4+ cos0° )=
avg 27[( ) 27[( ) -
2 o %
Lims = [ {n b, 1 J5in20 H l:lﬂ{ﬂJrlsin(ZxOO)H _ln
) 2n 2 2n 2 4 2
Form factor (FF) = T _In L -I
we 2 Ly 2
I 4 2
Itavg= /2= > x =28.64 A
FF T

Example.2.9

A thyristor circuit is shown in Figure.2.48 The width of gate pulse is 60us. The latching current of
thyristor is 40mA. For a series R-L load having R = 40Q and L= 4H, will the thyristor'get turned on?
Check, if the answer is negative, how this difficulty can be overcome for a given load. Find the
maximum value of the remedial parameter shown dotted.

Solution:
The current thought load and thyristor is . r
R :
.V -t :
lt = _s{l -e L J § i
R 400 :
From the given circuit, — 400V ﬂ
40 o
-——x60%x10
i = %[1 -e ] =5.998 mA 4H E :

Figure.2.48 Circuit of example 2.9
This shows that for a pulse width of 60us, the anode current rises to 5.998 mA, which is far less than
40 mA. So thyristor will not get'turn on:
The remedial parameter, shown in-dotted line in given circuit diagram should be resistance say R,
because current can rise:in the resistance without any time delay. The value of R can be obtained s
under,

0% 60 < 10°
1,=40 x 107 = % + ﬂ{l e 4 J, from which we can find the value of R,

40

3
eR= M =11.764 kQ
34.002

Example.2.10

The static V-I characteristics of a forward conduction thyristor is given in Figure.2.49 which is a straight
line. Obtain average power loss in the thyristor and its rms current rating for (a) A constant current of
100 A for one half cycle, (b) A constant current of 40 A for one-third cycle.
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Solution:
L 4
L
150V
T72 '
I
¥r
T2
14V 14v
06V 2.0V T ¢
T2
Figure.2.49 (a) V-I characteristics Figure.2.49 (b) Wave form

As per Figure.2.49 (a) for any current i,, the voltage drop across thyristor is

vy =0.6+ 20-06 i,= 0.6 + 0:008 i
150

. 1 . .
(a) A constant current i, =100A for 5 cycle is shown in figure).

The voltage drop across the device due to i, =100A flowing is given by
Vi= 0.6 +0.008x100=1.4 V.
The average on state power dissipation in thyristor is
y
P =lj1.4x 100 dt — 22100 T o4
T 2T

avg
0

Waveform of i, gives the rms current rating of thyristor.as

2
100" X T _Z6.71A
2T

(b) When a constant current of 30A flowing through the device, the voltage drop across the device is
Vi =40.6 + 0:008 x40.=0.92
The average on state power dissipation in thyristor in one third cycle is

5 092x40%T

N =12.26W
R 3T

Rms rating of current is.= 40 x % =23.09A

Example.2.11

The peak supply voltage at which an SCR operates is 600V. The specifications of the device are given
as follows. Repetitive peak current Ip = 200A, (di/dt)max = 60A/us, (dv/dt)mx = 300 V/us, safety factor
= 2, Design a suitable snubber circuit. Consider minimum value of load resistor is 20 Q, and damping
factor (&) is equal to 0.65.

Solution:

Given specifications are

The repetitive peak current, Ip = 200A&,
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di
— =604/ us
(dr j a

dv
— =300V / us
(5], =00

safety factor =2,

If we consider safety factor = 2, the specifications become

I =@=1OOA, 2 =@=30A/usec, d—V =@=150V/usec
P2 2 2
max

max

In order to restrict the rate, rise of current beyond specification value of (di/dt), inductor must be inserted
in series with thyristor. Hence,

Vs 600x10°
(di/dt) 30

max

The value of resistance in series, is given by

-6
R, :L(ﬂ] SR s 0
vsidt ) 600 10°
Before thyristor is tuned on, Cs is chargeto 600 V, when thyristor is tuned on, the peak current through
the thyristor is
000, 690 £y50 5
20 5
As this peak current through SCR.is more than-the permissible peak of 100 A. The value of R; must be
increased.
. 600 <600 D .

Taking Ry =10 Q, The peak current through'SCR = T # b0 =90 A (which is less than the permissible

peak current)

2 2
Also, C, =(;—§J o (2 Xlg'“ j x 20 x 10° =0.338 uF

The value of C; may be considered as lower, therefore, Cs = 0.3 pF

At the instant switch'S is closed, the thyristor is open circuited and current through C; is given by

LU
*dt RHR,
or 03x 100 - 600
dt 10+20
r v 600 X ! =66.66V/usec

dt 10420 ~ 0.3 x 10°
Since, the value of % is less than the specified maximum value of 150V/u sec. The value of C; is
t

correct. Therefore, L=20uH, Rs =10 Q, C;=0.3uF.
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Example.2.12

The thyristor shown in Figure.2.50 has I°t rating of 40A’s. If terminal P get short-circuited to ground,
find the fault clearance time so that thyristor is not damage.

= AW AM—p
. 20 20
Thyristor

20Q
ey i
C 230,72 sin314t ?200

Figure.2.50 Circuit of example 2.12
Solution:
The worst possible fault current should be considered for calculating the fault clearance time.
The maximum fault current occurs when source voltage at its peak =230\2 V.
When terminal P gets short-circuited to ground,
20 x 2 10 < 31
=2+

2042 11 11

. . 230+/2x11 . . .
Assuming maximum fault current = % A toremain constant'during the short-circuit clearance

the resistance offers to source= 2+

time t, we will get

31

5, :“(230&“1
zl;l dt J.—

2
Jdt = 40A%s

0

2
t. =40 [L} %1000.ms =2:99 ms
230v/2x11

Example.2.13

The maximum junction temperature.of an'SCR is 130°C. The thermal resistance for the SCR- sink
combination is 0y = 0.15 and Q.¢=0.06 C/W. The heat sink temperature is 80°C, find the total average
power loss in the SCR-sink combination. In'case the heat sink temperature bought sown to 70°C by
forced cooling. Find the percentage increases in the device rating.

Solution:
As, we know that T, =T, +P,, (ejc - OCS)
130-
e = 13080 535005 w
0.15-0.06
Thus, total average power loss in the thyristor-sink combination as 238.095 W.
With improved cooling, ~_130-70 _ 285.714 W

N2 0.15+0.06

Thyristor rating is proportional to the quire root of average power loss.

J285.714 - +/238.095
J/238.095

% increases in the thyristor rating = % 100=19.544 %
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Multiple Choice Questions

1. An SCR contains..... pn junctions

@ 2
(b) 3
(© 4

(d)  None of the above

2. The name of three terminals of SCR is:
(a)  Emitter, Base and Collector
(b)  Drain, Gate, and Source
(c) MT,, Gate, and MT,
(d)  Anode, Gate, and Cathode

3. AnSCR acts like ................ Switch
(a) Bidirectional
(b)  Unidirectional
(c) Mechanical
(d) Neither of the above

4. Features that an SCR combines are
(a)  Arectifier as well as resistance
(b) A rectifier as well as transistor
(c)  Arectifier as well as capacitor
(d) None of the above

50 ... is the control terminal of an SCR
(a) Cathode
(b) Anode
(c)  Anode supply
(d) Gate

6. Which of the following is NOT an advantage of employing‘an SCR switch?

(a)  Very high switching speed:

(b)  The operation does not produce harmonics.
(c) It provides noiseless operation while at high efficiency.

(d) It has no movingatts.

7. Inthe SCR structure the gate terminal is located

(a) Near the anode terminal
(b)  Near the cathode terminal

(c) Inbetweenthe anode and cathode terminal

(d) _Non

8. In conventional reverse blocking thyristor

(a)  External layer are lightly dopped and internal layer are heavily doped

(b)  External layer are heavily dopped and internal layer are lightly doped

(c)  The p- layer are heavily dopped and the n-layer are lightly doped

(d) The p- layer are lightly dopped and internal n-layer are heavily doped
9. Which of the following does not cause permanent damage of an SCR?

(a) High current

(b) High rate of rise of current
(c)  High temperature rise

(d) High rate of rise of voltage
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10. Surge current rating of an SCR specified the maximum
(a)  Repetitive current with sine wave
(b)  Non-repetitive current with rectangular wave
(c) Non-repetitive current with sine wave
(d) Repetitive current with rectangular wave

11. A forward voltage can be applied to an SCR after its
(a)  Anode current reduce to zero
(b)  Gate recovery time
(c) Reverse recovery time
(d)  Anode voltage reduces to zero

12. In order to get best result per unit cost heat sinks on which the thyristor mounted are made of
(a)  Aluminium

(b)  Copper
(c)  Nickel
(d) Stainless steel
13. The SCR is turned OFF when the anode current is ....... holding current
(a) below
(b) above

(c) equal to
(d) twice the
14. The value of holding current of SCR is
(a) Equal to latching current
(b)  Equal to one-third of latching current
(c) Two time of the value of latching current
(d)  Slightly less than the value of latching.current
15. In SCR, the turn off time
(a) Increases with increases of anode current Ix
(b) Is independent of Ia
(c)  Varies with 1/TA
(d)  Varies with 1/1,*
16. For normal SCR, turn on tine'is
(a) <turn off time
(b) > turn off time
(c) =turn off time
(d) 0.5 times theturn off time
17. What is the total anode current of SCR in the equivalent circuit from the two-transistor (T & T»)
analogy of SCR?
(a)».> The'sum of both the base currents
(b)  The sum of both the collector current
(c)  The sum of base current of T> & collector current of T
(d)  The sum of base current of T; & collector current of T,

18. The anode of SCR is always maintained at ......... potential w.r.t cathode
(a) high
(b) low

(c) positive
(d) negative

19. Normally followed way for turning on a SCR is
(a) Breakover voltage
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20.

21.

22.

23.

24.

25.

26.

27.

28.

(b)  Appropriate anode current
(c)  Appropriate gate current
(d)  None of the above
In forward bias, an SCR
(a) 2 junctions reverse biased
(b) 3 junctions reverse biased
(c¢) 1 junction reverse biased
(d)  All 3 junctions are forward biased
The reverse bias of an SCR has
(a) 1 junction reverse biased
(b) 2 junctions reverse biased
(c) 3 junctions reverse biased
(d) 3 junctions forward biased
The instant at which an SCR starts conducting
(a)  Small current starts flowing
(b)  Its act like short circuit device
(c)  Its act line an open circuit device
(d) Heavy voltage drop takes place across the‘device
The maximum anode current upon which an SCR is turn off is called
(a) Holding current
(b) Break down voltage
(c) Latching current
(d) peakreverse voltage
A conducting thyristor may _.be turned off by (increasing/decreasing) the anode current
(below/above) the (latching/holding) current and applying a (reverse/forward/zero) voltage across
the SCR for a short interval.
(a)  decreasing, below, latching, reverse
(b)  decreasing, below; holding, reverse
(c) decreasing, below, latching; forward
(d) increasing, above, holding, zero
Forward voltage triggering ismot generally used for turn on thyristor since
(a)  In this method losses are increases.
(b) It produces noise
(c)  Junctions may be'damaged and may be destroyed the device.
(d) It isnot an efficient method of triggering.
A resistor connected across the gate and cathodes of an SCR increase its:
(a) _~holding current, noise immunity and turn off time
(b)..» dv/dt rating, holding current, noise immunity and turn off time
(c)  dv/dt rating, holding current, and turn off time
(d)  dv/dt rating, holding current, and noise immunity
The dynamic equalizing circuit for series SCRs comprising of
(a) R and C in series and a diode across C
(b) R and C in series circuit and with diode across R
(c) C and Diode series and with R and C parallel
(d) R and Diode in series but with C and R parallel.
To obtained static voltage equalization in series SCRs, circuit is made of
(a) 1 resistor across the string
(b)  Same value of resistor across each SCR
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(c) Different resistor values across each SCR
(d) 1 resistor in series with string
29. The magnitude of anode current will increase when the gate current of the thyristor is
(a) Decreases
(b) Increases
(c) Replace by a voltage spike
(d) None
30. The angle of conduction for an SCR can be changed by ..........
(a)  Varying anode voltage
(b)  Varying gate voltage
(c)  Reverse biasing the gate
(d) None of all the above
31. The most common method to fire an SCR is
(a) Radiation firing
(b) Thermal firing
(c) Voltage firing
(d) Gate firing
32. Increased in triggering angle of an SCR, the output
(a) is same as before
(b) is increased
(c) is decreased
(d)  None of the above
33. An SCR can exhibit control over ..........
(a)  Positive half-cycles ac supply
(b)  Negative half-cycles ac supply
(c)  Both positive and negative half-cycles of ac supply
(d) Positive or negative half-cycles of ac supply
34. For a series string of SCR, the sharing of the transient voltage is balance by means of
(a) Biginductor
(b) Balancing resistor
(c)  Shunt capacitor
(d) Auxiliary thyristor
35. di/dt protection is offered to SCR by means of
(a)  connecting.an inductor in parallel across the load
(b)  connecting an inductor in series with the load
(c) connecting an inductor in parallel across the gate terminal
(d) _~connecting an inductor in series with load
36. dv/dt protection'is offered to SCR by means of
(a)  connecting an capacitor in parallel across the load
(b)  connecting an inductor in series with the load
(c) connecting a capacitor and resistance in parallel with the SCR
(d)  connecting an inductor in series with gate
37. The effect of over voltage on SCR are minimize by means of
(a)  Circuit breaker
(b) RK circuit
(c)  Varistor
(d) Inductor
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38. Thyristor are used in electronics crowbar protection circuit since thyristor exhibits
(a) High surge current capability
(b)  Less switching loss
(c)  Voltage clamping properties
(d) High voltage rating
39. dv/dt protection is provided to
(a)  Limit the power loss
(b)  Reduction in junction temperature
(c)  Avoid accidental turn-on of the device
(d)  Avoid sudden large voltage across the load
40. In SCR, the turn ON-time
(a) Isindependent of Vg
(b) Decreases with increases of V,
(c) Varies as V,
(d) Varies as Va
41. Ina SCR
(a)  Gate current is directly proportional forward break over voltage
(b)  As gate current is raised, forward breakover voltage reduces
(c)  Gate current has to kept on continuously for conduction
(d) Forward breakover voltage is low in forward blocking state
42. After firing an SCR, if the gate pulse is detached, the SCR current
(a) Remain the same
(b) Reduces to zero
(c) Riseup
(d) Rises a little and then falls to zero
43. An SCR is fired by a pulse train of 5 KHz. The duty ratio is 0:4. if permissible average power is
100 W, the maximum permissible gate drive power is

(@) 100\V2W
(b) 50W
(c) 150W
(@ 250w
44. A thyristor comparable of thyratron tube is a
(a SCR
(b) UIT
(¢) DIAC
(d) TRIAC
45. Which of the following device provides complete isolation between triggering circuit and power
circuit
(a PUT
(b) LASCR
(¢) SUS
(d) DIAC
46. Calculate the Derating factor if the sting efficiency is 90%
(a) four
(b) one
(c) six

(d) five
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47.

48.

49.

50.

Calculate the sting efficiency if the derating factor is 22.

@ 8%
(b) 42%
© 20%
@ 90 %

The absolute maximum operating frequency in kHz of a converter grade SCR of which turn on time
and turn off time are 3us and 200us respectively is:

(a) 94
(b) 49
(c) 52
(d 300

An SCR can withstand maximum temperature of 390°K at the junction with ambient temperature
of 345°K. The thermal resistance of the SCR between junction to ambient is 1.5°C/W, the maximum
internal power loss in watt allowed will be:

(a) Twenty-five

(b) sixty
(c) Thirty
(d) Fifty

The source voltage is 100 V and the load resistance is 10 Q. The SCR can withstand a di/dt 50 V/
usec. if the snubber discharge current must be limited to 2A. Compute the snubber. circuit resistor
and capacitor:
(a 1509Q, 0.6uF H
(b) 50Q,0.2uF
(¢) 100 9Q, 0.4uF
(d 1309, 0.8uF

51. Which is a four-electrode thyristor?
(a)  Silicon Unilateral Switch
(b)  Silicon Controlled Rectifier
(c)  Programmable Unijunction Transistor
(d)  Silicon Controlled Switch
52. The SCS can be turned on by application of
(a)  Positive pulse to the anode gate, Negative pulse to the cathode gate
(b) Positive pulse-to the anode gate, positive pulse to the cathode gate
(c) .Negative pulse to the anode gate, positive pulse to the cathode gate
(d)_“. Negative pulse to the anode gate, Negative pulse to the cathode gate
53. The SCS can be turned on by application of
(a) The anode current
(b)  The cathode gates
(c)  Either of the gates
(d) Both the gate together
54. Which power switches has only two terminals?

(a) DIAC
(b) TRIAC
(¢) GTO
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55.

56.

57.

538.

59.

60.

61

62.

63.

(d SCR
Which power switches has only two terminals?
(a) TRAIC
(b) SCR.
(c) 4-layer diode.
(d) DIAC
Which one is a current controlled device?
(a) MOSFET
(b) SIT
(¢c) MCT
(d GTO

A device with combined properties of thyristor and transistor is
(a) SCR

(b) DIAC
(c) TRIAC
(d GTO

Gate turn off thyristor is most suitable for
(a) DC to DC converter
(b)  Voltage source inverter
(c) AC to AC converter
(d) DC to AC inverter
Turn-on and turn-off times of a thyristor based on
(a) Voltage gain
(b) temperature of the deyvice Junction
(c) Current gain
(d)  Junction capacitances
Due to low internal generation in GTO, the GTO has
(a) Lower latching current
(b) Lower holding current
(c)  Lower latching and holding current
(d)  Higher latching and -holding current
To turn-off a GTO what'is essential at the gate?
(a) A high amplitude (but low energy) negative current
(b) A low amplitudenegative current
(c) A high amplitude negative voltage
(d) Alow amplitude negative voltage
Turn off gainrof GTO, compared to its turn on gain is

(a)..> equal

(b)  greater

(c) less

(d) independent

A unijunction transistor (UJT) is used to generatea  wave
(a) square

(b) sine

(c) Parabolic
(d) Circular
(e) sawtooth
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64. The number of terminals in an UJT is...

(a) one
(b) two
(c) three
(d) four

65. The UJT used for...

(a) Amplifying a circuit

(b)  Circuit breaker

(c)  Splitting device

(d)  On-Off switching device
66. The material used to make the channel of a UJT is ...

(a) pntype

(b) It doesn’t affect the working
(¢)  ptype

(d) ntype

67. The working regions of a UJT is..
(a) Linear region
(b)  Negative Resistance region
(c)  Saturation region
(d) Cut-off region

68. ...l device from the thyristor family has its gate terminal .connected to the n-type material

near the anode.
(a) SCR
(b) RCT
(¢c) PUT
(d SUT

69. The Programmable Unijunction Transistor (PUT) turns on & starts conducting when the
(a)  gate voltage exceeds anode voltage by a certain value

(b) anode voltage exceeds gate voltage by a certain value

(c) gate voltage equals the.anode voltage
(d) gate is given negative pulse w.r.t to'cathode

70. Which of the following devices provides.complete isolation between triggering circuit and

power circuit?

(a) PUT
(b) LASCR
(¢) SUS

(d) DIAC

71. The TRIAC is represented by
(a) 2 SCRsin anti-parallel
(b) 2 SCRs in parallel
(c) 2 diodes in anti-parallel
(d) 2 diodes in parallel

72. The DIAC is represented by
(a) 2 SCRsin anti-parallel
(b) 2 SCRs in parallel
(c) 2 diodes in anti-parallel
(d) 2 diodes in parallel

73. A crowbar is used to
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(a) Protect a voltage sensitive load from enormous dc power supply output voltages

(b)  Protect a current sensitive load from enormous dc power supply output voltages

(c)  Protect a voltage sensitive load from enormous ac power supply output voltages

(d)  Protect a current sensitive load from enormous ac power supply output voltages
74. The application of snubber circuit for SCR is to

(@)  Suppress dV/dt

(b)  Increase dV/ dt

(c) Decrease dV/ dt

(d) Decrease di/dt

Answers to multiple-Choice Questions

1. (b) 11. (b) 21.(b)  31.(d) 4l.(b)  51.(d) 61(a)  71.(a)
2. (d) 12. (a) 22.(a) 32.(c) 42.(a  S52.(c)  62.(c) 7240
3. (b) 13.(a) 23.(a)  33.(d) 43.(d)  53.(c)  63.(e) .~T3(a)
4. (b) 14. (d) 24.(b)  34.(c) 44.(a) ~54()  64.(c) " TA(a)
5.(d) 15. (a) 25.(c)  35.(b) 45.(b)<  55.(b)  65.d)
6. (a) 16. (a) 26.(b)  36.(c) 46.() < 56(d) .66.d)
7. (a) 17. (b) 27.(b)  37.(c) 47.(a)  57(d) - 67.(b)
8. (b) 18. (c) 28.(b)  38.(a) < 48:(b)  58.(a) - 68.c)
9. (a) 19. (c) 20.(d)  39.(c)  49.(c)  594d) ~ 69.(b)
10.(c)  20.(c) 30.(b)  40.(b)  50.(b) - -60.(d)- " 704b)

Short and Long Answer Type Questions

What is an SCR?

What is the difference between SCR-and Thyristor?

Provide the list of family members of Thyristor.

Provide schematic diagram, symbol and the constructional details of an SCR.

Explain the different operating modes of an. SCR with the help of V-I characteristics.
Differentiate between SCR and Thyristor?

What are the different triggering methods used to bring SCR into conduction? Describe briefly
each method.

NN hAE WD -

What do you.mean by-latching current?

9. Describe with necessary diagram, the effect of gate current on the forward breakover voltage
of'an SCR.

10. Discuss the necessary conditions to turn on an SCR.

11. Define turn‘on and turn off time of an SCR.

12. Draw the dynamic characteristics of an SCR during turn on and turn off processes. Label all
the intervals into which the SCR turn on and turn off.

13. Discuss the conditions to be satisfied to turn on an SCR with a gate signal.

14. Discuss the requirements for commutating an SCR from its forward conducting state.

15. Justify the statement, “Higher the gate current, lower is the forward breakover voltage”.

16. What is on state condition and off state condition of SCR?

17. What is the difference between SCR and TRIAC?

18. What are the advantages and disadvantages of GTO?
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19. Discuss with necessary circuit of two transistor model of SCR? Using two transistor model
discuss the mechanisms of SCR for turning on.

20. Describe the electronic crowbar protection scheme employed for overcurrent protection of
converters.

21. What are the methods adopted for protection of SCR? Explain each.

22. Describe the significance of % and % in SCRs.

23. Explain about the thermal resistance of power semiconductor devices.

24. Snubber circuit of SCR mainly consist of a capacitor only. But in practice one resistor also used
in series with the capacitor. Explain why?

25. Describe the LASCR. Provide the V-I characteristic of the same and explain the working of it.

26. Give the working principle, V-I characteristics of GTO.

27. Discuss briefly about the working, construction, V-I characteristics of PUT, SUS, SCS, DIAC,
TRIAC, and UJT.

28. Draw the cross-sectional view of a DIAC and explain its working.

29. Discuss how a TRIAC may sometimes operate in the rectifier mode?

30. How GTO is differed from SCR?

Numerical problems

1.

The gate cathode characteristics of an SCR is.a straight-line. The slope of the line is130. The trigger
source voltage is 15 V. Power dissipation at gate is 0.5 watt. Find gate-source resistance.

The gate cathode characteristics of an SCR is a straight-line: The slope of the line is 160. The trigger
source voltage is 15 V. Power dissipation at gate is 0.8 watt, Find gate-source resistance.

A trigger circuit of a thyristor is.supplied by 15 V and the slope of load line is -120 V/ampere. The
SCR take 25 mA minimum gate current to turn on.-Then ‘find out,(a) source resistance requires in
the gate circuit, (b) the triggering voltage and triggering current for an average gate power loss of
0.4 watt.

A trigger circuit of a thyristor is supplied by 25V and.the slope of load line is -150 V/ampere. The
SCR take 25 mA minimum gate current to turn on. Then find out (i) trigger voltage, (ii) trigger
current if average gate power loss is 0.8 watt.

The gate cathode characteristics of an SCR is.represented by Vg = 1+10Ig, Gate source voltage is
a rectangular pulse of 15V with 20us duration. If the average power dissipation is 0.3W, and a peak
gate drive power is SW,find (a) the resistance to be connected in series with SCR gate, (b) the
triggered frequency, (c) the duty cycle of gate pulse.

The gate cathode characteristics of an SCR is represented by V,= 2 + 40 I,. A rectangular pulse of
25 V with 25 p sec.duration’is used as gate source voltage. The average power dissipation is 0.4
W, and peak gate drive power is 8 W, find

(a) Theresistance to be connected in series with SCR gate

(b) The triggered frequency

(c) The duty cycle of triggering pulse.

The latching for an SCR inserted in between a dc voltage source of 200 V and the load current is
100 mA. Calculate the minimum width of gate pulse current required to turn on the SCR in case
the load consist of (a) L= 0.2H, (b) Series com bination of R =20Q and L= 0.2H

The latching for an SCR inserted in between a dc voltage source of 500 V and the load current is
300 mA. Calculate the minimum width of gate pulse current required to turn on the SCR in case
the load consist of (a) L=0.40 H, (b) R= 50 Q in series with L= 0.40 H
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10.

11.

12.

13.

14.

15.

The data sheet of an SCR provides maximum rms on-state current as 35A. If the SCR is used in a
resistive circuit, find out the average on-state current rating for the half sine wave current for
condition for conduction angle (a) 180°, (b) 90°, and (c) 30°

The static V-I characteristics of a forward conduction thyristor is given in Figure.2.51 which is a
straight line. Obtain average power loss in the thyristor and its rms current rating for (a) A constant
current of 80 A for one half cycle, (b) A constant current of 30 A for one-third cycle.

L x

150 v

0.6V 20V
Figure.2.51 Figure related to example 10

The peak supply voltage at which an SCR operates is'400V. The specification of the device are
given as follows. Repetitive peak current Ip = 2004, (di/dt)max = SOA/ps, (dv/dt)max = 200 V/us,
safety factor = 2, Design a suitable snubber circuit. Consider minimum-value of load resistor is 10
Q, and damping factor (&) is equal to 0.65.

The thyristor shown in Figure.2.52 has Tt rating of 20A%s. If terminal P-get short-circuited to
ground, find the fault clearance time so that thyristor is not‘damage.

=W -

10 1Q

Thyristor

10Q

AC .
2302 sin314t 700

Figure.2.52 Circuit of example 12

The maximum junction temperature of an' SCR is*125 C. The thermal resistance for the SCR- sink
combination is 0; = 0.16 and. 0. = 0.08°C/W. The heat sink temperature is 70°C, find the total
average power loss in the SCR-sink combination. In case the heat sink temperature bought sown to
60°C by forced cooling.‘Find the percentage increases in the device rating.

For a thyristor, Maximum junction temperature is 120°C. The thermal resistance for the thyristor -
sink combination'is 0 =0.18 and s = 0.10°C/W. For, a heat sink temperature of 90°C, find the
total average power loss in the thyristor-sink combination. In case the heat sink temperature bought
sown to 80°C by forced cooling. Find the percentage increases in the device rating.

The specification sheet for an SCR gives maximum rms on-state current as 45A. If this SCR is used
for resistive circuit. Then find out the average on-state current rating for the rectangular wave form
of current (Figure.2.53), for condition for conduction angle (a) 180°, (b) 90°,(c) 30°

A

360

)
>

E )

nT

Figure.2.53 Figure related to example 15
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16. The circuit shown in Figure.2.54, the thyristor is gated with a pulse width of 50 p sec. The latching
current of thyristor is 40 mA. For a load of 40 ohm and 4 H, will the thyristor get turned on? Check,
if the answer is negative, how this difficulty can be overcome for a given load. Find the maximum

>

value of the remedial parameter shown dotted.

40 2

H
i
—_— 400V ﬁ

4H

Figure.2.54 Circuit of example 16

17. An SCR is operated at peak supply voltage of 600 V with following specification: Repetitive peak
current IP = 200A, (di/dt)max = 60A/ p sec,(dv/dt)max = 300 V/u sec, safety factor-='2, Design a
suitable snubber circuit. Considered minimum value of load resistor is 30 Q

Practical Experiments
Experiment No.2.1
Title: Test the proper functioning of DIAC-and determine the break-over voltage

Objectives:

(a) To plot the V-I characteristics of DIAC
(b) To find the breakover voltage of the DIAC

Resources required:
Table.2.1 Apparatus/ component required

S1 Apparatus/ Specification Nos/Quantity
No. Component Range/ Rating

1. DIAC Kit 1

2. D:C Power supply 1

3. Digital Multimeter 2

4, Voltmeter 0-30V 1

5. Ammeter 0-1A 1

6. Connecting leads

Theory:

A DIAC is a type of semiconductor device comprising two junctions and three layers. Its name is a
combination of two parts: DI, which refers to the diode (such as Di, Tri, Quad, Penta, etc.), and AC,
which represents alternating current. Essentially, DIAC is an abbreviation for a diode (member of
thyristor family) designed to handle alternating current. This is a bidirectional switch with two terminals
that conducts electricity in both directions when the applied voltage surpasses its breakover voltage.
However, it is not capable of amplifying or providing regulated switching. DIACS are seldom employed
individually, but rather combined with other thyristor devices. In phase control circuits, they serve as
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triggers to provide gate pulses to a TRIAC or SCR. Many gate triggering circuits utilize this component
to attain enhanced stability and immunity to noise during triggering. These silicon devices are not only
bidirectional but also voltage-triggered. To decrease the DC component in the load circuit, DIAC
voltage options ranging from 27V to 70V generate trigger pulses that are symmetrically matched at the
positive and negative break-over points. Basically, DIACs have symmetric switching voltages.
Asymmetric DIACs are also available. Its Power dissipation ranges from 0.5 to 1 watt.

Despite being a member of the thyristor family, the DIAC does not feature a gate terminal for
control purposes. Instead, it can be turned on or off by merely reducing the voltage level below the
avalanche breakdown voltage in either polarity. The symbol of DIAC is depicted in Figure.2.55.

MT1

Main Terminal 1 MT1
Main Terminal 2 MT2
MT2

Figure.2.55 Symbol of DIAC

MT1 MT1 MT1 1 B _“Gonduction state for
+ I - T positive half cycle
nl Forward 1 ni Fok;yva rd
Pt bias - a Rei/aesrse
p1 i ,
n2 Reverse n2 ‘// REE V503 Lo} ———— —— 4
bias ™ 7 Vo, —
no /Forward BTN\ Ve S Ol B0 Ly
p2 A bias .
p2 Forward Blocking state
bi v
n3 las n3 p2
Conduetion
— o state for 1
negative half 1
MT2 MT2 MT2 cycle
(a) (b)

Figure.2.56 (2) Working principle, (b) V-I characteristics of DIAC
+1
A

Figure.2.56 (c) V-I characteristics of DIAC showing break brake voltage

Depending on the polarity of the applied voltage, each terminal has the ability to function as
either an anode or a cathode. The end junction that is active and the one that is bypassed are also
determined by the polarity of the applied voltage.

In Figure.2.56 (a), the operation of the DIAC is illustrated in terms of polarities. Assuming that the MT1
terminal is positive, the P1 layer close to MT1 will be activated, resulting in conduction in the sequence
of p;-n>-p>-n3. When the current flows from MT1 to MT2, the junctions between p;-n; and p>-n; are
forward-biased, while the junction between n,-p; is reverse-biased. Likewise, if we assume that the
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MT?2 terminal is positive, the p2 layer close to MT2 will be activated, and conduction will occur in the
order of ps-ns-p;-n;. The current will flow from MT2 to MT1, and the junctions between p,-n; and P;-
N; will be forward-biased, while the junction between n:-p; will be reverse-biased. As a result,
conduction will be possible in both directions.

The V-I characteristics of a DIAC is shown in Figure.2.56(b) and (c). The DIAC's V-I characteristic
curve takes the form of a Z-shape and spans the first and third quadrants due to its ability to conduct in
both positive and negative polarities. In the first quadrant, which corresponds to the positive half cycle,
current flows from MT1 to MT2, while in the second quadrant, which corresponds to the negative half
cycle, current flows from MT2 to MT1. Initially, the DIAC's resistance is higher due to the reverse bias
junction between its layers, resulting in a small amount of leakage current flowing through it, which is
referred to as the blocking state on the curve. When the applied voltage reaches the breakdown voltage,
the DIAC's resistance decreases abruptly, causing it to begin conducting, resulting in a sharp decrease
in voltage and an increase in current, which is referred to as the conduction state on the curve. The
breakdown voltage of most DIACs is approximately 30 volts, although the exact value is determined
by the device type. The DIAC remains in the conducting state until the current reaches the holding
current, which is the minimum current required to maintain the device in the ON state.

Circuit diagram:

Figure.2.57 Circuit diagram Experiment No.2.1

Procedure:
1. Connect the millimeter, voltmeter, DIAC as.per the circuit diagram of Figure.2.57.
2. Switch on the power supply.
3. Increase the supply voltage in steps. and note the voltmeter, milliammeter readings in each step.
4. Plot the voltage versus current.
5. Reverse the terminal of the DIAC.
6. Increase the voltagein steps and in each step note the voltage and current in Table 2.2
7. Plot the voltage versus current for the reverse direction.

Result and discussion
Table.2.2

Forward bias Reverse bias
SL. No Voltage (V) Current (mA) SL. No Voltage (V) Current (mA)

NN | (W —
NN (W —
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Discussion: The plots in both the forward and reverse bias have been plotted from the data obtained
from test. It is seen that the plot is similar to that of typical plots as shown in Figure. The breakover or
breakdown voltage are noted.

Break down voltage:

Conclusion: From this experiment it is concluded that the DIAC is function properly as its V-I
characteristics resemble to that of typical characteristics.

Experiment No.2.2
Title: Determine the latching current and holding currents using V-I characteristics of SCR.
Objectives:

(a) To plot the V-I characteristics of SCR
(b) To find the breakover voltage, latching current, and holding current of the SCR

Resources required:
Table.2.3 Apparatus/ component required

S1 Apparatus/ Specification Nos/Quantity
No. Component Range/ Rating
1. SCR Kit 1
2. D C Power supply 0-30V 2
3. Digital Multimeter 1
4, Voltmeter 0-30V 1
5. Milli ammeter 0-30mA 1
6. Microammeter 0-30pA 1
7. Resistance 1kQ, 1W 1
8. Resistance 100Q2, 20W or 30W 1
9. Connecting leads
Theory:
Ande A)
A
P
Gate Jo
G) o n |
3
G
K
@
Cathode (K)

(@) (b)
Figure.2.58 Schematic showing layers, symbol, the actual picture of SCR (a) Schematic diagram, and
(b) Symbol.

The silicon-controlled rectifier (SCR) is a solid-state semiconductor device having three layers and
three terminals. The terminals are called anode, cathode, and gate. It has three pn junctions. The
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schematic diagram and symbol of SCR are shown in Figure.2.58 (a) and (b) respectively. The anode,
cathode, and gate are represented as A, K, and G respectively in Figure.2.58.

Y

Forward voltage drop

+ ®A ! (conducting drop)
A

— laz >l Forward
breakover
Gate \oltage

Latching current | triggered

Holding current
Vs G/_ Vioy g . Iy ;
K A —
VBO VAK
R'— Reverse Reverse
. blocking leakage Forward
1A voltage current leakage current
(a)
(b)

Figure.2.59 (a) Circuit of SCR,(b) V-I characteristics

Figure.2.59 (b) displays a typical V-I characteristic of an SCR. It is nothing but a plot-between anode
to cathode voltage (Vak) and anode current (is) of the SCR. Let us Consider Figure.2.58 (a) and the
circuit of Figure.2.59(a). When the anode is positive w.r.t.cathode'J; and J3 junctions forward biased, J»
junction reversed biased. Only a small leakage current flows through the device. The SCR is now called
forward blocking and the current through the device is called off-state current. When Vax goes on
increasing, a stage will reach at which it reversed biased J, junction breaks down. This breakdown
phenomenon is named as avalanche breakdown. The value‘of 'V axat-which this breakdown occurs is
called the forward breakdown voltage (VBo). Since J; and J. are already forward-biased and J, breaks
down, the large anode current (I») flow due to.the movement of carriers across the junctions. This is the
forward anode current. The SCR is in a state called conducting state or on-state. The ohmic drop in the
junctions is very small in on-state and.it‘is of the order.of 1V. The anode current should be more than a
minimum anode current, called latching current (Ir) to maintain conduction in the on-state. In case, if it
is less than I, the SCR will go-back to:the forward blocking state. During the conduction period, the
SCR behaves like a diode. The anode current is limited by the resistance Ry in Figure.2.59(a). The SCR
remain conducting because: of the absence of depletion layer at J, junction. If the anode current is
reduced to a value called holding current (Ii;) at which the depletion layers across J, formed and SCR
reached the blocking state. Thus, the holding current is always less than the latching current. When the
SCR is in reversed biased i.e terminal K is positive w.r.t terminal A, J, is forward biased but J; and J3
are reversed biased. The situation is like a circuit of two series-connected diodes in which reversed
voltage is applied.. The SCR is now in a reverse-blocking state. A small current called reverse leakage
current (Ir) flows through the device due to minority carriers. When the reversed voltage increased
further a stage is reached at which the breakdown of reversed biased junctions occurs and heavy current
flows through the device. The voltage at which reverse breakdown occurs is called the reverse
breakdown voltage (Vrwm). The SCR can be turned on by two methods. They are as follows.
1. Increased the forward voltage greater than the forward break-over voltage (Vo). But this method
is destructive.
2. Maintain a forward voltage below VBO, and apply a positive voltage across gate (G) and cathode
(K). The situation is shown by the dashed line in the V-I characteristic. This type of turn on method
is called gate triggering.
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After the SCR is turned on by gate triggering and the anode current is above the holding current, the
SCR remains conducting because of +ve feedback even after the gate signal is removed. Thus, a SCR
is a latching device.

Circuit diagram:

(0-30mA) Iy 100Q), 20W or

_ + 30W
o=l

Figure.2.60 Circuit diagram Experiment No.2.2
Procedure:

1. Make the circuit as shown in Figure.2.60

2. Set the value of the gate current, I to‘a convenient value by adjusting the Vi,

3. Vary the anode to cathode voltage, Vaain steps and in each step note down the voltage V. and
current I,. Note down the value of V. and I, at the instant-of firing of the SCR and after the
firing (reducing the voltmeter and ammeter range) and then increasing the V... Note the values
of Vi and I,

4. The point at which SCR fired is the breakover voltage and the point at which la start increases
suddenly gives thelatching current.

5. Plot the graph between Vi and I,

6. Switch off Vg

7. Observe the ammeter reading by reducing the supply V... The point at which ammeter reading
fall to zero is the holdingcurrent.

8. Repeat the steps 1 to 8'for another value of I,

9. Interchange the of the supply voltage V.., and repeat the experiment. This will give the reverse
characteristic.

Result and discussion
Table.2.4

Forward bias Reverse bias
SL. No Voltage (V) Current (mA) SL. No Voltage (V) Current (LA)

NN N K| W~
NN DN KW~
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Discussion: The plots in both the forward and reverse bias have been plotted from the data obtained
from test. It is seen that the plot is similar to that of typical plots as shown in Figure. The breakover or
breakdown voltage, latching current, and holding currents are noted.

Latching current: ....

Conclusion: From this experiment it is concluded that the SCR is function properly as its V-I
characteristics resemble to that of typical characteristics.

Know More

There are different types of thyristors as listed in section 2.3. Out of these some have been discussed in
this unit in terms of symbols, construction, operating principles, V-1 characteristics ete.» It is also
required to study the other members such as reverse conducting thyristors (RCTs), bi-directional phase
controlled thyristors (BCTs), FET-controlled thyristors (FET-CTHs), MOS turn-off thyristors.(MTOs),
MOS-controlled thyristors (MCTs), Static induction thyristors (SITHs), Emitter turn-off thyristors
(ETOs), and Integrated gate-commutated thyristors (IGCTs). The SCR has-controlled turn-on and
uncontrolled turn-off capabilities. Like TRIAC, RCTs also have the bidirectional capability--Like GTO,
MCT and SITH are also unidirectional current capabilities. t can be considered as a thyristor with built
in anti-parallel diodes. BCT is a new semiconductor device and it combines-advantages of two having
two thyristors in one pack. Electrical behaviours of BCT is similar to.two anti-parallel thyristors. FET-
controlled thyristors (FET-CTHs) combines the features of MOSEET and a‘thyristor and connected in
parallel. MTOs are new power semiconductor device and. it combines.the good features of MOSFET
and GTO and eliminate the limitations of GTO turn-of ability.. ETO. is'a hybrid device that combines
the advantages of GTO and MOSFET. The IGCT integrates a gate-commutated thyristor with a multi-
layered printed circuit board drive. The SITH 1s also known as.field-controlled diode. It was invented
in 1960s.
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Turn-on and Turn-off
Methods of
Thyristors

UNIT SPECIFICS

This unit covers the following aspects:

o Silicon-controlled rectifier (SCR) turn-on methods.

e  Basic requirement of the firing of SCR.

e Pulse transformer and its application in SCR firing.

e Optical isolator for SCR firing.

o The resistance gate triggering circuits for SCR and its analysis.

e Resistance — capacitance gate triggering circuits for SCR and its analysis.
o  The programmable unijunction transistor (PUT).

o UJT oscillator Triggering circuits for SCR and its analysis.

e Pulse transformer and opto - coupler based triggering for SCR.

o Classification of SCR turn-off methods.

o Analysis of Class-A, Class-B, Class -C, Class-D, and Class-E turn-off methods of SCR.
e  Practical experiments on triggering and turn-off circuits.

The concept of various triggering and turn-off methods.of thyristors are discussed and analysed for
generating further curiosity and- creativity .as well as.improving problem-solving capacity with some
numerical problems.

Besides giving a large number of multiple-choice questions as well as questions of short and long
answer types marked in two categories following the lower and higher order of Bloom’s taxonomy,
assignments through several numerical problems, a list of references, and suggested readings are given
in the unit so that one can'go through them for practice.

Some practical experiments related to the course covered in Unit Il are also appended at the end
of this unit to make the students aware of the hands-on on these topics.

After the related practical experiments on the topic, based on the content, there is a “Know More”
section appended. This section has been designed to supplement additional information and higher
learning skills on the topic.

RATIONALE

This fundamental unit on turn-on and turn-off methods helps students to get a primary idea about the
basic methods of turn-on and turn-off and its applications in various power electronics circuits
involving SCR.

The various triggering circuits and their components for SCR firing are presented in this unit. The
analysis of these circuits is also depicted. The various Class of turn-off methods are also presented.
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The physics behind various turn-on and turn-off methods are discussed at length to develop the basic
idea about these methods.

Some related problems are pointed out after each section with their solutions which can help further
for getting a clear idea of the concerned topics. The mathematics behind the triggering and turn-off
methods will certainly help students with numerical problem-solving.

As a student in the field of electrical engineering, this unit on turn-on and turn-off methods help students
to grasp the basic knowledge of various types of power electronic circuits used for turn-on and turn-off
of thyristors.

PRE-REQUISITES
ESC101: Basic Electrical Engineering

UNIT OUTCOMES
After completion of Unit-3 students will be able to:

U3-0O1: Identify the turn-on and turn-off methods.

U3-02: Explain the working of various turn-on and turn-off circuits for SCR.
U3-03: Analyse the various triggering circuits for firing SCR.

U3-04: Analyse the turn-off methods of SCR:

NG WI%I }{S%s TCOMES
Unit-3 (1- Weak : ‘ a& trong Correlation)
Outcomes é \;\‘
CO-1 O\ O-é’ CO+4 CO-5
U3-01 2 2 1 1
U3-02 2 2 3 3 2
U3-03 1 2 3 3 3
U3-04 2 3 3 3
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31 INTRODUCTION

Power electronics uses various types of power semiconductor devices (PSDs). Examples of PSDs
are power diodes, various power transistors, different thyristors, etc. Except for power diodes, the other
PSDs have two stable states: a forward-blocking state called off-state and a forward-conducting state
known as on-state. Power transistors and thyristors need to be turned on from the off-state to the on-
state for operation. This switching operation is called turn-on or triggering or firing. It is also required
to switch off the device from on-state to off-state. This process is called the turn-off process. There are
certain methods to do the same. In this Unit, the details about the turn-on and turn-off methods for
thyristors will be presented.

3.2 SCR TURN-ON METHODS
There are several methods of turn-on of an SCR. They are listed as follows.

(a) High voltage triggering.
(b) Thermal triggering.

(c) Illumination triggering.
(d) dv/dt triggering.

(e) Gate triggering.

(a) High voltage triggering: Keeping the gate open and increasing the anode-to-cathode voltage
beyond the breakdown voltage, Vap, will inctease the flow of leakage current through the device
and avalanche breakdown of junction J, occurs at Vzp. The flow of leakage current initiates the
regenerative turn-on.

(b) Thermal triggering: The width of the depletion layers‘of any.semiconductor device reduces with
an increase in junction temperature. This is true in the case.of SCR also. With high temperatures,
the number of electron-hole pairs increases which inturn increases the leakage current. An increase
in leakage current again increases the forward current gains (¢;-and a.). As a result, the sum of a;
and a; tends to unity and SCR will ger turned-on.

(c) Illumination triggering: The energy is imparted by radiation. The energy particles like neutrons
or photons is utilized to turn-on SCR."Bombardment of SCR with such energy particles generates
electron-hole pairs in the device.resulting in increased carrier density. An increase in carrier leads
to the flow of current through the SCR. Thus; the thyristor is turned on.

(d) dwidt triggering: When the anode is positive with respect to (w.r.t) to cathode the SCR is forward
biased. There are three junctions (Ji,Js, and J3) in the SCR as shown in Figure.3.1(a). At this
forward-biased condition, J;and J; are forward-biased and /> is reverse-biased. Thus .J> behaves
like a capacitor-due to.the charge existing across the junction. If the rate of rise of the anode-to-
cathode voltage is high; the.charging current of the capacitor is high enough to trigger the SCR. If
the impressed voltage is Vau, Cj2is the capacitance, QOc is the charge of the capacitor, then the
capacitor charging current i. is given by equation (3.1).

a9

. d
I.= 7 = E(CHVAK) =C,,

dV dcC,,

dt

J2

dt

+V i

3.1)

Since junction capacitance Cj; is almost constant, the term can be neglected. Thus, the

capacitor charging current can be written as (3.2).

dV

ic:CJZ dt

(3.2)
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Hence, if the rate of change of voltage across the anode to the cathode is large, the SCR may get

turned on.
Anode (A)T

p
Jq
n
Ja
Gate (G) p
O—
Js
n
Cathode (K) l

Figure.3.1 SCR junctions

(e) Gate triggering: This method of triggering is commonly used.in SCR firing. When SCRuis forward
biased, the application of a positive gate voltage with respect to (w.r.t) cathode turns‘on the SCR.
In this method, the conduction period of the SCR can be controlled by-the application of the gate
signal within the specified maximum and minimum values of gate current. Three types of gate
signals namely D.C. signals, pulse signals, or ac signals are used for gatetriggering. Either of these
three signals can be used. The basic gate-triggering methods are shown in Figure.3.2

Anode (A)T +

.*g
Js 3
Gate (G) p SCR ©
Pulse 9]
. I, > s 2 < transformer §
- n . G o
\A To triggering =
circuit
- | Cathode
> (K)
(a) (b) (©

Figure.3.2 Basic gate triggering (a) DC gate triggering, (b) AC gate triggering, (c) Pulse triggering

In DC gate triggering method, a DC voltage of proper magnitude and polarity is applied
between the gate and the cathode. The gate terminal is connected to the positive terminal and the cathode
is connected to the negative terminal of the supply. When this voltage is sufficient to produce the
required gate current, the SCR starts conducting. In this method, there is no isolation between power
and the source.

The AC signal triggering is used for the devices applied for AC applications. Proper isolation
of the power circuit and control circuit is provided in this method which is one of the advantages.

Pulse signal triggering is popularly used. In this method, the gate drive supplies a single pulse
of high frequency on a periodic basis or on a sequential basis. A pulse transformer is used here for
isolation.
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3.3 BASIC REQUIREMENT OF THE FIRING OF AN SCR

The SCR is the most commonly used power semiconductor device because the device responds to
small signals for turning off. The source of the gate triggering signal should be such that it can supply
suitable voltage and current at the gate terminal. The performance of an SCR depends on the magnitude
as well as the wave shape of the gate current. The proper instant of firing depends on the magnitude and
wave shape of the gate current. The type of firing system is also a deciding factor for the generation of
harmonics in the device operation. Based on these factors, the requirements of the proper triggering of
an SCR are summarised as follows.

(a) The gate current should have sufficient amplitude and of short rise time.
(b) The duration of gate current should be of adequate duration.
(c) The current should be supplied at the time when the main circuit is favourable for conduction.

(a) Gate current magnitude and rise time

Though, the minimum gate current that is required to trigger a given type of thyristor is decided at a
standard temperature, practically a margin must be providedfor errors and uncertainties, and to ensure
the turn-on time. Usually, a gate current of 1.4 times thatof the' minimum gate current is considered if
the main circuit conditions do not have any special requirements. Most thyristors require a considerably

. . . Ny . s di
higher gate current to reduce the turn-on time for reducing switching losses-and to-increase the Z
t

rating of the thyristor. The gate voltage must-also exceed the specified minimum gate triggering voltage.
The gate drive must be such that it must trigger the thyristor.under.the most severe condition such as
the lowest junction temperature that may likely occur. The rise time of the gate pulse is also important
because an adequate gate current must be reached before the thyristor turn-on within the turn-on delay
time. Even if the given conditions are fulfilled the effectiveness of'the pulse still increases somewhat as
the rise time is further reduced. Thus, the rise time of the gate pulse must be specified. Thus for any

. di . " . S .
specified d_ capability and switching performance, the amplitude and rise time must be considered
t

while designing the gate drive circuit. A gate drive circuit designed for a very short gate pulse has to
allow for the finite response time'of the gate-cathode junction itself. This makes it necessary to apply
a higher voltage than is apparent fromthe static gate characteristics. Commonly, an open-circuit source
voltage of 15-20 Volt is specified to attain the highest current amplitude with a corresponding short rise
time.

(b) Duration of the gate pulse

In general, a-thyristor.may be triggered satisfactorily by a pulse on the gate of a duration nearly equal
to the turn-on time. But practically, a longer pulse duration is necessary for the reasons mentioned
below.

1) A comparatively long period may be required for the anode current, to increase to the latching
current level.

i1) Factors like oscillations, reflections, or any other disturbances may lead to tum-off the thyristor
shortly after it is first triggered.

iii) There may be uncertainty in favourable conditions at which the triggering pulse is initiated.

The determination of pulse duration is dependent on which these factors are modified. To ensure
the adequate duration of pulse some ways are identified. In most cases the duration is extended to the
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whole period for which the thyristor is likely to conduct. Pulse to cover at least one period of uncertainty
can also alternatively be considered. But to generate pulses of long duration, particularly high amplitude
and short time are required which increases complexity and cost. Hence, if possible, pulses of short
duration are generally preferred. If a short-duration pulse coincides with reverse anode voltage, it results
in the reduction of reverse losses. This is one advantage of a short-duration pulse. Generally, a pulse
duration < 10 ps needs extensive care in the anode circuit design. A duration of 30-60ps is usually
sufficient to avoid problems till the anode circuit conditions are favourable for conduction.

In order to cover the region of uncertain triggering the following alternative are suggested.

1) A control system where the gate pulse timing and thyristor voltage and current to zero is
synchronized.
ii) An extended train of short-duration pulses.

The first one is more appropriate for comparatively simple applications in which isolation between the
control and the main circuit is not required. The second one is for the more common application and it
gives the thyristor repeated opportunities to turn on. However, if the first pulse of the train is not
effective, the actual instant of firing is indeterminate.

(c¢) Pulse waveforms

Though an anode circuit requires a gate pulse.of high amplitude and rise time, it is'not required to
maintain it for the whole duration. The thyristorstarts conducting at the beginning of the gate pulse and
the high amplitude of the pulses disappears after a few microseconds. At'the same time, the thyristor is

dv N R « di .
forward-biased in the duration of the pulse, at d_ capability. There is.neither a — condition nor
t

necessity for a very short switching time. A pulse of continuous high amplitude is disadvantageous
because it results in the demand of the firing circuit of increasing mean gate dissipation and latching
current. Thus, it is a good practice to use a pulse waveform having a leading edge of the required
amplitude and rise time followed by a tail of not more than the practical minimum amplitude required
for triggering. Figure.3.3 provides a such waveform. A.negative overshoot at the end of the gate pulse
is normally avoided because in some cases this may lead to turn-off the anode current.

Figure.3.3 A gate firing pulse

(d) Spurious triggering

: L : dv . :
Spurious triggering may be due to the excessive anode-to-cathode voltage or d_ in the thyristor
t
circuit or stray pick-up of the gate triggering circuit. It may lead to direct damage to the thyristor because
insufficient d_ capability to withstand the anode circuit conditions. Thus, the self-protecting circuits
t

based on automatic breakover in the case of excessive voltage are to be avoided unless the thyristor is
specifically rated for such duty.
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(e) Determination of firing angle in naturally commutating converters

The main function of a triggering angle control circuit is generally to find the firing angle,
concerning the A.C. supply voltage, so that the desired voltage is applied to the load in a naturally

commutating converter. The following systems are mainly employed to determine the delay or firing

angle.

b)

)

d)

a) Variable phase shift circuits.

b) Magnetic amplifiers.

c¢) Circuits that utilize the intersection of a repetitive waveform.
d) Digital timing circuits.

Variable Phase Shift circuits produce desired voltage and current based on the. phase
relationship between the supply voltage and triggering pulses. These circuits do net readily
provide the full 180° range.

Magnetic amplifiers can be made to produce output voltage waveforms closely resembling
those of a half-controlled bridge rectifier. The ideal linear relationship between the average
output voltage and average control voltage suggests the exact variation:of the triggering angle
that is required to obtain similar characteristics<n a controlled rectifier. This makes magnetic
amplifiers attractive for thyristor-triggering circuits. Because of its poor rise time; and variation
of its initial amplitude with firing angle, the output from a conventional magnetic amplifier is
not suitable for firing a thyristor. This problem can be overcome by using a pulse-forming
network. Still, the disadvantage remains because of the-existence of serious non-linearity in the
region of minimum triggering angle.

In the case of waveform intersections Systems; the triggering point is determined by the
coincidence of the instantaneous level of a ramp or timing-waveform and a triggering level.
This can be done in.two ways. They are'by varying the slope of the timing waveform and
altering the triggering level. Figure.3.4 shows such wayveform intersection methods.
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0f N » Wi g N - wt
Triggeri | 4/ < >3 §___ Triggeri | b
ng levél T ng level P
0 H i e wt 0 o 0;2 1T -t

(a) (b)

Figure.3.4 (a) ramp of variable slop, (b) variable triggering level

Like the waveform intersection method, digital systems are usually dependent on measuring
off the required time interval from the supply voltage zero and are considered simply as an
alternative to the analog approach to this particular requirement they do not appear to have
any great advantage. They do, however, have a significant advantage as sections of wholly or
mainly digital control systems, and lend themselves particularly well to microelectronic
techniques.
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(f) Additional features

Apart from the basic function like the determination of the triggering angle of the triggering
circuit, some additional features need to be considered. They are limitations of firing angle, pulse
distribution or gating, and pulse duplication. The limitation value of the firing angle should be such that
it does not lead to loss of commutation. In the case of gating, it is essential to generate direct pulses to
each thyristor of a converter in a proper region of the supply cycle and prevent in the region where the
pulses may lead to malfunction or other desirable effects. In three-phase fully controlled converters,
there are two thyristors in series and each need two triggering pulses in each cycle. This can be done
by supplying the pulses from two appropriate phases. This is called pulse duplication.

3.4 PULSE TRANSFORMER

A pulse transformer (PTR) is like an ordinary transformer designed for the transmission .of pulses
between two windings. These transformers can handle pulses. It has one primary and one or more
secondary windings. A PTR having multiple secondary winding is required for most. of the power
converters to provide the gating signal to individual switches. It is mainly used to isolate the.control
signal from the power circuit. In power electronics, PTRs are.mainly used to trigger the thyristors.

Figure.3.5 Pulse transformers
Some pictures of pulse transformers are shown in Figure.3.5." A pulse transformer used in the SCR
circuit is shown in Figure.3.6. In this figure the complete circuit is shown. Here diode is used to prevent
reverse gate current flow. The resistance, R connected in series reduces the holding current. Here a 1:1

pulse transformer is shown helps to provide isolation between the gate-triggering circuit and the power
circuit.
A
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Figure.3.6 A pulse transformer in SCR triggering circuit

There are many other configurations of pulse transformers. It may be a 1:1:1 three-winding transformer
(Figure.3.7(a) that provides pulses of anti-parallel SCR separately and also provides complete isolation.
If isolation of the triggering circuit from the power circuit is not so important, a 1:1 pulse transformer
(shown in Figure.3.7(b) in series mode or parallel mode (Figure.3.7(c) is used for anti-parallel SCRs.
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Figure.3.7 (a) A 1:1:1 Pulse transformer for two anti-parallel SCRs and complete isolation, (b) A 1:1
Pulse transformer in series mode for two anti-parallel SCRs, and (c) A 1:1- Pulse transformer in parallel
mode for two anti-parallel SCRs.

3.5 OPTICAL ISOLATORS

An optical isolator or optoisolator is a device that is used to isolate the low voltage low current from
the load circuit. It uses light energy. It comprises of a light source, a light-sensitive device, and a
switching device. The light source may be an infrated emitter diode (IRED). The photosensitive device
may be a phototransistor, LASCR, TRIAC, etc. Most of cases light sources and switching devices are
the same.

In most situations, the low-power logic circuit normally. an integrated circuit (IC) is used to trigger the
thyristors which handle high voltage and high current load as shown in Figure.3.8(a). If there is a fault
in the load circuit, it may damage the'SCR as well as destroy the low-power control circuit. In this case,
both low-power and high-power circuits need.to.be isolated. The relays (Figure.3.8(b) can be used, but
the relays have several disadvantages such as high cost, bulky, shorter life than devices, producing
inductive kicks, and production-of sparks: To avoid such disadvantages optical isolators are used.

Low power. logic
circuit

Low power logic

[] +sv{ / ------ >U/ [:I

7
Relay €|9
1 il

(a) (b)
Figure.3.8 A circuit showing low power circuit which controls high power circuit (a) no isolation, (b)
isolation by relay
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Figure.3.9 Various optical isolators (a) IRED and Phototransistor, (b) IRED and photodarlington, (c)
IRED and LASAR, (d) IRED and TRIAC

Low power logic )
circuit Optical
+5V T / isolator

¥ I VW— v
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Figure.3.10 Circuit showing isolation provided by optical isolator
Figure.3.9 shows various types of optical isolators. In this figure, the terminal a=b is the input terminal
and c-d is the output terminal. The optical isolator is shown inside the dotted box. A:complete circuit in
which an optical isolator is used to isolate high-power and low-power logic circuits is shown in
Figure.3.10. In this circuit when the output of the logic circuit Vo =0, the IRED .is-inactive and the
TRIAC is in off-state and hence load do not receive A.C. On the other hand, if Vo =15V, it activates the
IRED and the radiant energy turns the TRIAC on, and the loadreceives the A.C.

3.6 GATE TRIGGERING CIRCUITS
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Figure.3.11 (a) Block diagram of a common firing circuit



142 | Turn-on and Turn-off Methods of Thyristors

Transformer
line I
voltage }

Control voltage

T
O
|
Control of }
thyristors |
LT3 1
s T
Control of !
thyristors
T2.T4

Figure.3.11(b) Triggering waveform

I
|
|
|
|
! Ranp
T
|
|
|

The gate-triggering circuit is a vital part of any power converter comprising of power semiconductor
devices. The output of a power converter depends on how.the gate drive circuit drives the switching
devices. The characteristics of the gating circuit are the key components for. the proper output of a
converter. The design of triggering circuits requires the knowledge of gate'characteristics as well as the
devices for which it is designed. The common block diagram of a.gate-trigger circuit is shown in
Figure.3.11(a).

The converter is an SCR-based single-phase converter. The .SCRs are at line potential. The
triggering circuit is referred w.r.t a logic gate associated with the contrel input. With the help of a
transformer called a voltage synchronizing transformer (VST), the gate drive circuit is isolated from the
line voltage. The gate drive circuit requires a D.C supply. This is obtained from a rectifier circuit feeding
from the secondary of the VST. The firing angle delay block {generates a ramp signal (voltage) of
constant peak-to-peak voltage is generated from the AC synchronization voltage. The ramp voltage is
compared with that of a control signal. When the ramp voltage equals the control voltage in alternate
half cycles, a pulse signal of controllable duration is generated. In this way, the triggering angle can be
varied over 0-180°, and the delay angle is proportional to the control voltage. The waveform for
triggering the thyristors is shown in Figure.3.11(b).

3.6.1. Resistance gate triggering circuit

.L'VO -] R+

AC
V=V, Sinwt

Figure.3.12 Resistance gate triggering circuit

The resistance gate triggering circuits is the simplest as well as most economical. Nowadays
these circuits are not commercially used. However, R gate triggering can be limited in the firing angle
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range 0°-90°. The circuit diagram is shown in the Figure.3.12. In this circuit the gate current is provided
from an A.C source via resistance, R;, R, diode (D). R is a variable resistance. A stabilizing resistance
is connected (R;:q5) is connected across the gate and the cathode. The flow of gate current is from source
vs, via Load, R;, R, diode D to gate. The function of diode D is to prevent the gate to cathode from
junction reverse biased. It allows the current flow during the positive half cycle only.

The operation of the resistance triggering circuit is as follows. When the voltage, v, goes on
positive the SCR is forward biased and it will conduct only when the gate current exceeds the minimum
value of gate current (Zymin). When gate current is less than Zgi» the output voltage across the load, Vj =
0. Also with positive v, D and gate to cathode junction become forward biased. Gate current increases
with increase in v, towards maximum voltage V,,. When I; = Igmin, the SCR will turn on. The output
voltage is now approximately equal to v;. The SCR is in on state until v, decreases from ¥, to 0. At this
instant, the load current is below the holding current. Now, the vy decreases from zero to negative and
the SCR becomes reverse-biased and remains in the off state. The sequence of the operationis.repeated
in the next cycle and so on.

The gate current should not exceed the maximum allowable value (Zgmax). The value of R; which limit
the maximum value of gate current can be obtained from the peak value of supply voltage V., and Igmax
as follows.

1 gmax
Thus, R; limits the gate current to a safe value while R; is varied..The stabilizing resistance Ry is such
that it does not allow the gate to cathode voltage to exceed its maximum allowable voltage (Vgu). This
situation will occur only when R> = 0. Thus,

V. Rl
LR <V orR <.+

= Ystab gm stab =
Rl + Rstab Vm ® ng

The values of R;, R are large and hence the firing circuits-draw a small amount of current. The
amplitude of DC pulse voltage is controlled by varying R>.
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Figure.3.13 The waveform of resistance triggering (a) without triggering, (b) SCR triggering at firing
angle = 90°, (c) SCR triggering at firing angle < 90°

Thus, the amplitude of the gate voltage dependent on the value of R;. If R; is large i is small and hence
Ve = iRyap 1s also small. Let, the gate triggering voltage Vg is given by

V.. =V S (3.3)

gtri gpeak
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When Vepear <V,

i » the SCR will not conduct, both the output voltage (V5) and output current (ip) are
zero. The voltage across the SCR is same as the supply voltage vs. The trigger circuit comprises of
resistance only and hence v, is in same phase with the v,. The waveform of the V,, ig, Vi, iy, and Vrare

shown in Figure.3.13(a).

y

Now, the value of R; so adjusted that V', i » and there will give the value of the firing angle («)

eak —

as 90°. In this case, the waveform of the V,, i, Vo, is, and V7 are shown in Figure.3.13(b).

>V

i - In this case, o < 90°, and the values of

Again, by adjusting R> in such a way thatV’

gpeak
Ve ig Vo, o, and Vrare shown in Figure.3.13(c). When the Vg = Vi, the SCR will turn on for the first
time. Increasing the value of ¥, beyond Ve, turns on the SCR at a firing angle less than 90°. When V,
= Vi for the first time, SCR fires, the gate losses its control, and Vgreduces to zero. In resistance firing
the firing angle cannot go beyond 90°.

The firing angle cannot be zero. A large value of Vgpuex may bring the SCR firing angle nearer.2° to 4°
firing angles. The relationship between Vgpear and Vi can be written as follows.

V.
From (3.3), a:sin-l[ £ J (3.4)
gpeak
V.,R
m - *gstab (35)

v,oo=
gpeak
R+ Ry + Ry

V., (R +R +R
a:Sin—l|: gtrt( 1 2 stab:I (36)

V.R

mstab
Since, R;, R>, Ry, and V,, are fixed, hence
a ocsin”'(R,) or.a o R, 3.7
Thus, it is seen that firing angle is proportional to R». The triggering angle can be controlled from 0°
(Approximately) to 90° and hence power. output can be controlled from 100% to 50%.

3.6.2. Resistance — Capacitance gate triggering circuit
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Figure.3.14(a) R-C half wave triggering circuits

In case of resistance triggering, the firing angle can be controlled is limited within 0° to 90°.
This limitation is overcome by using resistance (R) - capacitance (C) triggering circuit simply R-C
triggering circuit. There are several such R-C circuits, two of them named as R-C half wave triggering
and R-C full wave triggering circuits are shown in Figure.3.14(a) and Figure.3.15(b).

3.6.2.1. R-C half wave firing circuit

Let us consider the Figure.3.14(a) meant for R-C half wave firing circuit. In the negative half
cycle of the AC waveform, the capacitor C charges through the diode D2 to peak of the supply voltage
-V, (at the instant when wt = -90°). The lower plate of C is positive and upper plate is negative. After
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reaching -V, the source voltage decreases to zero (at wt = 0°). The capacitor voltage during -90° to 0°
decreases to a value say - oa as shown in the Figure.3.14(b). After that the anode voltage of the SCR
passing 0 and then it becomes positive. The capacitor charges from its initial voltage i.e - oa through R.
When the capacitor voltage is equal to Ve, the SCR will be triggered. The diode D/ is used to prevent
from breakdown of gate to cathode junction during the negative half cycle. By varying the value of R,
the firing angle can be varied from 0 to 180°. The empirical formula for the value of RC is given by

1.3 4
RC>——=— (3.9)
2 0]
Where, 7= Time period =1/f, fis the supply frequency, w=2xf
When the v, =V

i T4, the SCR will fire. Here v, is the voltage across the diode D/. If at the time of

triggering, capacitor voltage v, is constant, the gate triggering current (/) is governed by voltage source
(vs) through the circuit comprising of R and D/. The maximum value of R is given by
R< Vs — Vgtri VY
I gtri

Thus, the value of R and C can be calculated from equation(3.8) and (3.9).

There is voltage drop across the SCR while it is triggered and normally it is falls from 1 to 1.5
V. This falls in voltage also lowers the voltage across the R and C from.1to 1.5 V. The capacitor C is
discharged during conduction period i.e in the positive half cycle till negative half cycle of the supply

voltage appear across the SCR. With higher value of R, the.time taken for charging C from
—oa to (V

gtri

(3.9)

+vd) ~V,,;is more and hence, bigger the firingangle.and lower.is the output voltage.

gtri
With lower value of R, the time taken for charging C from. —oa 1o (ng + vd) ~ V18 less and hence,

the smaller the firing angle and the more is the output voltage. The corresponding waveforms for high
R and low R are shown in Figure.3.14(b)
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Figure.3.14 (continue) Waveform for output voltage and voltage against the SCR while firing with R-
C half wave triggering circuit for (b) high R, (c) low R

3.6.2.2. R-C full wave firing circuit

Let us consider the Figure.3.15(a) meant for R-C full wave firing circuit. Here, there is a full wave
bridge having diodes D1, D2, D3, D4. The initial voltage required for charging the C is almost zero. By
clamping action, the capacitor C is fixed at this low voltage with upper plate positive. When the charging
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voltage reached to Ve, the SCR fires and a DC voltage va appear across the load as Vy. The empirical
formulae using R and C is given by

RCZSOZ;JEZ (3.10)
2 o

From equation (3.9), the formulae for R is given by

—V
Rs% (.11)

gtri
In (3.11), vs is the source voltage at which the SCR is turn on. The waveform for triggering using this
R-C full wave triggering circuit is given in Figure.3.15(b) and(c).
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Figure.3.15(a) R-C full wave firing circuit
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Figure.3.15 Waveform for R-C full wave firing circuit for (b) High R, (¢) Low R
3.6.3. Programmable unijunction transistor

The programmable unijunction transistor (PUT) is a small thyristor. The symbol of PUT is shown in
Figure.3.16(a). It can be used as a relaxation oscillator (Figure.3.16(b)). The gate voltage V¢ can be
maintained from the supply voltage Vs using potential divider circuit consisting of resistor R; and R:.
This potential divider decides the peak point voltage V,. By varying R; and Rz, V), can be varied. If the
anode voltage V4 is less than Vg, the device is in off state. If V4 is greater than Vg, with the diode forward
voltage Vp, the peak point is reached and PUT is turn on. The peak current /p, and valley point current
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1, are depend on the equivalent impedance (Rg) of parallel resistor R; and Rz, and supply voltage Vs.

The value of Rx as shown in Figure is limited to a value below 100Q.
The Vp is given by

R
V,= 2V,
R +R,
This intrinsic ratio is given by
I R
Ve R +R,

The period of oscillation, T is approximately given by

T:%zRCln Vs :RCln[1+&)

N p

Anode

Gate
PUT

Cathode

(a)
Figure.3.16 (a) Symbol of PUT,.(b) Gate triggering circuit using PUT

The gate current at valley point is given by

Q
Ig =(1_77)R_S
G

RR
In which Ri=—12
R +R,
The value of R; and R, can be found from the following equations.
R
R, —R 4 R,=—¢
n I-n

3.6.4. UJT oscillator triggering

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

The basics of Unijunction transistor (UJT) have been presented in Section 2.7 of Unit-II. The UJT
relaxation oscillator triggering will be presented here. The UJT is a very highly efficient switch whose
switching time is in nanosecond range. UJT have negative resistance characteristics due to which it can
be use as relaxation oscillator. This relaxation oscillator can be used for triggering SCR. The Figure.3.17

(a) shows the circuit diagram of UJT which works as an oscillator.
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On application of the voltage Vs, the capacitor, C charges to Vzs through the resistance R. The emitter
circuit of the UJT is open circuit during capacitor charging. The voltage across the capacitor which is
also equal to emitter voltage is given by

vc:ve=VBB(1—6_%*C)=VBB[1—6_/’IJ (3.18)

Here, 7, = RC is the time constant of the charge circuit

The peak point voltage, V), of the UJT oscillator circuit is given by

V,=nVg+V), (3.19)
R
Where 1 = %, V,, =threshold voltage , Rz, and Rz are the resistance between emitter to basel
Bl B2

terminal, and resistor between emitter to base2 terminal.

When the UJT’S emitter voltage v. (= v.) reaches the V, (expressed by (3.20)), £-B/ junction breaks
down and UJT turns on and capacitor, C discharges through resistance R;. The time constant in the
discharging case is 7, = R,C. The value of 7, is smaller than' z, . With decaying of the emitter voltage
to the value at valley point V,, the UJT will turn off. The time required (7).to_charge the capacitor C
through R from the voltage ¥V, to V, is calculated from the following

T
- — _ o RC
V, =0V +Vp =V, 4V (1 e ] (3.20)
O VBB Ve ; \
4 Capacitor.., Capacitor
charging 1=R/C dicharging nvBB+Vop
VD l / 4 %
*® Vo
=RGC
Ve
T t
N f
—_— Ve h
aq
W )
° (b)

Figure.3.17 (a) Circuit diagram for UJT oscillator, (b) Voltage waveform for the oscillator

If it is assumed that the threshold voltage is equal to valley point voltage, i.e Vp = V.. The time T is
given by

1 1
Tz?chm(l_n] (3.21)

Neglecting the small discharge time, it can be assumed that the duration of the pulse is equal to 7. In
this case the firing angle (¢ ) is given by

o, =T =coRC1n1 ! , (3.22)
-n

where @ is the angular frequency of the oscillator. The amplitude of the pulses is determined from the

V-I characteristics of UJT by drawing a load line. When the output pulses are used to trigger SCR, the

value of R; should be small so that when UJT is off and leakage current flows through the R;, the drop

across it is normal which is not sufficient to trigger the SCR. Thus, we can write
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VR, 7.
(Rg +Ry)+R +R, ¢

(3.23)

The value of (R, + Ry, )= Ry, (say)increases and threshold voltage, ¥ decreases with increase in
temperature. Thus, it effects the emitter diode forward characteristics. To provide compensation against
the thermal effect, the resistance R; is used. The value of R; is attained from the following relation
10°
R, =
n-Vs
In some cases, the wide of the firing pulse is taken equal to R;C.

The maximum value of R is obtained from peak point voltage (V},) and current (/,). The maximum
value of R is given by

(3.24)

Ry = VBB]_ Vo Vo _("]VBB V) (3.25)

P P

The valley point voltage (¥7) and current (/,) is used to determine the minimum value of R"and is
given by

A e (3.26)

3.6.4.1. Synchronized UJT circuit or Ramp triggering

This triggering circuit comprises of four diodes Dy, D3,.Ds, Dy, thregresistors (R, Ry, Rz), a Zener diode
Z, a capacitor, C, an UJT, and a Pulse transformer. The circuit is shown in Figure.3.18(a). The functions
of diodes are to rectify the ac to DC (Vi) and function R; is to‘lower the V. to a constant value (V%)
suitable for Z. The voltage V. is applied to the R and C circuit.. The charging current (i;) of the C is
passing through R; and R decides the magnitude of i;. The rate ofrise of capacitor voltage can be control
by varying R. The voltage across C is denoted by ve. When v, = nVZ, the E-B1 junction breakdown and
C discharges through the primary winding of pulse transformer and pass current i,. Since, i, is in the
form of pulse, the secondary output is also pulse voltage. The output secondary pulse is used to trigger
the SCRs. In this method the firing angle can be control-up-to about 150°C. This method of control of
output power by varying R is called tamp control or-open loop control or may be called as manual
control. The necessary waveform is.shown in Figure.3.18 (b). The V- across Z goes to zero at the end
of a half cycle, and hence synchronization of the trigger circuit with the supply voltage across the SCR
is achieved. The time at which the firing pulse-applied for the first time (¢ =o/w) is remain constant for
same value of R. However, slight variation of frequency and voltage of the supply will not affect the
circuit operation. In case if R is reduced to such a value that v, =V, (threshold voltage) twice in each

half cycle. It is shown in Figure.3.18(c), then there will be two pulses in each half cycle. Since first
pulse can trigger the SCR, the second pulse is useless.

Pulse
transformer

/ G,

CQ To

£ 6 [ gutes
C

Figure.3.18 (a) Ramp triggering circuit
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Figure.3.18 (continue) Output pulse of circuit of Figure.3.18(a), (b) for high R, (c) for low R
3.6.4.2 Ramp and Pedestal triggering

An improved version of synchronized UJT triggering called ramp-and pedestal triggering is.also there.
It is shown in Figure.3.19(a). In this circuit two SCRs connected in antiparallel and triggered from the
UJT circuit to control an AC load. The same circuit can also be used for single phase semi converter or
full converter. The voltage across the Zener diode V- is held constant at threshold voltage. The potential
divider circuit formed by the variable resistance R,. The‘pedestal voltage V4 is controlled by varying
R>. The diode D1 in the circuit permits the capacitor.to charge quickly to a value equal to Vs via the
upper portion of the wiper point of R,. The set point of R, is done in ‘such a way that V,, is less than
nV- i.e the UJT firing point voltage. The R; is‘varied in such a way that ¥,,1s small and V. charges
through the resistor R. This situation is shown in Figure.3.19(b). When the voltage v. across the
capacitor attains # V-, the UJT is trigger and gate voltage V', need to fire the SCR1 and SCR2 is obtained
across the pulse transformer secondary. The SCR1 is forward biased and.turned on. After this instant,
the capacitor voltage v. reduces to'V,q¢ and then reach 0 at w¢ =m. From 0'to 7, SCR1 is forward biased
and it is turned on. From 7 to 2m, the forward biased SCR2"is turned on. In this way, the AC load is
controlled. Two sets of waveforms are shown in the Figure.3.19(b) and Figure.3.19(c). Figure.3.19(b)
is corresponds to low pedestal voltage across the capacitor C, in'which charging of C to nV- takes longer
time and firing angle delay is more. Thus; the output voltage is low. Figure.3.19(c) corresponds to high
pedestal voltage across the capacitor ‘C, in which charging of C to nV- takes smaller time and firing
angle delay is small. Thus, the output voltage is high.

R
D1 D3

R
AC# Vie Z /ZS/VZ ’

Aok ||

Figure.3.19(a) Ramp-and pedestal triggering

Pulse T
transformer
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VimnSinwt Vi Sinwt

wt wt

Ve

(b) (b)
Figure.3.19 Waveform for various voltages for circuit shown in Figure.3.19(a) (b) Low pedestal
voltage, (c) high pedestal voltage

The time to charge the capacitor C from V4 to #V is given by.
.=V, +. —Vpd)(l—e_T/RC) (3:27)
Here, (Vz - Vpd) is the voltage that charges the capacitor C from pedestal voltage to #V~.

From (3.21), the time T to charge the capacitor C from V,ato nVzis found as

V.-V,
T= RClnM (3.28)
V.=
The firing angle a: is given by
V.-V
a, £ chmM (3.29)
V.(1-1)

3.6.5. Pulse Transformer and opto-coupler based triggering

3.6.5.1. Pulse transformer triggering

The Antroduction of pulse transformer has been provided in Section 3.4. In this section the
theory related tospulse transformer firing circuit is provided. A general layout of pulse transformer
triggering circuit is shown in Figure.3.20 (a). The circuits have resistor R; to limit the primary current
of the pulse transformer, a transistor is used as switch and it turns on when pulse of high level is applied
to its base, thus connect the primary of the pulse transformer to the bias voltage V3. The diode D allows
the flow of current after the pulse i.e when the transistor is off. The equivalent circuit of the
Figure.3.20(a) is drawn as Figure.3.20(b).
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Figure.3.20 (a) Triggering circuit using pulse transformer, (b) to (d) are equivalent circuit
In this figure L represents magnetizing inductance, R, represents the gate-to-cathode resistance of the
SCR circuit. When R, is transferred to primary, it is equal to R;. The value of R; is given by

2
R, :(ﬂ] R, (3.30)

n,
Where N; and N: are the number of turns in primary and secondary of the pulse transformer respectively.
Application of Thevenin theorem will give the circuit of Figure:3.20(c), .in which-V;;, is the Thevenin
voltage, Ry is the Thevenin resistance. The Thevenin equivalent circuit.is shown in Figure.3.20(d). The
expression for Vy and R, are given by following equations.

R, RR
= Vy and Ry =——= 331
"SRR Ry, R4R (3.31)
Application KVL across the pointp-g will give the following equation:
di
Vi=R,i+L— 3.32
o= Ry 7l (3.32)
Putting the values of Vi, and Ry in the above ‘equation, -we will get
R RR j
Ly =—11L .i+L@
R +R, R +R, dt
R +R, \di
Or¥y=Ryi+L|—‘+—L|— 3.33
PR - R )dt (3-33)
Solving for 7, we will get
v __RR
i= Vs R (3.34)
RL
The voltage appearing across L is given by
R,
. R [ Bw ),
el Vik_ A% 639
dt R +R,

There may be two modes (Model and Mode2) of operation of a pulse transformer based on the value
of Ry and L. The modes are

L
Model: L is so large as compared to R, so that — >107, in which 7= pulse width ofthe signal applied
h

to the gate G. In this case from the equation (3.35)
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t
R _) —
e=V,——e (“’T] (3.36)
R +R,
At t = 0, the value of voltage across L is given by
Rl
€ = 3.37
Oy (3.37)
At t =T, the voltage across L is given by
R
e, =0.9047, L ~0.904e, 3.38
T B 0
R +R,

L
It is observed that the fall in pulse level is very small at # = T and thus when — >107, the input pulse
h

is faithfully transmitted to the output of the pulse transformer (Figure.3.21 (a)).

Input
voltage
T t
VQ
@
t
Vgh
T t
|<—> (b)

L
Figure.3.21 Output waveform of pulse transformer (a) «——>107, (b) —<—
Ry, R, 10

L T .
Mode2: Ry, is very large as compared to L such that — <1—. The operation of pulse transformer in
h

this mode is achieved by using an air core pulse transformer. In this case, voltage across L becomes

R (19

e=VB.—1e( ol (3.39)
R +R,

Rl

Att=0, g =V}. (3.40)
R +R,
R
Att=T, e, =V, ——e " =4.53x107¢, (3.41)
R +R,

It is observed that the transmitted input pulse is decaying exponentially (Figure.3.21(b)). Thus, for a
step rise in input voltage, the output is a positive pulse whereas for fall in input voltage, the output is a
negative pulse. Thus, the value of the L decides the output of the pulse transformer. The negative pulse
can be removed by using a clipper. The output voltage at the secondary of pulse transformer is given
by

y -ty &

V.. 3.42
¢ "R +R, (3-42)
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n R
To produce the triggering voltage Ve, Ve (i.e —=.V5. L) need to be greater or equal to V..
1 1 L
n R
Or Vg2V, —1(1 +—L) (3.43)
n, 1
2
Since, R, :[ﬂ] R, (3.44)
n,
'R
Vy 2V 14| 2| 2 (3.45)
n, n Rg

Normally, exponentially decaying type of triggering pulses are favoured because of the following facts.
(a) It is suitable for injecting large charge into the gate. Thus, turn on is reliable.
(b) There is no significant heating of gate circuit because of small duration of the pulse.
(c) With the same gate to cathode power, it the permissible to increase the } to a suitably high
value to achieve a hard drive of SCR.
(d) The size of pulse transformer is reduced because it requires smallervalue of L.

3.6.5.2. Opto-coupler based triggering

—
+ R,
I

“Photo-SCR

Figure.3.22 Opto-coupler based Triggering

The details about the optical isolator or-optoisolator is depicted in section 3.5. In opto-coupler based
triggering optoisolator ‘is used.” A _circuit using optical isolator to trigger a thyristor is shown in
Figure.3.22. When a short pulse is applied to infrared light emitting diode (ILED), D; turns on the photo
SCR, T; and the power thyristor 7 is triggered. The optocoupler provides isolation between power and
the control. circuit.”-However, this type of triggering circuit requires a separate power supply Vee. The
cost and weight of the triggering circuit is increases.

3.7 SCR TURN-OFF METHODS

An SCR can be turned on by the application of a gate signal to its gate terminal. It is required to
turn the SCR off for power control purpose. Already we know that the SCR can be turned off by bringing
the SCR from conduction state to forward blocking state. It is done by either bring the anode current
below the holding current or by application of reverse voltage to such a value that the SCR will be
brought to the reverse blocking state. The commutation of thyristor or SCR is the process by which the
device is turned off. It is also known that it is impossible to make the SCR off while it is in conducting
state. The commutation is the process by which transfer of current takes place from one path to another
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path or from one thyristor to another thyristor. To turned off the current, the thyristor current must be
brought to zero. Basically, there are two methods of turning off of thyristors. They are natural
commutation and forced commutation.

Natural commutation

It is a simple and widely used method. It uses the alternating or reversing nature of alternating
voltage for transferring current from one thyristor to another thyristor. In every half cycle alternating
current reaches zero or current zero. When alternating current passes through the natural zero a reverse
voltage is simultaneously appeared across the device and the thyristor is immediately turned off. This
process of commutation is called natural commutation. No external circuit is required in natural
commutation. Natural commutation make use of A.C supply voltage or generated A.C voltage by the
generators or by resonant circuits to turn off the SCR. Line commutated converters use this method of
commutation. The line and natural commutation circuits are also called as Class F commutation circuits.

Forced commutation

As we know, to turned off thyristor it is required to bring the thyristor current to zero for sufficient
time for removal of charged carriers. In case of using SCRs in DC circuits, to turn offa thyristor it is
required to use an external circuit. When some external circuitis used to turned off the SCR, the process
is called forced commutation. The external circuit used for commutation.are called as .commutation
circuits. The components that are used in the external circuits are called commutation ecomponents. With
the help of the commutation circuit, a reverse‘voltage is developed.across the device and this voltage
help in bring the SCR forward current to zeto. In this way the SCR is turned off: In forced commutation
normally inductance (L) and capacitance (C) or-underdamped resistance - inductance - capacitance
(RLC) components are used to force current or voltage to zero to turned off the thyristor. Under forced
commutation, there are various techniques available. They are as follows.

(a) Class A Commutation circuit
(b) Class B Commutation circuit
(c) Class C Commutation circuit
(d) Class D Commutation circuit
(e) Class E Commutation circuit

3.7.1 Class A Series resonant commutation circuit

This type of commutation circuit is also called resonant commutation circuit or load commutation
circuit. Here LC commutation components are used in series with the load. The circuit comprises of
resistance R; as load. The R, may be used in series with L and C or R; may be used in parallel with the
C. The circuits«are’'shown-in Figure.3.23(a) and Figure.3.23(b).

 J

(a) (b)

Figure.3.23 Class A Commutation circuit (a) Load and C are in series, (b) Load and C are in parallel
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The voltage and currents under Class A triggering circuit is shown in Figure.3.23(c)

't .

- wi
Ve
0 \ - wt
Iscr
0 » Wt
VSCRT_‘ t‘lﬁ
> #
0 » W

Figure.3.23(c) Voltage and current waveform for Class A triggering circuit

A requirement of both the circuits is that, both circuits should be essentially- underdamped. When
energized with DC, circuit current is waveform the corresponding to the respective is'also shown in
figures. The circuit current rises up to maximum andthen decays.to zero when it réaches.the point 4 at

which the SCR is turned off. This type of commutation is possible in DC circuit only.

3.7.1.1 Design consideration when load is in series with capacitance

In the circuit of Figure.3.23(a), the governing equation is
di 1
Ve=iRy+ L—+—|idt
SR aC -[
Differentiating above equation, the obtained equation is
dd g, R di d2 i

L L a4t IC
The second order homogeneous equation‘is

a3 Rediy, i

dt* .L.d LC
Solving this equation for underdamped situation is obtained as

i=e*'[4 coswr + AzSincot]
0 =yN1- — =
\/L ’ 1C P
From the initial condition, i(0")=i(0") =0, we will get 4,=0, A.=Vy/L

The time domain equation for current, i is obtained as

In this equation, ‘¢ = —& Ry, O
2L

R

i(t) = e{i} [% Sincot}

It is seen from this equation that the SCR current goes to zero at wt =7 ort= il

LC 4I*

1 R

(3.46)

(3.47)

(3.48)

(3.49)

(3.50)
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TR,
di 12ar (Ve
Also, Do e ot (—Sj (3.51)
dt L
It is seen that the capacitor voltage at the end of conduction period is V, =V —V, in which V; = Lﬂ
_AR
Thus, V.=V, {1 +e 20L :l (3.52)
The current equation and voltage V. is given by
R,
A Ve =V, .
i(t)=e (ZLJ [usma)t} (3.53)
oL
)
V.=Vs+e ) (Vs =V,) (3.54)

In which V;, is the initial capacitor voltage.
The underdamped condition for >0 is obtained as follows

1 R’ 4L
— %[>0 ot R|— (3.55)
LC 4L C
3.7.1.2 Design considerations when load is in parallel with capacitance

The circuit shown in Figure.3.23(b) is considered here. Let-us consider load voltageis V5. The governing
voltage and current equation for the circuit are

di
Ve=L—+V, 3.56
s=lth (3.56)
av ¥,
IS0— 8 (3.57)
dt R,
Taking Laplace transform of these equations
Ve(8)— Vy(s) = sLi(s) (3.58)
V(s
i(s)=&+sCVo(s) (3.59)
L
From (1), Vi (s)=V,(s)—sLi(s) (3.60)
) v
Again, Vi(s)=—2 (3.61)
s
Putting the values Vs(s) in (3.59), we have, i(s) = s _ %(S) +sC [E —sLi (s)} (3.62)
S ) s
Simplifying (3.62)" and after taking inverse Laplace transformation, we will get
=251 @ o) sin (@t + ) (3.63)
R, 1-¢* €
In which ,
& = Damping ratio = ! \/z (3.64)
PRETIO TR N '
|
®, = Undamped natural frequency =—— (3.65)

JLc
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o=0~N1-& (3.66)

Thus, W= L—% (3.67)
LC 4R°C

LJ2RCo  N1-€

The expression for angle @ is given by ¢ =tan tan =tan' 2R, Co (3.68)
—& —&
The expression for load voltage V) is obtained from (3.58) and (3.59) can be obtained as
Vo(s)= s (3.69)
el + g L
R,C LC
Taking inverse Laplace transform, we will get
|1
V(6= Vg —n eMW%mw+n (3.70)

V1-¢?

The triggering frequency of the particular SCR should be less than w, to complete the conduction cycle.
3.7.2 Class B-Shunt Resonant commutation circuit

The circuit diagram of this is shown in Figure.3.24 (a). The LC resonating circuitis connected across
the SCR not in series with the load. There are two thyristors (SCRs).«They are.main. SCR (MT;) and
auxiliary SCR (AT). The polarity of source voltage, Vs is shown in the figure. ‘At this voltage the
capacitor is charged to Vs with polarity shown near the left- and right-hand side plates. Now, M7} is
forward biased and turned on at # = 0. It is assumed that output current (/,)is constant and is passed
through the load. Up to time #; the voltage across the capacitor, ve.= Vs, -capacitor current, ic = 0, ip =
1,, and main thyristor current, iyr= L. These are shown in Figure.3.24(b).

igAT . t
& L
| t
io4 N
I R Y
. t :
ImT1 o ¢
Y
T'> Sk o /t for MT1 t
i 4 ie i ot

I

-
»
f

B B

3 t

Ol —— < —» +

MT1 At‘T — bk
AT

ON ON MT1
OFF  oFF

Figure.3.24 Class B resonant commutation circuit and related waveform of voltage and current (a)
Circuit, (b) The waveform

For start the commutation of M7}, AT is triggered at ¢ = ¢;. When AT is turned on, a resonant current i.
start flowing from C through AT, through L and finally to C.



Power Electronics: Theory and Practicals | 159

. o . C . .
This resonant current is given by, i, ==V \/; sinwyt =—1, sina,t 3.71)

In this equation, the negative sign is inserted because, the current i. flows just opposite to that of positive
direction as shown in the Figure.3.24(a). The capacitor voltage v. is given by

1.
v.(H)= Ejzcdt =V cosw,t (3.72)

After half cycle from ¢;; ic = 0, ve = -Vs, and inrs = L. After angular distance JI from ¢; i.e from ¢, to 2,
i tend to flows in the reverse direction and A7 is turned off at #,. With v, = -V, the right hand plat of
the capacitor has positive polarity and the resonant current i. is taking the path through C, L, D, MT;.
Thus, i. flows just opposite to forward SCR current of MT;. The net forward current through the MT; is
Ip-i. and will start decreasing. Finally, when i. reverses and becomes equal to /,, the forward current
reaches zero value and MT; is turned off. It is to be noted that peak value of reverse current(/,) must
be greater than /,. This method is also called current commutation, Class B commutation or resonant
commutation.

When MT] is turned off at instant #;, constant current /y is flowing from source Vs'to load‘via C, L, and
diode D. The capacitor now starts charging from -V, to 0‘at instant ¢, and then to Vs at instant 5. At s,
when v. = Vs, ip = i. = I, reduces to zero.

Thus, it is seen from the Figure.3.24(b) that the M7} is turned off when,

C .
VS\/;smcoo(t3 -t,)=1, (3.73)
ol
Or @, (t; —t,)=sin" | —= (3.74)
Ip
C
where, L, =V > peak resonant current (3.75)

MT; is commutated at ¢3. The capacitor C charges from the constant load current Iy linearly from -V at
instant 73 to zero at instant #,. MT; is now reversed biased by the capacitor voltage v. for the period from
t4-t3 = 1.

V
Thus the turn-off time ¢ is givenby . = t, ~; =C IL}) (3.76)
0
Thus, 7. is dependent on:load current. The magnitude of reverse voltage Vs is given by
V., =Vscosw,(t; —t,) 3.77)

3.7.3 Class C-Complimentary Symmetry Commutation Circuit

The circuit diagram for Class-C commutation circuit is shown in Figure.3.25(a). In this circuit there
are two SCRs. Oneis main SCR, MT1 which is to be turned off and other is auxiliary SCR, AT. The
MTI is connected in series with the load (R;). The AT is connected in parallel with the MTI. The
operation of the circuit is given below.

The operation of the commutation circuit is described as follows. The polarity of voltages and the
currents are shown in the Figure.3.25(a). It is assumed that the capacitor is initially uncharged.

At time ¢t = 0, MT1 is turned on. The current through R; and R; are given by equations (3.78) and (3.79)
respectively.

Vs
= (3.78)

1
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i =5 (3.79)

The total current flows through the MT1 is given by

Iyry =h +i, =V (%+RL) (3.80)

1 2

(b)
Figure.3.25(a) Class-C commutation Circuit
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Figure.3.25(b) Waveform of Class-C

The capacitor is charging from voltage v. = 0 and the charging current is taking the path from Vs, R,
and C. The capacitor current and voltage across the same, and voltage across AT are given by equations
(3.81), (3.82), and (3.83) respectively are given by
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i(f)= Z—Sze'%c) (3.81)
v.() =V [1 - e'%c)] (3.82)
Var () =v.(1) (3.83)

After the transient is over, the voltage across AT is equal to v. which is equal to Vs, i.e var= v.=Vs. The
current i. decays after the transient is over. The waveforms are shown in Figure.3.25(c).

When MT1 is turned off, AT is fired at instant ¢;, voltage v. applies a reverse voltage Vs across MT1 and
it gets turned off. Thus, at ¢;, Var =0, vir;=-Vs. The capacitor current and voltage across MT1 are given
by equations (3.84) and (3.85) respectively.

o2l
i =-=5 (3.84)
Rl
2 1
i =V| —+— (3.85)
AT S(Rl RZ\J

Applying KVL, in the path Vs, R;, C, and AT in which the capacitor is charging from Vs to -V, the
governing equation is

. L.
Ri, +E.|‘zcdt =V, (3.86)
Taking Laplace transform of this equation and solving for i, we.will get
— ¢t
i ()= %e /el (3.87)
1

ic(?) 1s flowing in the opposite direction to that shown'in Figure.3.25(a), hence the equation for capacitor
current is given by
2 —{t
ic(z)z—ﬁe el (3.88)
Rl
Now, the voltage across C is given by

v, (t) = {ijic (t)dt + VS} = {éj—%é%c)dt + VS} 72 {25(%“) - 1} (3.89)

s /

V.
In (3.88) and (3.89), the time ¢ is:measured from ¢;. The current i4r falls from L% + L} to —-. The

1 2 2

time constant in this casesis R;C..The plots are shown in Figure.3.25(c).
When the transient dies out after the instant #;, the various values of voltage and currents are as follows.

Vit =Vss Ve = Vs b= 0, vp ZI% ; and dypy =0
2
When SCR, MT1 is turned on to commutate SCR “A7” at time #;, the various voltage and currents are
as follows.
. 2V . . 2 1
Va1 =05 1, :R_ZS; Var = Vg5 147=0, iyg =V [R_Z‘FE}
It is seen that at ¢;,, SCR AT is turned on, voltage across C equal to Vs suddenly appears as reverse bias

voltage across SCR MTI. Likewise, at instant #3, voltage across C equal to Vs applies a reverse bias
across SCR AT and turn it off. Hence class C commutation is also called complementary commutation.
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From the waveform shown in Figure.3.25(¢) it is clear that the voltage across MT/ indicate a reverse
voltage equal to - Vs to zero for a particular period. This period is called circuit turn off time represented
by t.; for SCR MT! and ¢, for SCR AT and are given by (3.90) and (3.91) respectively.

t,,=RiC In(2) (3.90)

t,,=R,C In(2) (3.91)
3.7.4 Class D - Auxiliary commutation

The class D commutation is also called auxiliary commutation or Impulse commutation. In this method
to commutate a thyristor or SCR another thyristor or SCR is used. The SCR which is to be commutate
is called main SCR (MT1) and the other thyristor is called auxiliary thyristor (47). The circuit diagram
is shown in the Figure.3.26(a). A capacitor (C), inductor (L) and diode (D) are there in the circuit. The
connection of these components are as shown in Figure.3.26(a).

Initially, both MT1 and AT are at off condition and it is also assumed that C is charged up to.the voltage
Vs and the polarity of capacitor plats are as shown in the Figure.3.26(a).

At instant ¢ = 0, the MT1 is turned on and Vs is applied across the load. The load eurrent, /o
begin to flow. It is assumed that /y is constant. When M7 4s on, an oscillator circuit is formed by the
circuit components comprising of C, MT1, L and D. The'capacitor current is-given by

[C. :
i, =V 4 sinw,! =1, simnawyt (3.92)
In this equation, if @y =7x, 1, =0

V4
Thus, in the time range 0 < ¢ <— the current through the MT/ is given by
@

iy, = Iy +1, Sintwyt (3.93)

— aMT1
+ Vum E

. IMT1 >t
; MT1 i
! AT o
: T scr io=lg i .t
Ve C i
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P o gl .
Vs o gl_ AT [] E [ >
L - Wy lo t
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\j D 4
- o |p;|o ¢ o .t
(a) Y4
TN s
—>| ter L 'VSI
Vw1 f .
I vl AT
t
t=0 1-v3 :
mTe o T t .

on MT1off AT off

AT on

(b)

Figure.3.26(a) Circuit diagram of Class D commutation, (b) Waveforms for class D commutation
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Now, the voltage across C changes from Vs to -Vs. The lower plat becomes positive. At
ot =7, 1, =0, inr =ly, ve=-Vs. The corresponding waveforms are presented in Figure.3.26(b).

At t = t;, SCR “AT” is turned on. Just after, SCR “AT” is turned on, -Vs is applied across
MT1 from the capacitor voltage and reverse biases the MT1, thus turned off the same. Accordingly, irm;
= (. Thus, load current is passing through the C and SCR “47” and C charges from -Vsto Vs and current
is Ip. This is a linear change. At ¢ = ¢, capacitor voltage v. is equal to Vs and capacitor current 7. = 0.
SCR “AT” is turned off. During ¢, to #, v = Vi, and SCR “AT” is turned on. The turn of time #. of
MT1I is shown in the Figure.3.26(b).

Thus, in this method when SCR “A T is fired, a reverse voltage is applied across MT1 which
turned off the SCR MTI. Hence, this method of commutation is also sometimes called voltage
commutation. The sudden application of this reverse voltage, reduces the current though the M7/ to
zero.

3.7.5 Class E - External pulse commutation

This is a method of commutation in which a reverse voltage is applied.from an external
source of voltage pulse to commutate an SCR or a thyristor. The external voltage is called auxiliary
supply. A typical circuit for external pulse commutation is. shown in the Figure:2.27(a). The
commutating pulse is applied from the auxiliary supply via the pulse transformer. In this case it is the
pulse generator. The pulse transformer is specially designed so that there should be tight coupling
between primary and secondary. For commutation of the SCR 7/,.a pulse having duration equal or
greater than the turn off time of the SCR.

On Triggering SCR T, the later is in conducting-mode and. the cutrent is flowing through
the load as well as the secondary of the pulse transformer. After application of voltage Vp of negative
polarity i.e - V, , this negative voltage appears across the SCR-7/“and turn off the same. The induced
pulse is of high frequency and hence the C offers almost zero'impedance. After SCR 77 is turned off,
load current decreases to zero. The various voltage and current waveform of the Class-E commutation
is shown in Figure.3.27(b).

This commutation technique is efficient. However, industry do not normally adopt this
technique for SCR commutation.

"
B t

—_—cC Pulse VT1T totr
. gen?'ator X :__L g
—/ Vs I »
(& o
> t

i1 di/dt

@) (o

Figure.3.27 Circuit and related waveforms of Class E commutation technique (a) circuit, (b) Waveforms
3.7.6 Class F- Line or Natural commutation

This technique is also called natural commutation. If the supply voltage is alternating, the load current
will flow during positive half cycle only. The device is turned off during the negative half of the
alternating voltage. The time duration of a half cycle of the applied alternating voltage should be greater
than turn off time of the SCR. The maximum frequency of operation of this circuit is decided by turn
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off time of the SCR. The circuit for line commutation of natural commutation or Class F commutation
is shown in Figure.3.28(a). The corresponding voltage and current waveforms are shown in
Figure.3.28(b).

<> SCR T1 VT4 Vs
V=V, Sinwt i >t

Y
Load

(a) | "

(b)

Figure.3.28 Circuit and related waveform of Class F commutation technique (a) circuit, (b) Waveform

Unit Summary

This Unit explores the various turn on and turn off methods of SCRs. Various circuits.under each
method are presented with detail operating procedure. Following is the'summarty of this unit.

L.

There are several methods of turn-on of an SCR. They are high voltage triggering. thermal
triggering, illumination triggering, dv/dt triggering, and gate triggering.

Gate triggering method is commonly used. At the forward biased of'the SCR, the application
of a positive gate voltage with respect to (w.r.t) cathode turns on the SCR. In this method, the
conduction period of the SCR can be controlled by the-application of the gate signal within the
specified maximum.and minimum values of gate current.

Three types of gate signals namely D.C. signals, pulse'signals, or AC signals are used for gate
triggering. Either of these three signals can be used.

The basic requirement for triggering an SCR are (a) The gate current should have sufficient
amplitude and of short rise time, (b) the duration of gate current should be of adequate duration,
(c) the current should be:supplied at the time when the main circuit is favorable for conduction.
A pulse transformer. (PTR).is.like an ordinary transformer designed for the transmission of
pulses between two windings. These transformers are able to handle pulses. It has one primary
and one or more secondary windings. A PTR having multiple secondary winding is required
for most of'the power converters to provide the gating signal to individual switches. It is mainly
used to isolate'the control signal from the power circuit. In power electronics, PTRs are mainly
used to triggerthe thyristors.

Optical isolator or optoisolator is a device which is used to isolate the low voltage low current
from theload circuit. It uses light energy. It comprises of a light source, a light-sensitive device,
and a switching device. The light source may be an infrared emitter diode (IRED). The
photosensitive device may be a phototransistor, LASCR, TRIAC, etc.

The gate-triggering circuit is a vital part of any power converter comprising of power
semiconductor devices. The output of a power converter depends on how the gate drive circuit
drives the switching devices.

There are many types of triggering circuit. They are (a) Resistance triggering circuit, (b)
Resistance capacitance (R-C) triggering circuit, (c) Programmable unijunction transistor (PUT)
triggering, (d) Pulse transformer Triggering, (e) Opto-coupler based Triggering.
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9. An SCR can be turned on by application of gate signal to the gate. An SCR can be turned off
by bringing the SCR from conduction state to forward blocking state. It is done by either bring
the anode current below the holding current or by application of reverse voltage to such a value
that the SCR will bring the reverse blocking state.

10. The commutation of thyristor or SCR is the process by which the device is turned off.
Basically, there are two methods of turning of thyristors. They are natural commutation and
forced commutation.

11. Natural commutation is a simple and widely used method. It uses the alternating or reversing
nature of alternating voltage for transferring current from one thyristor to another thyristor. In
every half cycle alternating current reaches zero or current zero. When alternating current
passes through the natural zero a reverse voltage is simultaneously appeared across the device
and the thyristor is immediately turned off. No external circuit is required in natural
commutation. In natural commutation make use of A.C supply voltage or generated A.C voltage
by the generators or by resonant circuits. Line commutated converters uses this method..of
commutation.

12. In forced Commutation, some external circuit is used to turned off the SCR. The external circuit
used for commutation are called commutation circuits. The components that are-used in the
external circuits are called commutation components. With the help of the commutation circuit,
areverse voltage is developed across the device and this voltage-help in bring the SCR forward
current to zero. In this way the SCR is turned off.

13. In forced commutation normally inductance (L) and capacitance (C) ot underdamped resistance
-inductance - capacitance (RLC) components are used-to-forced current or voltage to zero to
turned off the thyristor.

14. The commutation circuits are classified into the-following: (a) Class A Commutation circuit,
(b) Class B Commutation'circuit, (¢) Class € Commutation circuit, (d) Class D Commutation
circuit, (e) Class E Commutation circuit, (f) Class'F Commutation circuit

Exercises

Example.3.1

Consider the circuit shown in Figure.3.29. The SCR has the following data. Igmin=0.1mA, Vgmin=0.5V.
The diode is a silicon diode: The peak value.of the input voltage is 24V. Given that Ro=100kQ and
R=10kQ. Find the Firing angle, o

Solution:
Given values are Igmin= 0.1mA; Vemin = 0.5V, Ri=10kQ,
R»,=100kQ, Peak amplitude of input voltage = 24V
Applying KVL in the triggering circuit, we get

e =1,(R+R)+V,+V,
For the Silicon diode, Vp= 0.7V
Using minimum value gate voltage and current,

V= Vgmin= 0.5V, Ig = Igmin = 0.I1MA

Exrigeering = 0.1 X 10°(100+10) x10°+ 0.7 + 0.5 = 12.2V
€s 1S a sine wave, hence we can write

& = VmaSinot Figure.3.29 Circuit related to
In this case, ot is the phase angle at which SCR is fired. example3.1
Thus, e=24Sino=12.2,
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Solving for a, we will get

o =sin"" QJ =30.6°
25

Example.3.2
The UJT is used in a relaxation oscillator to trigger an SCR. The circuit is shown in Figure.3.30. The
R
data related to the UJT are as follows. The ratio,n = R BIR =0.72, peak point current, I, = 0.6mA,
g1+ Kpy

peak point voltage, V, =18.0V, valley point voltage, V, =1.0V, valley point current, I, = 2.5mA, Rgp =
5kQ, leakage current with emitter open = 4.2mA. The switching frequency is 2kHz. The value of the
capacitor, C = 0.04uF. Find the value of Ry, R, and R.

Solution:

From 7 = % = RCln( ], the value of R can be found as

I-n
6
R T - 1 - 10 1
Chh| — Cln| —— | 2000x0.04In
(1—;;} £ n[l—nj (1—0.72) ,
- R=9.82kQ Figure.3.30 Circuit related to
example3.2
The valley point voltage is given by
V=V +Vp
Since, VD is not given, we can assume ¥, =nVp, from which we can find the value of VBB as follows.
v, <1
K, =—L¢& W 25V
n. 0.72
10* 1o*

Thus from R, =555.55Q

- , R, =
n.Vss 0.72x25
The relation between the Vg and emitter leakage current with emitter open is given by
Vi, = leakage current x (R, + R, + R,;)
Here, Rgs =5kQ, leakage current =.4.2mA, ‘and R, = 555.55Q, and Vgs = 25V, we can find R, as
follows.
25

R, =~———-5000-555.55=396.83Q2
4.2x10
Example.3.3
The UJT is.used in a relaxation oscillator to trigger an SCR. The circuit is shown in Figure.3.30. The
R
data related to the UJT are as follows. The ratio,n = BIR =0.72, peak point current, I, = 0.6mA,
g1+ Kpy

peak point voltage, V, =18.0V, valley point voltage, V, =1.0V, valley point current, I, = 2.5mA, Rgp =
5kQ, leakage current with emitter open = 4.2mA. The switching frequency is changed by changing the
value of R. The value of the capacitor, C = 0.04uF. Find (1) Vagg, (2) the maximum and minimum value
R and the corresponding switching frequency.

Solution:

The valley point voltage is given by
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V,=nVg+V)p
Since, VD is not given, we can assume V), =nVp, from which we can find the value of VBB as follows.

V.18

=25V
Boono 072

The maximum value of R is obtained from
Vig = Vp Vg =V + V)

max I - I

P P
Since, Vp not supplied, hence we can write the expression for Rimax as follows

V=V _ Vi —(MVgp +Vp)

max Ip Ip
Vs Vs Ves (1 _77) _ 25(1 - 0'72)
- - - -3
I, I, 0.6x10
=11.67kQ

The minimum value of R is obtained from

VBB V;

ijn - Iv
Putting the values, of Vgg, Vy, and I,
- A, '0_1_‘? =9.6kQ

2.5x10

The minimum value of switching frequency is given by
1 1
Sinin = = = 1.683kHz
R ‘el 11.67x103x0.4x10"61n( )
R 1-n 1-0.72
The maximum value of switching frequency is given by
1 1
Sinax = = . =2.05kHz
R Clnl 1| 9.6x10°%0.4x10° ln( )
min 1-7n 1-0.72

Example.3.4

If the emitter resistance Rg of an UJT is:1kQ, and valley point current, Iv is SmA, find the supply voltage
to emitter circuit, Vee. The UJT equivalent circuit is shown in Figure.3.31. The valley point voltage V
is 2V

Solution:

At the valley point, Ve= V,= 2V and [g= [, = SmA
Applying KVL,

Vee= [eRg + Ve = 5x107*1x10°+2=7V

mln

Figure.3.31 Circuit related to example 3.4
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Example.3.5

The data of an UJT are given below.

R
The ratio,7 =——2-—=0.7, peak point current, I, = 50uA, alley point voltage, V, =2.0V, valley
P
Ry + Ry,

point current, I, = 6mA, Rgg = 7kQ, Emitter leakage current, [zo=2mA. The value of the capacitor, C
= 0.1puF. The Vgg is equal to 20V. The minimum value of gate voltage (Igmin) required to trigger the
SCR is 0.2V. Design the relaxation oscillator circuit and find the maximum and minimum value of
switching frequency.

Solution:

Given data,

77 — RBI
RBI + RBZ
Tgmin = 0.2V

=0.7,1,=50pA, V,=2.0V, I, = 6mA, Rgs = 7kQ, [go=2mA, C = 0.1pF. Vs =20V,

The maximum value of R is obtained from
R = Vag = Vp _ Vg — (Vg + V1)
max I ]

Y4 4

Since, Vp not supplied, hence we can write the expression for Ryax as follows

R = Vas _Vp & Vg — (Vs + V)

max Ip Ip
I, I, 50x10”
The minimum value of R is obtained from
ijn — VBBI_ Vv
Putting the values, of Vgg, Vy, and'Iy
ne 20.0 —_23.0 —3.0k0
6x10
The value of R; is approximately given by
10*
R, =
NV
4
, = 10 =714.29Q
0.7x20
The value of R; can be obtained from
V.
| — gmin — 0.273 :1OOQ
I, 2x10

The limit of switching frequency is obtained as follows.
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Tmax :RmaxCh‘lL:120X103X0.1X1076 In ! =14.44ms
1-n 1-0.7
The maximum value of the switching frequency is
1 1
Soax = = =2.78kHz

R Cln| L 3x103x0.1x10_6ln( L )
min= 1 1 1207

The minimum value of switching frequency is

1 1

Jon = T Taaai0”

max

Example.3.6
A class C commutation circuit is shown in Figure.3.32. The dc supply voltage (Enc) is 120V: The

current through R1 and R2 is equal to 20A. The turn off time of SCR MT1 and SCR AT:is‘equal to
60ps. Find the value of C for complete commutation.

Solution:
The value of resistances R1 and R2 are obtained as
E
P
I 20

For complete commutation, the value of C is

calculated as follows. -AT:T
ty =RClIn(2) Yy -
ort,, =0.6931RC
60x10°° Figure:3.32 Circuit related to example 3.6

t..
C=144"2L =1.44x

1

=14.4uF

Example.3.7
A Class D commutation circuit is shown' in Figure.3.33. Following data are provided. The dc supply
voltage (Epc) is 5S0V. Maximum value of inductor-current, I msx = SOA. Turn of time for SCR MT1 is
30us. The chopping frequency,f; = 500Hz. Variation of load is from 10 %-100%. Find the value of C
and L

Solution:

Given data

Epc= 50V, Iimax = 50A, torr = 30us for MT1, f;=

500Hz, Load variation =10 %-100%.

Considering 50%._tolerance on turn off time, the turn

off time of MT1 is Vs

50
t . =|30+—x30 |=45us
o ( 100 j a

The value of C is obtained from

+ vum T

io=loy

| |
L
Load

Figure.3.33 Circuit related to example 3.7

CE, :ILtW
1t . -

C= Loff _ 50x45x10 =4sluF
E, 50

The minimum value of load voltage is given by the relation
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-t £ _7nNLC
dc

T T
From this equation, we can confirm that the value of L will be

E

dc

o(min)

2
LS K)(n]in) X Tz
E, n’C

The Vomin) 1 given by

Vominy= 10% of 50 =5V
The time period is given by

T= 1/f;=2x10"s

(5

Thus,

(2x10% )’
7°x45x107°

T

5

L<|—
50

<

From the following relation

dc

L 245x10x[

Lmax

L>45uH
Thus, range for L is 45uH < L <90uH

Example.3.8

orL <

90uH

A relaxation oscillator circuit is shown in the Figure.3.34. Find the value of frequency of the output
voltage spikes for two values of resistances (R) (a) 5Q, (b) 10kQ. Following data are provided.

C =0.2uF, n=0.64, Ri=10kQ, R> = 100£2

O Ves

O

Figure.3.34 Circuit related to example 3.8

Solution:

(a) When R=5kQ,

T:RClnL=5x103xo.2x10*61n 1 =1.02ms
1-7 —0.64
1 1

L f=—=——— _—980H:

/ 7 1.02x107

(b) When R= 10kQ,
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T= RClnL =10x10°x0.2x10°° In !
1-n 1-0.6

=2.043ms
4

S

|
S=7 2.043x107

Multiple Choice Questions

L.

Which of the following is the best-suited triggering method for turning ON the SCR?
(a) Forward voltage triggering

(b) dv/dt triggering

(o) Thermal triggering

(d) Gate triggering

The SCR triggering method in which the junction temperature can be maintained at low value
is?

(a) Thermal triggering

(b) di/dt triggering

(o) Gate triggering

(d) dv/dt triggering

SCR can be turned on by

(a)  Applying anode voltage at a sufficiently fast rate

(b)  Applying sufficiently large anode voltage

(c)  decreasing the temperature’of SCR

(d)  Applying sufficiently large gate current

Which of the above statements are correct?

(a 1,2and3
(b) 1,3and4
(c) 1,2and4
(d 2,3and4

In case of class A type commutation orload commutation with low value of R load the

(a) L isconnected across R

(b) L-C is connected-across R

(c) L isconnectedin series with R

(d) L-C is connected in series with R

The class A commutation ordload commutation is possible in case of

(a)  dc citcuits only

(b) accircuits.only

(c) «“both DCand AC circuits

(d)" " noneof the above mentioned

In case‘of class B commutation or resonant-pulse commutation with L =5 pH and C =20 pC
with initial voltage across the capacitor (Vs) =230 V. Find the peak value of resonant current.
(a) 560A

(b) 460 A
(©) 360 A
) 260 A

In case of class B commutation or resonant-pulse commutation with L =5 pH and C =20 pC
with the initial voltage across the capacitor (Vs) = 230 V. Find the conduction time for
auxiliary thyristor.
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(a) 023 ps
(b) 6.57n
(c) 31.41ups
(d) S6us

9. The type of commutation when the load is commutated by transferring its load current to
another incoming thyristor is

(a) class A or load commutation

(b) class B or resonant commutation

(¢ class C or complementary commutation
(d) class D or impulse commutation

10. The type of commutation in which the pulse to turn off the SCR is obtained by separate
voltage source is

(a) class B commutation
(b) class C commutation
(¢ class D commutation
(d) class E commutation
11. The natural reversal of ac supply voltage commutates the SCR in case of
(a) forced commutation
(b) only line commutation
(¢ only natural commutation
(d) both line & natural commutation
12. Parallel-capacitor commutation is
(a) line commutation
(b) load commutation
(¢ forced commutation
(d) external-pulse commutation
13. Class E commutation is a/an
(a) line commutation technique
(b) load commutation technique
(o) forced commutation technique
(d) external-pulse commutation technique
14. Class A commutation is often-referred to as :
(a) Load commutation
(b) Forced commutation
(¢ Natural commutation
(d) External pulse commutation
15. Which of the following statements is true pertaining to the commutation of SCR?
(a) Class-B commutation is also known as complementary commutation.
(b) Class-D commutation is also known as load commutation.
(o) Class-C commutation is also known as complementary auxiliary commutation.
(d) Class-A commutation is also known as load commutation.
16. Which commutation technique is also called line commutation?
(a) Class F
(b) Class D
(¢ Class E

(d) Class A
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17.

18.

19.

20.

21.

22.

23.

24.

25.

In the case of DC circuits, since the supply voltage does not go through a zero value, some
external source is required to commutate the device. This process with the thyristor inverter is
known as the commutation process.

(a) Natural
(b) Self
(¢ Forced
(d) Load

A thyristor circuit having Vs =230 V, L = 10 uH and C = 40 pF is commutated using Class-D
commutation. The peak value of current through the capacitor is given by:

(a) 460 A
(b)  230A
© 23A
d  46A

In which of the following commutation technique, the triggering of one SCR commutates the
already conducting SCR and vice versa?
(a) Class A commutation
(b) Class C commutation
(c) Class E commutation
(d) Class D commutation
Which one of the following is also known‘as resonant commutation?
(a) Class A commutation
(b) Class C commutation
(c) Class D commutation
(d) Class E commutation
Light triggering mainly used in
(a) low - voltage.direct current transmission.
(b) medium voltage direct current transmission.
(c¢)  high voltage direct current transmission.
(d) all of these.
Gate circuit or triggering circuit of a-thyristor is
(a) lower power circuit.
(b)  high power circuit.
(c) magnetic circuit.
(d) maybelow power or high-power circuit.
Which of the following is the function of an R-C snubber circuit connected in parallel to an
SCR?
(a) Limiting the di/dt through the SCR
®) Triggering the SCR
(©) Preventing over voltages across the SCR
(d) Forced commutation of the SCR
Which of the following is referred as TRIGGERING a thyristor?
(a) Turning the SCR from reverse blocking state to forward blocking state

(b) Turning the SCR from forward conduction state to forward blocking state

(¢ Turning the SCR from forward blocking state to reverse blocking state

(d) Turning the SCR from forward blocking state to forward conduction state
False turn-on of SCR by large dv/dt can be prevented by using a with the SCR.

(a) Snubber circuit in parallel

(b) Snubber circuit in series
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(¢ Filter circuit in parallel
(d) Filter circuit in series
26. The snubber circuit used to shape the turn-on switching trajectory of thyristor and/or to limit
di/dt during turn on is
(a) L - R snubber polarized
(b) R - C snubber polarized
(¢) R -C snubber unpolarized
(d) L - R snubber unpolarized
27. The basic requirement of proper firing of an SCR should have
(a)  The gate current should have sufficient amplitude and of short rise time.
(b)  The duration of gate current should be of adequate duration.
(c)  The current should be supplied at the time when the main circuit is favourable for
conduction
(d)  All of these
28. After proper turn on of thyristor
(a)  gate signal is always present.
(b)  gate signal must be removed.
(c)  gate signal should present but can be removed:
(d) none of the above.
29. Pulse gate triggering is achieved by means of
(@) AnLC circuit
(b) A UJT relaxation oscillator circuit
(c) A diac-triac circuit
(d) A rheostatic arrangement
30. RC triggering is preferred over resistance triggering because
(a)  Provides a large value of the triggéring angle
(b)  Provides accurate triggering
()  Causes quick triggering
(d)  Protects the device from getting damaged
31. The duration of the pulse in.a pulse triggering system for scrs should be at least

(@) 60us
(b) 40us
(c) 20us
(d 10us

32. For thyristors, pulse triggering is preferred over dc triggering because
(a)  The gatedissipation is low
(b)_~. The pulse system is simpler
(c).» The triggering signal is required for a short duration
(d) all of the above
33. At aroom temperature of 300 C, minimum voltage and current required to fire a SCR is

(a) 3V,40mA
(b)  0.6V,40 mA
(¢)  No limit

(d 3V,100 mA

34. Turn on time of an SCR can be reduce by using a
(a)  Rectangular pulse of high amplitude and narrow width
(b)  Rectangular pulse of low amplitude and narrow width
(c)  Triangular pulse
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(d)  Trapezoidal pulse
35. UJT oscillator are used for gate triggering of thyristor for
(a)  Better phase control
(b)  Snap action
(c)  Being cheap simple
(d)  None of these
36. A PUT relaxation oscillator has values Veg =15 V, R =22 kQ, R, =6 kQ, [p=100 pA, Vv =
1V, Iy=7mA, C=1uF, Rk =100 kQ, R3 = 12 kQ. The value of Vp will be

@@ 07V
b 10V
(© 107V
@ 15V

37. When a UJT is used for triggering of an SCR, the waveshape of the voltage is a
(a)  Sine wave
(b)  Saw-tooth wave
(c)  Trapezoidal wave
(d)  Square wave
38. Optocouplers combine
(@) SITand BJT
(b) IGBTs and MOSFETs
(c)  Power transistor and silicon transistor
(d) Infrared light emitting diode and silicon phototransistor
39. In a UJT, maximum value of charging resistance is associate with
(a)  Peak Point
(b)  Valley point
(c)  Any point between peak and valley point
(d)  After the valley point
40. External circuit that is used to turn.off'the in SCR
(a) Communication Circuit
(b) Commutation Circuit
(¢)  Conducting Circuit
(d)  Conversion Circuit
Answers to multiple-Choice Questions

1. (d) 9. (c) 17. (¢) 25. (a) 33.(a)
2. (c) 10. (d) 18. (a) 26. (a) 34. (a)
3. (b) 11..(d) 19. (b) 27. (d) 35. (a)
4. (¢) 12. (¢) 20. (a) 28. (b) 36. (¢)
5.4d) 13. (d) 21. (c) 29. (b) 37. (b)
6. (a) 14. (a) 22. (a) 30. (a) 38. (d)
7. (b) 15. (d) 23. (¢) 31. (0) 39. (a)
8. (c) 16. (a) 24. (d) 32. (a) 40. (b)

Short and Long Answer Type Questions

1. What are the different methods of SCR turn on? Explain briefly.

2. Discuss the essential features that triggering circuits for SCRs should possess.

3. Explain the functions of all the components of a general triggering circuit. Give necessary
figure.
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9.

10.

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

25.

26.

27.

28.

29.

Draw the circuit and the waveform of a resistance triggering circuit. Describe the features of
resistance triggering circuit.

Is it possible to trigger an SCR with a delay angle greater than 90° using resistance triggering
circuit? Illustrate your comments with the help of waveforms.

Show how firing delay angle (o) in a resistance firing circuit proportional to the variable
resistance.

Draw RC half wave triggering circuit and the corresponding waveforms. Discuss the function
of each component of the circuit.

Draw RC full wave triggering circuit and the corresponding waveforms. Discuss the function
of each component of the circuit.

Describe RC full wave triggering circuit when the load is (i) AC, (ii) DC

Discuss the synchronized UJT triggering circuit using a Zener diode. Also explain the relevant
voltage and current waveform.

Describe the pulse transformer used in triggering the circuit.

What is the main requirements of pulse transformer use in triggering circuit,

What is optoisolator? Why it is necessary to consider optoisolator?

Innumerate the advantages of optoisolator in compatison to electromechanical relays.

How the operation of PUT is different from UJT? Explain.

Draw the block diagram of an SCR firing circuit.

Discuss the working of an oscillator circuit that employs UJT.

Derive the expression for switching frequency in an oscillator circuit that utilize the UJT.
Explain V-I characteristics of UJT. Provide necessary diagram.

Explain the turn off methods of thyristors.

What do you mean by commutation of SCR? At-what conditions, the thyristors are turn oftf?
What do you mean by natural commutation and forced commutation of thyristors?

What are different types of forced commutation circuit?

Explain the operation of Class-A forced ‘commutation circuit. Provide necessary circuit and
waveform diagram for the same.

Explain the operation of the Class -B forced commutation circuit. Provide the necessary circuit
and waveform diagram for the same:

Explain the operation of the Class -C forced commutation circuit. Provide the necessary circuit
and waveform diagram for the'same.

Explain the operation of the Class <D forced commutation circuit. Provide the necessary circuit
and waveform diagram-for the same.

Explain the operation.of the Class -E forced commutation circuit. Provide the necessary circuit
and waveform diagram for the same.

Explain the operation of the Class -F forced commutation circuit. Provide the necessary circuit
and waveform diagram for the same.

Numerical problems

L.

Consider the circuit shown in Figure.3.29. The SCR has the following data. Igmn= 0.15mA,
Vemin = 0.6V. The diode is a silicon diode. The peak value of the input voltage is 25V. Given
that R,=110kQ and R;= 5kQ. Find the Firing angle, a

The UJT is used in a relaxation oscillator to trigger an SCR. The circuit is shown in Figure.3.30.
R
—BL__=0.71, peak point current,

The data related to the UJT are as follows. The ratio, 7 =
Ry + Ry,

I, = 0.6mA, peak point voltage, V,=18.0V, valley point voltage, V,=1.0V, valley point current,
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I, = 3.0mA, Rgs = 6kQ, leakage current with emitter open = 4.0mA. The switching frequency
is 2kHz. The Vp = 0.7V, The value of the capacitor, C = 0.06uF. Find the value of R;, R, and
R.

The UJT is used in a relaxation oscillator to trigger an SCR. The circuit is shown in Figure.3.30.

R
——B8L__=0.72, peak point current,

The data related to the UJT are as follows. The ratio, 7 =
Ry + R,

I, = 0.6mA, peak point voltage, V, =18.0V, valley point voltage, V,=1.2V, valley point current,
I, = 2.0mA, R = 6kQ, leakage current with emitter open = 4.1mA. The Vp = 0.7V, The
switching frequency is changed by changing the value of R. The value of the capacitor, C =
0.05pF. Find (1) Vgg, (2) the maximum and minimum value R and the corresponding switching
frequency.

If the emitter resistance Rg of an UJT is 1.5kQ, and valley point current, Iv is 6mA, find the
supply voltage to emitter circuit, Vge. The UJT equivalent circuit is shown in Figure.3:31. The
valley point voltage V, is 3V

The data of an UJT are given below.

RBI

=0.71, peak point current, I, = 60pA, alley point voltage, V,=1.5V,
RBI + RBZ

The ratio, p =

valley point current, I, = 6mA, Res = 5k€, Emitter leakage current, Irzo=1mA. The value of
the capacitor, C = 0.2uF. The Vgg is equal'to 20V. The minimum- value of gate voltage (Igmin)
required to trigger the SCR is 0.2V. Design the relaxation oscillator.circuit-and find the
maximum and minimum value of switching frequency.

A class C commutation circuit is shown in Figure.3.32. The dc supply voltage (Epc) is 100V.
The current through R1 and R2 is equal to 18A. The turn off time.of SCR MT1 and SCR AT
is equal to 50us. Find the value of C for complete commutation.

A Class D commutation circuit is shown in Figure.3.33. Following data are provided. The dc
supply voltage (Ep¢) is 60V. Maximum value of inductor current, I max = 60A. Turn of time for
SCR MTT1 is 20us. The chopping frequency; fy = 600Hz. Variation of load is from 20 %-100%.
Find the value of C and L

Practical Experiments

Title: T

Experiment No.3.1

est the effect of variation inR.and C in'R and RC triggering circuits on the firing angle of SCR

Objectives:

(@
(b)

To test the effect-of variation of R in the R triggering circuit of SCR
To test the effect of variation of R and C in RC triggering circuit of SCR

Resources required:

Table.3.1 Apparatus/ component required

SI No. | Apparatus/ Component Specification Range/ Rating | Nos/Quantity
1. Circuit Kit for SCR triggering 1
2. Transformer 230V/12V 1
3. Load resistor 50Q, 2A 1
4. Unearthed CRO 20MHZ 1
5. Connecting probes 1 set
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SI No. | Apparatus/ Component Specification Range/ Rating | Nos/Quantity
6. Capacitor 0.47uF or available along with 1
the kit
Theory:

(a) Resistance (R) Gate Triggering Circuit

The resistance gate triggering circuits is the simplest as well as most economical. The R gate
triggering can be limited in the firing angle range 0°-90°. The circuit diagram is shown in Figure.3.35
(a). In this circuit, the gate current is provided from an AC source via resistance, R;, R,, and diode (D).
R; is a variable resistance. A stabilizing resistance is connected (Ry:q») is connected across the gate and
the cathode. The flow of gate current is from source v,, via Load, R;, R, diode D to gate. The function
of diode D is to prevent the gate to cathode from junction reverse biased. It allows the current flow
during the positive half cycle only.

When the voltage, vs goes on positive the SCR is forward biased and it will conduct only when
the gate current exceeds the minimum value of gate current (/gmin). When gate current is less than /g
the output voltage across the load, V) = 0. Also with positivews, D and gate to cathode junction become
forward biased. Gate current increases with an increase in vs towards maximum voltage.V,,. When [, =
Igmin, the SCR will turn on. The output voltage is now.approximately equaltov,. The SCR isin on state
until vy decreases from V), to 0. At this instant, thedoad current is below the holding current. Now, the
vs decreases from zero to negative and the SCR becomes reverse-biased and remains in the off state.
The sequence of the operation is repeated in the next cycle and so on.

(b) Resistance — Capacitance (RC) Gate Triggering circuit

In case of resistance triggering, the firing angle can be controlled is limited to 0° to 90°. This
limitation is overcome by using resistance (R)- capacitance (C) triggering circuit simply R-C triggering
circuit. There are several such R-C circuits, two of them named as R-C half wave triggering and R-C
full wave triggering circuits. Here will go for RC half wave firing circuit as shown in Figure.3.35(b).

The details of the operation of the resistance and resistance-capacitance triggering circuits are provided
in the respective sections of this Unit.

Circuit diagram:

230V/12V Step down
transformer
—| Ve f—
]
T
Load "
g g R D2 SCR v
() D1
&f 3k
Q "
o > vc—|—C
Step down transformer
(230/12V)
Figure.3.35 (a) Resistance gate triggering Figure.3.35(b) R-C half wave triggering circuits
circuit

Procedure:
R-Triggering

1. Connect all the components as per the circuit diagram shown in Figure.3.35(a).
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wohk WD

6.

Set the value of resistances at the maximum position.

Connect the probe of the oscilloscope across the load resistance (Load).

Switch on the power supply.

Vary the resistance R> to vary the triggering angle. Observe the output voltage and the triggering
pulse on the CRO. The readings are tabulated in Table.3.2

Draw the respective waveforms.

RC-Triggering

RAE i

7.

Connect all the components as per the circuit diagram provided in Figure.3.35 (b).

Set the value of resistances at the maximum position.

Connect the probe of the oscilloscope across the load resistance (Load).

Switch on the power supply.

Vary the resistance R> to vary the triggering angle (0-180°). Observe the output voltage and the
triggering pulse on the CRO. Tabulate the data as shown in Table.3.3

Vary the resistance C to vary the triggering angle (0-180°). Observe the output voltage and the
triggering pulse on the CRO. Tabulate the data as shown in Table.3.4

Draw the respective waveforms.

Result and Discussion:
Using the procedure followed for the R triggering circuit, the various values are.noted in Table.3.2

Table.3.2 Values of Ton, Torr, Vin, Vo for various values of o in'R-firing circuit

SI No.

Firing angle

()

Time in (ms)

Ton TorF

Input.voltage
(Vin)

Output
voltage (Vo)

Table.3.3 Values of Ton, Torr, Vin,’Vo for various values of a in RC-firing circuit (by varying R)

SI No.

Firing angle

(@)

Time in (ms)

Ton Torr

Input voltage
(Vi n)

Output
voltage (Vo)

Table.3.4 Values of Ton, Torr, Vin, Vo for various values of a in RC-firing circuit (by varying C)

SI No.

Firing angle

(0)

Time in (ms)

Ton Torr

Input voltage
(Vi n)

Output
voltage (Vo)
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The plots for the R firing circuit look like Figure.3.36(a). Similarly, the floats for the RC firing circuit
look like in Figure.3.36 (b)

- | -

() (b)
Figure.3.36 Waveform for (a) R-triggering circuit, (b) RC triggering circuit

Discussion: From this experiment, we can differentiate between R and R-C triggering,

Conclusion: From this experiment, we have learned how/SCR can be turned on using resistance and
RC triggering methods.

Experiment No.3.2
Title: Test the effect of variation of R, C in UJT triggering technique.
Objectives:
(a) To study the effect of variation in R and C in UJT triggering for SCR
Theory:

The Unijunction transistor (UJT) is a very-highly efficient switch whose switching time is in the
nanosecond range. UJT has negative resistance characteristics due to which it can be used as a relaxation
oscillator. This relaxation oscillator can‘be used for triggering SCR. Figure.3.37 (a) shows the circuit
diagram of UJT which works as anoscillator.

O Vgp Ve . .
A Capacitor _ _ Capacitor
charging 1=R{C dicharging NVBB+Vp
Ry v VoI AT ATV AT
R
By, 2% |
TV TV 3 -~
i T 1 t
C —
p— B, ? Vo
V, a4
; Ry Vo o t
© (b)

(@)

Figure.3.37 (a) Circuit diagram for UJT oscillator, (b) Voltage waveform for the oscillator

The details theory of the UJT triggering circuit is already provided in this Unit. Students are advised
to follow the respective section and write a brief theory on it.
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Circuit diagram:

Figure.3.38 Resistance gate triggering circuit

Procedure:

UJT-Triggering

By varying R
1. Connect all the components as per-the circuit diagram provided in Figure. 3.38
2. Set the value of resistances at the maximum position.
3. Connect the probe of the oscilloscope across theload resistance (Load).
4. Switch on the power supply.
5. Vary the resistance R to vary the triggering angle (0-180°). Observe the output voltage and the

triggering pulse on the CRO. Tabulatethe data as shown in Table.3.5.

6. Draw the respective waveforms.
7. Switch off the power supply.
By varying C
1. Set the value of resistances at'the maximum position.
2. Connect the probe‘of'the oscilloscope across the load resistance (Load).
3. Switch on the power supply.
4. Vary the resistance C'to vary the triggering angle (0-180°). Observe the output voltage and the
triggering pulseon the CRO. Tabulate the data as shown in Table.3.6
5. Draw the respective waveforms.

Result and Discussion:

Table.3.5 Values of Ton, Torr, Vin, Vo for various values of o, in UJT-firing circuit (by varying R)

SI No. Firing angle Time in (ms) Input voltage Output

(o) Ton Torr (Vin) voltage (Vo)
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Table.3.6 Values of Ton, Torr, Vin, Vo for various values of a in UJT-firing circuit ( by varying C)

SI No. Firing angle Time in (ms) Input voltage Output
(o) Ton Torr (Vin) voltage (Vo)

Discussion: .......

Conclusion: From this experiment we have understood how SCR can be turn on using UJT triggering
technique.

Experiment No.3.3
Title: Study the operation of Class - A, B, and C turn-off circuits.
Objectives:
To study the operation of Class A, B, and C commutation circuits

Resources required:
Table.3.7 Apparatus/ component required

S1 Apparatus/ Specification Range/ Rating Nos/Quant
No. Component ity

1. Circuit Kit for. SCR 1

forced commutation Kits
2. DC Supply 12V (Or as-available that matches with the
SCR)
3. Load resistor 50Q, 2A (or available along with the kit) 1
4. Unearthed CRO 20MHZ 1
5. Connecting probes 1 set
6. Capacitor 0.47uF (or available along with the kit) 1
Theory:

An SCR can'be turned-on by the application of a gate signal to the gate. It is required to turn the SCR
off for power control purposes. Already we know that the SCR can be turned off by bringing the SCR
from the conduction state to the forward blocking state. It is done by either bringing the anode current
below the holding current or by application of reverse voltage to such a value that the SCR will bring
the reverse blocking state. The commutation of thyristor or SCR is the process by which the device is
turned off. It is also known that it is impossible to make the SCR off itself while it is in conducting
state. The commutation is the process by which the transfer of current from one path to another path i.e
one thyristor to another thyristor. To turn off the current, the thyristor current must be brought to zero.
Basically, there are two methods of turning off thyristors. They are natural commutation and forced
commutation.
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(a) Natural Commutation

(b) Forced commutation
Natural commutation is a simple and widely used method. It uses the alternating or reversing nature of
alternating voltage for transferring current from one thyristor to another thyristor. In every half cycle
alternating current reaches zero or current zero. When alternating current passes through the natural
zero a reverse voltage is simultaneously appeared across the device and the thyristor is immediately
turned off. The natural commutation is also called Class F commutation.

In forced Commutation, an external circuit is required. It is mainly required in DC circuits. The external
circuit used for commutation are called commutation circuits. The components that are used in the
external circuits are called commutation components. With the help of the commutation circuit, a
reverse voltage is developed across the device, and this voltage help in bringing the SCR forward current
to zero. Under forced commutation, there are various techniques available. They are as follows:

(a) Class A Commutation circuit
(b) Class B Commutation circuit
(c) Class C Commutation circuit
(d) Class D Commutation circuit
(e) Class E Commutation circuit

Class A to E are used in DC and Class F is used in' AC. Here, we will study the operation of Class A
to C circuits.

(a) Class A Series Resonant Commutation Circuit

This type of commutation circuit is also called a resonant commutation.circuit or load commutation
circuit. The LC commutation components is used in‘series with the-load. The circuit comprises of
resistance R; as load. The R, may be used in series-with L and C or'R; may be used in parallel with the
C. Here we have presented only the circuit when R; is in series with C. The circuit is shown in
Figure.3.39(a). The requirement of the circuitis that it should essentially underdamped. When energized
with DC, the circuit current is waveform-corresponding to the respective is also shown in figures. The
circuit current rises up to maximum and‘decays to zero-when it reaches point A at which the SCR is
turned off. This type of commutation is possible in DC circuits only.

The output voltage and current are expressed by (3.94) and (3.95) respectively, in which V, is the initial
capacitor voltage

V.=Vg+e >/ (Vs=V,) (3.94)
(RN _

i(t=e [ZLJ [usinwt} (3.95)
oL

(b) Class B-Shunt Resonant commutation circuit

The circuit diagram of this is shown in Figure.3.33 (b). The LC resonating circuit is connected across
the SCR, not in series with the load. There are two thyristors (SCRs). They are main SCR (MT;) and
auxiliary SCR (47). The polarity of the source voltage, Vs is shown in the figure. At this voltage, the
capacitor is charged to Vs with the polarity shown near the left- and right-hand side plates. Now, MT;
is forward-biased and turned on at t = 0. It is assumed that the output current (/,) is constant and is
passed through the load. Up to time ¢, the voltage across the capacitor, v. = Vs, capacitor current, i. = 0,
ip = I,, and main thyristor current, iyr; = I, These are shown in Figure.3.34(b). To start the
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commutation of M7, the AT is triggered at ¢ = #;. When AT is turned on, a resonant current i. start
flowing from C through AT, through L, and finally to C.

. o . C . .
This resonant current is given by, i, ==V \/; sinawyt =—1, sina,t 3.71)

In this equation, the negative sign is inserted because the current i. flows just opposite to that of the
positive direction as shown in Figure.3.33(b). The capacitor voltage v. is given by

1.
v.(H)= Ejzcdt =V coswyt

After half cycle from ¢;; i. = 0, v = -Vs, and iurs = L. After angular distance JI from ¢, i.e from ¢, to 2,
i tend to flow in the reverse direction and AT is turned off at #>. With v. = -V, the right-hand plate of
the capacitor has a positive polarity and the resonant current i. is taking the path through C,L,D, MT.
Thus, i. flows just opposite direction to the forward SCR current of MT;. The net forward current
through the MT is Ip-ic and it starts decreasing. Finally, when i. reverses and becomes. equal to'/,, the
forward current reaches zero value and MT; will get turned off. It is to be noted that'the peak value of
reverse current (/,) must be greater than /,. This method is.also called current commutation, Class B
commutation or resonant commutation.

(¢) Class C-Complimentary Symmetry Commutation Circuit

The circuit diagram for the Class-C commutation circuit is shown in Figure:3.39(¢c). In this circuit,
there are two SCRs. One is the main SCR, M7/ which is to be turned off; and the other is the auxiliary
SCR, AT. MT1 is connected in series with the load (R;). AT is connected in parallel with the MT1. The
polarity of voltages and the currents are shown in Figure.3.39(c): It is assumed that the capacitor is
initially uncharged. The details of'the circuit operation of this. circuit is given in section 3.7

Circuit diagram: The circuit diagrams for Class‘A-to C.are shown in Figure.3.39

Load

(b)

By

N

<

s
S

(©

Figure.3.39 Various forced commutation circuits (a) Class A, (b) Class B, (c) Class C
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Procedures:

Procedure for Class A forced commutation circuit

1.
2.
3.

Connect the commutation components and other appliances as shown in Figure.3.39(a)

Connect the triggering circuit terminal to the gate (G) and cathode (K) terminals of the SCR.
Switch on the supply Vs and observe the waveform for voltage at the load, SCR and C by varying
the frequency potentiometer

Change the value of R, L, and C and observe the waveform for voltage at the load, SCR and C by
varying the frequency potentiometer

Repeat the step4

Plot the voltage waveforms

Procedure for Class B forced commutation circuit

L.
2.
3.

6.

Connect the commutation components and other appliances as shown in Figure:3.39(b).
Switch on the supply ¥ and observe the output voltage and current across load resistance R;
Connect the triggering circuit terminal to the gate (G) and cathode (K) terminals of the MT
and observe the output voltage and current, and voltage across the MT.

Connect the triggering circuit terminal to the gate (G) and cathode (K) terminals of the 47 and
observe the output voltage and current, and the voltage across M7 and AT

Change the value of R, L, and C and repeat the step3 and step4. Observe the waveform for
voltage at the load, SCR and C by varying the frequency potentiometer

Plot the voltage waveforms

Procedure for Class C forced commutation circuit

6.

Connect the commutation components and other appliances -as'shown in Figure.3.39(c).
Switch on the supply ¥s and observe the waveform for voltage at the load, SCR MT1, AT, R,
and C.

Connect the triggering circuit terminal to.the gate (G) and cathode (K) terminals of the SCR
MTI. observe the waveform for voltage at the load, SCR MT1, AT, R;, and C.

Connect the triggering circuit terminal to the.gate (G) and cathode (K) terminals of the SCR
AT. observe the waveform for voltage at the load, SCR MT1, AT, R, and C.

Change the value of R, L, and C and observe the waveform for voltage at the load, SCR and C
by varying the frequency potentiometer

Plot the voltage waveforms

Result and Discussion:
Following the procedures mentioned above for different forced commutation circuits, the graphs are
plotted and the plots are looked like Figure.3.40
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Figure.3.40 Voltage and current waveforms of various forced commutation circuits (a) waveform for
Class A, (b) waveform for Class B, (c) waveform for Class C

Results: The operation of Class A, Class B, and Class C turn-off circuits have been performed.
Discussion:

1. From this experiment, we can differentiate between natural and forced commutation.
2. We have learned how to analyze the various waveform under the Class A, Class B, and Class
C turn-off circuits
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Experiment No.3.4
Title: Perform the operation of Class D, E, and F turn-off circuits.
Objectives:
To study the operation of Class D, E, and F commutation circuits

Resources required:
Table.3.8 Apparatus/ component required

S1 Apparatus/ Specification Range/ Rating Nos/Quantity
No. Component
7. Circuit Kit for SCR 1
forced commutation kits
8. Transformer 230V/12 V (Or as available that match 1
with the SCR)
9. DC Supply 12V Or as available that match with the
SCR)
10. | Load resistor 50Q, 2A (or available along with the 1
kit)
11. | Unearthed CRO 20MHZ 1
12. | Connecting probes 1 set
13. Capacitor 0:47uF (or available along with the kit) 1
14. | Pulse generator 1
Theory:

An SCR can be turned on by the application.of a gate signal-to.the gate. It is required to turn the SCR
off for power control purposes. Already we know that the'SCR can be turned off by bringing the SCR
from the conduction state to the forward blocking state. It is done by either bringing the anode current
below the holding current or by application.of reverse voltage to such a value that the SCR will bring
the reverse blocking state. The commutation of thyristor or SCR is the process by which the device is
turned off. It is also known that it.is-impossible to make the SCR off itself while it is in conducting
state. The commutation isthe process by which the transfer of current from one path to another path i.e
one thyristor to another thyristor. To turn off the current, the thyristor current must be brought to zero.
Basically, there are two methods of turning off thyristors. They are natural commutation and forced
commutation.

Natural commutation is a simple and widely used method. It uses the alternating or reversing nature of
alternating voltage for transferring current from one thyristor to another thyristor. In every half cycle
alternating current reaches zero or current zero. When alternating current passes through the natural
zero a reverse voltage is simultaneously appeared across the device and the thyristor is immediately
turned off. The natural commutation is also called Class F commutation.

In forced Commutation, an external circuit is required. It is mainly required in DC circuits. The external
circuit used for commutation are called commutation circuits. The components that are used in the
external circuits are called commutation components. With the help of the commutation circuit, a
reverse voltage is developed across the device, and this voltage help in bringing the SCR forward current
to zero. Under forced commutation, there are various techniques available. They are as follows.
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(a) Class A Commutation circuit
(b) Class B Commutation circuit
(c) Class C Commutation circuit
(d) Class D Commutation circuit
(e) Class E Commutation circuit

lass A to E are used in DC and Class F is used in AC. Here, we will study the operation of Class D to
F circuits.

(a) Class D Commutation circuit

The class D commutation is also called auxiliary commutation or Impulse commutation. In this method
to commutate a thyristor or SCR another thyristor or SCR is used. The SCR which is to be commutate
is called the main SCR (MT1) and the other thyristor is called the auxiliary thyristor (47). The: ¢ircuit
diagram is shown in Figure.3.41(a). A capacitor (C), inductor (L), and diode (D) are there in' the circuit.
The connection of these components is shown in Figure.3.41(a).

(b) Class E Commutation circuit

This is a method of commutation in which a reverse voltage is applied from an external:source of voltage
pulse to commutate an SCR or a thyristor. The external voltage is called the auxiliary supply. ‘A typical
circuit for external pulse commutation is shown in'Figure.2.41(b). The commutating pulse is applied
from the auxiliary supply via the pulse transformer. In this case,-it is the'pulse generator. The pulse
transformer is specially designed so that there should be tight coupling between the primary and
secondary. For commutation of the SCRT/, a pulse having a duration equal to or greater than the turn-
off time of the SCR.

On Triggering SCR T, the latter is in conducting mode and the current is flowing the load as well as
the secondary of the pulse transformer. After the application of voltage Vp of negative polarity i.e - V),
, this negative voltage is appeared across the SCR 7/ and is-turned off the same. The induced pulse is
of high frequency and hence the C offers almost, zero impedance. After SCR 7/ is turned off, the load
current decreases to zero. The various woltage and current waveform of the Class-E commutation is
shown in Figure.3.41(b).

(a) Class F- Line or Natural commutation

This technique is also called natural commutation. If the supply voltage is alternating, the load current
will flow during the positive half-cycle only. The device is turned off during the negative half of the
alternating voltage. The time duration of a half cycle of the applied alternating voltage should be greater
than the turn-off time of the SCR: The maximum frequency of operation of this circuit is decided by
the turn-off.time of the SCR. The circuit for line commutation of natural commutation or Class F
commutation is shown in Figure.3.41(c). The corresponding voltage and current waveforms are shown
in Figure.3.41(c).
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Circuit diagram:
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(©)
Figure.3.41 Various commutation circuits (a) Class'D (b) Class E, (c) Class F
Procedure:
Procedure for Class D forced commutation circuit

Connect the components shown'‘in Figure.3.41(a).

Assume that the load current is constant and the capacitors is charged to V.

Connect the Firing circuit of the SCRs.

Turn on AT.

After some time, the 47 will turn off. This is observed by connecting CRO across the AT.
Turn on the SCR MTZ. Now ebserve the SCR voltage and current.

Switch on the triggering circuit and note down the voltage waveform for various values of duty
cycles.

8.  Draw the output waveforms (It will be like Figure.3.42(a))

N ks LN =

Procedure for Class E forced commutation circuit

Connect the components as per the circuit diagram shown in Figure.3.41(b).

Connect the firing circuit output to the gate and cathode of SCR.

Switch on the power supply.

Switch on the pulse generator

Observe the voltage waveform across the load, SCR, and capacitor by varying the
potentiometer.

6. Draw the waveforms as shown. (It will be like Figure.3.42(b))

Al S e
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Procedure for Class F forced commutation circuit

Connect the components as shown in Figure.3.41(c).

Connect the firing circuit output to the gate and cathode of SCR.

Switch on the power supply.

Observe the voltage and output current using CRO.

Observe the voltage across the SCR.

Repeat steps 3 and 4 by varying the potentiometer of the triggering circuit to change the
firing angle.

Note down the turn-on (Tow) and turn-off time (7orr) and tabulate them in Table.

8. Plot the output voltage and output current. (It will be like Figure.3.42(c))

S e

~

Result and Discussion:

Table.3.9 Values of Ton, Torr, Vin, Vo for various values of a for Class D commutation

SI No. Firing angle (a) Time in (ms) Input voltage Output
Ton Torr (Vin) voltage (Vo)

Table.3.10 Values of Ton, Torr, Vin, Vo forvarious values of a for Class.E commutation

SI No. Firing angle (@) Time in (ms) Inputvoltage Output
Ton Toxr (Vin) voltage (Vo)

Table.3.11 Values of Ton, Torr, Vin, Vo for various values of a. for Class F commutation

SI No. Firing angle (@) Time in (ms) Input voltage Output
Ton Torr (Vin) voltage (Vo)
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Figure.3.42 Voltage and current waveforms of various forced commutation circuits (a) waveform for
Class D, (b) waveform for Class E, (c) waveform for Class F
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Results: The operation of Class D, Class E, and Class F turn-off circuits has been performed.

Discussion:

L.
2.

From this experiment, we can differentiate between natural and forced commutation.
We can analyse the various waveform under the Class D, Class E, and Class F turn-off circuits

Know More

(@

(b)

(©

(d)

The DIAC is used for triggering TRIC. A triggering circuit for the same is shown in Figure.3.43
Load <

e —»]

R1
v =VmSinwt

@ TRIAC VTi

R DIAC

1

Figure.3.43 Triggering circuit for TRIAC using DIAC
The generation of gating signals for thyristors of DC to AC converters have some requirement

like (i) zero crossing detector, (ii) phase shifting signals, (ii) pulse shaping, and (iii) pulse
isolation. An integrated circuit (IC) gate drive integrate most.of the functions required to drive
one high side power and low side device in a compact high performance package with minimum
power dissipation. These ICs must have some protection functions for overload and faulted
condition. There are various drive IC for converters. Example is ‘MOS gated driver, [CE2ASO1,
etc.

High voltage ICs are also available for motor drive: These are known as power conversion
processors (PCPs): The architecture for-the IC family is divided into (i) two-level power
conversion processing,(ii) single-level conversion processing, (iii) mixed-mode power
conversion processing.

Microprocessors/microcontrollers are used to control the firing angle.
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Phase Controlled
Rectifiers

UNIT SPECIFICS

This unit covers the following aspects:

e [Introduction to Phase control and phase-controlled rectifiers.

e Definitions of a few basic terms like firing angle or delay angle, extinction angle, and
conduction angles.

e Performance parameters related to phase-controlled rectifier.

o Single phase half wave-controlled rectifier with different types of loads.

o Single phase full wave (or two pulse) controlled rectifier-with different types of loads.

o Single phase full wave bridge rectifiers with different types of loads.

o Single-phase half-controlled bridge rectifier with different types of loads.

o Common anode and common cathode for three-phase controlled rectifier.

o  Three phase half wave-controlled rectifier with different types of loads.

e Basics of three-phase fully controlled bridge converter.

o  Three-phase fully controlled bridge rectifiers with different types of loads.

o Three-phase half-controlled bridge converters with different types of loads.

e Phase-controlled rectifier with input.impedance.

o Single phase fully controlled bridge rectifier considering source inductance.

o Three phase fully controlled bridge rectifier considering source inductance.

The concept of phase control and phase control réctifiers of single-phase and three-phase with various
types of loads with and with comsidering source impedance are presented and analyzed using SCR for
generating further curiosity and creativity-as well as improving problem-solving capacity with some
numerical problems.

Besides giving-a large number-of multiple-choice questions as well as questions of short and long
answer types marked in-two categories following the lower and higher order of Bloom’s taxonomy,
assignments through several numerical problems, a list of references, and suggested readings are given
in the unit so that one can go through them for practice.

After the detailed analysis, based on the content, there is a “Know More” section appended. This
section has been designed to supplement additional information and higher learning skills on the topic.

RATIONALE

This fundamental unit on phase-controlled rectifiers using the basic device SCR helps students to get a
primary idea about the phase-controlled rectifiers being used in various power electronics circuits
involving SCR.
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The various single-phase and three-phase phase-controlled rectifier circuits with different types of
loads are presented in this unit. The analysis of these circuits is depicted.

The physics behind various circuits for phase-controlled rectifiers using SCR are discussed at length to
develop the basic idea about these circuits.

Some related problems are pointed out after each section with their solutions which can help further
for getting a clear idea of the concerned topics. The mathematics behind the phase-controlled rectifiers
will certainly help students with numerical problem-solving.

As a student in the field of electrical engineering, this unit on phase-controlled rectifiers helps students
to grasp the basic knowledge of controlled rectifiers.

PRE-REQUISITES
ESC101: Basic Electrical Engineering

UNIT OUTCOMES
After completion of Unit-4 students will be able to:

U4-01: Identify the types of phase-controlled rectifier circuits:

U4-02: Explain the working of various phase-controlled rectifier-circuits using SCR.
U4-03: Analyse the working of various phase-controlled rectifier circuits for different loads.
U4-04: Identify the application of various phase-controlled vectifier.circuits.

SE OUTCOMES
Unit-4 n, edium corrﬁatlon 3- Strong Correlation)

Outcomes
CO-1 CO-4 CO-5
U4-01 .o 2 1 1 2
U4-02 1 3 3 3 1
U4-03 &S 3 3 3 3
U4-04 2 e 1 2 3
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4.1 INTRODUCTION

The process of conversion of alternating voltage or current to a direct voltage or current is called
rectification. The circuits used for rectification are called rectifier circuits. Prior to now, either motor
generator sets or mercury-arc rectifiers, or thyratrons were used to convert ac power to dc power. These
circuits contain switching devices. The most common switching devices are diodes, thyristors, and
power transistors. The diode is an uncontrolled device. The other power electronics switches are
controlled devices. Accordingly, the rectifier circuits are also classified as uncontrolled, half-controlled,
and fully controlled. In uncontrolled rectifier circuits, only the diode is used as a switching element.
The amplitude of the DC output of the uncontrolled rectifier is fixed and it is decided by the amplitude
of the AC voltage applied. In controlled rectifiers, only thyristors are used. The output DC voltage is
decided by the amplitude of the AC input and the instant at which the thyristors are fired. Thus, the
output voltage is controlled. The half-controlled rectifiers contain both diodes and thyristors. Sineeboth
diodes and thyristors are present in the circuit, there is limited control over the output DC.

In the case of uncontrolled and half-controlled rectifiers, the power flows from the AC system to
the DC load only. Hence, these converters are unidirectional. But, in the case of a fully controlled
converter, the power can flow from both sides. When power flows from the AC system to.the DC load
it is called a fully controlled rectifier. On the other hand, when power flows from the DC side to the AC
side, it is called an inverter. Thus, fully controlled converters are bidirectional. In this unit, only the
rectifier mode of operation of fully controlled converters will bediscussed.
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(c) Four quadrant converter operations
Figure.4.1 Various phase-controlled converters

The converters in which thyristors are present are called phase-controlled converters (PCC). Phase-
controlled rectifiers (PCRs) are better than diode rectifiers because they can control the output voltage.
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Uncontrolled rectifiers are diode rectifiers. These diodes transform into PCRs when they are switched
using thyristors or silicon-controlled rectifiers (SCRs). Diodes do not offer any form of control over the
voltage that is produced by the device, in contrast to thyristors, which can have their output voltage
adjusted by changing the firing angle. A phase control thyristor is turned on by sending a pulse to its
gate terminal, and it is turned off by line communication. In the event of a heavy inductive load, the
rectifier deactivates it by firing another thyristor during the negative half-cycle of input voltage. As
PCRs do not require a commutation circuit, they are simple, less expensive, and widely used in
industries that require controlled dc power.

The PCC provides one-quadrant, two-quadrant, and four-quadrant operations on the DC side.
Diagrammatically they are shown in Figure.4.1(a)-(c).

Thus, rectifiers are of two types. They are uncontrolled and controlled (phase-controlled)
converters. Diodes are used in uncontrolled rectifiers. On the other hand, thyristors or SCRs and in
some cases combinations of thyristors and diodes are used in phase-controlled rectifiers. Depending on
the type of input voltage phase controlled rectifies are divided into two. They are (i) single.phase and
(i1) three phase. Each type is again classified into (i) semiconverter, (ii) full converter, and (iii) dual
converter. Semiconverters are one quadrant and it has one polarity of the output voltage and current.
Full converters are two-quadrant converters. The output voltage may be either positive-or negative
polarity. Output current is of positive polarity. Dual converters are four-quadrant converters. Both
output voltage and current are either positive or negative.

4.2 DEFINITIONS OF FIRING ANGLE;EXTINCTION ANGLE, AND CONDUCTION
ANGLE
(a)  Firing angle or delay angle
The firing angle or delay angle (o) of a thyristor is an angular difference between the time it is
triggered and the time it would conduct as a diode.As a result,.the firing angle is the angle that is
measured from the instantthat produces the highest average output voltage to the instant that it is
triggered.

Vin &

i 21T/\31T 417

Rl ‘

»wt
¢ N

-

Figure.4.2 Figure showing firing angle, extinction angle, and conduction angle

(b) Extinction angle

The extinction angle (y) is the angular distance from the start of the positive half cycle of the
input supply to the instant the load current drops to zero. At wt = =, the supply voltage is negative, but
the SCR continues to conduct because of the inductive load, the load current is greater than the holding
current. The SCR will stop conducting when the load current is less than the holding current. So this
angle depends on the load inductance value.
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(¢) Conduction angle

Conduction angle (/) is defined as the angle that measures the SCR period of conduction (how long it
conducts in one cycle of time), from the waveforms (in the case of RL load) the conduction angle is
given by

p=y-a 4.1
This angle depends on the o and the load impedance angle ¢. For purely resistive load, the conduction
angle f = (7 - a).
All the above angles are shown in Figure.4.2.

4.3 PHASE CONTROL: FIRING ANGLE CONTROL

In the phase control rectifiers, unidirectional switches are used to convert AC into DC. The amplitude
of output voltage depends on the time at which the switches are triggered. A simple circuit consisting
of a switch, AC source, and load resistance is shown in Figure.4.3 (a). A source inductance Ly is also
shown in the figure, which is generally neglected in most of the analysis. When the switch S is closed
it conducts current in the direction as shown by the arrow. These switches are power €lectronic devices.
They may be pulse triggered for which current pulses are required to turn on.. Examples of pulsed-
triggered devices are SCR, GTO, and MCTs. Some of the devices such as BJT, MOSEET, and IGBT
are level-triggered for which voltage pulses are needed to turn on. The SCR'is most.commaonly used for
controlled rectifiers.

yy,m
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Figure.4.3 (a) Representation of a half~wave rectifier using a unidirectional switch

The phase control rectifier uses three methods of.control.to.control the output. They are

(a) Firing angle control or phase angle control.

(b) Conduction angle control.

(c) Pulse wide modulation (PWM) control:

In firing angle control, the SCRis'turned on by the application of current pulses (gate pulses) at a
particular angle with respect to the input voltage. The firing angle a is measured from a reference point.
Generally, the reference point-is the zero-crossing point of the input AC waveform. The a is 0° means
the zero-crossing point (reference point) at which anode voltage first reached positive in every cycle at
which the firing pulse is applied. The a is 30° means the firing pulse is applied at 30° from the reference
in every cycle. This.method of controlling the output voltage is called phase angle control. Figure 4.3(b)
shows the waveform of phase angle control.

In the conduction angle control or simple 3 control, the conduction period is controlled. The rising
edge of the control pulse coincides with the beginning of the input AC waveform. The falling edge lies
at an angle = (7 - ). In the triggering circuit, two short pulses are generated one is to turn on and the
other is to turn off the SCR. The waveform for such control is shown in Figure.4.3(c).

In the PWM technique, the pulse is symmetrically positioned at the peak of the positive and negative
half cycle. Here, pulse width (J) is the control parameter. Like the conduction angle, the control pulse
comprises two short pulses. For multiple pulse width modulation, there any finite numbers of pulses
(say p) and in this case p and ¢ are the control parameters. The waveform for such control is shown in
Figure.4.3(d).
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44 PERFORMANCE PARAMETERS IN RECTIFIER CIRCUITS

There are various types of rectifier circuits. The performance of these is evaluated in terms of some
parameters. They are given.below.
(a) The average value of the output voltage. It is denoted by E4c or Vi or sometimes V.
(b) The average value of output current or load current. It is normally denoted by ZLuc or L.
(c¢) The DC output power, denoted by Py is given by
P, =Vl (or VI, orE, 1, ) 4.2)

(d) The root mean square (RMS) value of output voltage. It is denoted by Erms or Vims
(e) The rms value of output current (/)
(f) The output AC power. It is denoted by P, and is given by

Pa(r = E)"HIS.I)’WIS Or I/rms 'Irms (4'3)
(g) The efficiency of rectification. It is denoted by # and given by
m= e (44)
P

ac

For an ideal rectifier, efficiency # is 100%.
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(h) The output voltage is composed of two components. They are (i) dc component, (ii) ac
component, or ripple.

(1) The effective or rms value of the ac component of the output voltage. It is normally denoted
by Euc or Vi and expressed as

I/ac or Eac = \/E'rms2 _Ed02 or \/V;'msz - I/0102 (45)
(G) The form factor. It is the measure of the shape of the output voltage. It is denoted by FF and
given by
V. (orE
— rms( rms ) (4.6)
I/dc (Or Edc)

(k) Ripple factor. It is the measure of the content of the ripple in the DC output. It is normally
denoted by RF, and given by

2
JulorBy) (V—] ~1=+FF -1 (4.7)
Vie(or E;) Vae
For an ideal rectifier, Vac is equal to zero. Hence, RF = 0.
(1) The transformer utilization factor. It is denoted normally by TUF, and defined as follows
Lac
VI (or EJ )
where Vs and Is are the RMS value of voltage and current at the secondary of the transformer at the
input. For an ideal rectifier, TUF is equal to unity.
(m) The displacement factor. It is the<cosine of the angle (@) between the fundamental component
of input voltage and current. It is also-known as displacement. power factor (DPF). It is
denoted by DF and given by

TUF = (4.8)

DPF or DF= Cos® (4.9)
(n) The harmonic factor (HF) of the output current. HF measures the distortion of the waveform.
It is called total harmonic distortion (ZHD). It is expressed as

N 2 b2
THD orHF:(I‘“ZI_—ZI‘“ZJ ’ :[( L ] —1] (4.10)

Isl

sl

where /;; is the fundamental component of input current /. Both /; and I, are expressed in rms
value. For an ideal rectifier,/THD is equal to zero.
(o) The power factor of a rectifier circuit is given by PF and is expressed as

V. 1
PF =—="3Lcosgp =L cos 4.11
1 ¢ ; ¢ (4.11)

In the case.of purely sinusoidal input current (is), Iy = I,;, and hence, the power factor PF is
equal to the distortion factor. For an ideal rectifier, PF is equal to unity.

(p) The crest factor. It is normally denoted by CF. It is a measure of peak input current (denoted
by Iypeay in caparison with input current /. The CF is expressed as

I,
CF =) (4.12)

s

4.5. SINGLE PHASE HALF WAVE CONTROLLED RECTIFIER

There is only one SCR used in the circuit of a single-phase half-wave-controlled rectifier. It is
placed between the connected load and the ac source. Controlled rectifier efficiency is extremely
sensitive to the nature and settings of the connected load circuit.
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4.5.1. Single Phase Half Wave Controlled Rectifier with Resistive (R) Load

The schematic representation of a single-phase half-wave converter with resistive (R) load can be
seen in Figure.4.4 (a). The trigger circuit is not portrayed in the diagram. The supply voltage or
transformer secondary voltage, e = E,, sinwt supplies the power to the circuit. It is assumed that the
forward and reverse blocking ratings of the thyristors are never exceeded by the peak supply voltage.
Figure.4.4 (b) depicts the voltage and current waveforms for the circuit shown in Figure.4.4(a).
Throughout the Unit, it is assumed that SCR is ideal.

During the positive half-cycle of the supply voltage, the anode of the SCR is positive with respect
(w.r.t) to its cathode. The SCR prevents the load current from flowing forward until it is triggered by
an appropriate gate pulse. The voltage drop across the SCR is assumed to be zero. Thus, the full supply
voltage is applied to the load when the thyristor is fired at an angle of . Consequently, the load is
connected directly to the ac supply. With a source that has no reactance and a load that-only has
resistance, the waveform of the current after the thyristor is turned on will be the same as the'wave of
the applied voltage, and the current will depend on the amplitude of the voltage and the value'of the
load resistance R. The load current will continue to flow until it is commutated at w¢ =7 by the inversion
of the supply voltage, as shown in Figure.4.4 (b). The thyristor conducts during (7 — a =/f) is called the
conduction angle. By varying the firing angle a, the outputvoltage can be regulated. During the negative
half-cycle, the thyristor prevents current from flowing through thedload, so-load R-is not supplied with
power.

Supply e
voltage
0 »- Wi
Firi u 2m 3m
iring _ A
pulses
Ig o I-I I-I > wt
{0l —igi—
Load &
voltage,
Bie o »-wt
1-0
supp|y Load 1
current,
l lac o » Wt
Vr T/
° > ot
(a)
(b)
Figure.4.4 Single-phase half-wave rectifier with R load (a) Circuit, (b) waveform
Following are the steps for deriving the average load-voltage value
17 .
E, =—JEm sinowt d(wt) (4.13)
27,
Where E,, represents the maximum ac input voltage.
1
E, =——E,[-cosol];
2 (4.14a)

E
=—(l1+cosa)
2
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The average output voltage becomes maximum when o = 0°. The maximum value of output voltage is
given by

E, :&(1+cosa):&(l+1):E—m (4.14b)
2 2 V4
The average current drawn by the load can be expressed as follows when using the R load:
E
I, =—"-(+cosa 4.15
d ZIZ'R( ) ( )
The RMS load voltage is calculated as follows for a firing angle of a:
1 . 1/2 Ez . 1/2
E =|—|(E, sinwt)’ d(wt =| =2 |sin® ot d (ot
Lﬂl( ,siner)*d( >} Lﬁl ( )}
5 1/2 | 2eor \* 1/2
1 51— i
_| J- cos 2wt d)| =B | w- sin2ot
2z 2 4r 2 ),
T—a sin2a |’
~E =E + (4.16)
‘ 4r 8
E 1 2
Or E,  =—*|(7r—a)+=sin2a 4.17)
N [( )2 }
The RMS value of the output current is given by
I, :%:L[(n—a)+lsin2a}2 (4.18)
*" R 2RJm 2

The power delivered to the load is given by the multiplication of RMS ‘current and RMS voltage, and
given by
E 2
Prms v Erms[rms = % = [I‘WIYZR (4' 19)

The input voltampere is the multiplication of the rms value of the source voltage and the total rms value
of the line current and is given by

V2E?

1 2
Input voltampere =E ./, = T—a)+—sin2a (4.20)
P 5 " 2RIm [( )" }

The input power factor is given by

Power delivered to theload £, 1, . E, 4.21)
Input VA E E '

s rms s

Input power factor =

Also, the inputpower factor can be calculated by putting the value of £, from (4.17) and is given by
1

1 1 2
Input power factor = —[ 7T —Q)+—sin 20:} (4.22)
NGY ( ) 2
4.5.2. Single Phase Half Wave Controlled Rectifier with Inductive (RL) Load

In Figure.4.5 (a), an inductive load is shown connected to a single-phase half-wave-controlled rectifier.
Figure.4.5 (b) illustrates the waveforms of both the voltage and the current.
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Figure.4.5 Single phase half wave-controlled rectifier with RL load (a) Circuit, (b) 'Waveforms

The load is considered to be extremely inductive. Under inductive loads, the circuit behaves
slightly differently. After the thyristor is triggered at time 71, the load current through the inductive load
will rise steadily over some time. Thus, supply voltage appears across the load. The gradual increase in
current is caused by the inductive load. The inductor stores energy from time #o; to #. At time #;, the
supply voltage is inverted, but the thyristor continues to conduct. This is because the current that is
passing through the inductance cannot be made to equal zero..During a negative-voltage half-cycle,
current flows until the energy that was stored in theinductance is dissipated in the load resistor, at which
point some of the energy isreturned to its source. Because of the energy that is stored in the inductor,
the current will continue to flow up until instant #,,. At the time#{1, the supply voltage is negative, which
causes the thyristor to turn off. This is because the load current is at zero at this point. When the pulse
is applied once more at time #p, the process ‘starts all over again. Because of this, the effect of the
inductive load lengthens the amount of time that.the SCR is conducted. The half-wave circuit is not
utilized very often because it is.incapable of providing continuous load current and has a large ripple in
the output voltage.

The average voltage across the load is

T+a

1
E=o- j E, sin ot d(r) (4.23)
72- o

c

Here, it has been assumed that the SCR operates for a duration o during the negative half cycle.

T+a
a

E
E, =—"[-coswt]
2r

4.24
£ (4.24)
=—"cosa
T
In terms of conduction angle f5, we can write equations (4.5) and (4.12) as follows.

15 E,

E, :_,[Em sinwt d(wt) =—=(cosa —cos ) (4.25)
- 2re 2r

The average load current is given by
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E E
I, orl, ==9%=_—" (cosq—cos 4.26
0 de R 27Z'R( ﬁ) ( )
The RMS value of load voltage is given by
1
1 (F ., ., PR ) 1, . . ]2
E_=|—| E “sin“otd(wt)| =—2= —a)——4sin2f —sin2a 4.27
[ — ], En ( )} N;[(ﬂ )= sin2p CEY)

It can be seen from the above equations that in the case of an inductive load, the average load voltage
is decreased with an increase in firing angle. This is because SCR operates in a negative cycle.

4.5.3. Single Phase Half Wave Controlled Rectifier with freewheeling diode

Many circuits, especially uncontrolled or half-controlled ones, employ the use of a diode across the
load. This diode can be called either a commutating diode or a bypass diode, or a freewheeling diode
depending on the context. When the load voltage goes into reverse, it commutates or transfers the load
current flowing through the SCR. This diode has two primary functions. They are

(a) It prevents the load voltage from being inverted except in the case of a small-diode voltage.

(b) The main rectifier thyristors can revert to their blocking states after the load current has been

diverted away from them.

Following are the advantages of the freewheeling diode in convertet circuits

(a) It improves the input power factor.

(b) Improves load current waveforms and thus the performance of the load better
Figure.4.6 (a) depicts a half-wave-controlled rectifier that also includes a‘freewheeling diode Dr that is
connected across the RL load. The waveforms are shown in-Figure.4.6 (b). The Dr diode prevents the
thyristor from conducting beyond 7 or 180°.
At wt = 0, the source voltage becomes positive, the SCR is forward-biased, and Dr is reverse-biased.
When the SCR is triggered at an angle o, the SCR T/ conducts, the supply voltage e = E,Sinwt is
appeared across the load till ot = 7. At wt = 7, the source voltage is zero. After wt = x, the source
voltage (e) becomes negative and the thyristor is reverse-biased and will not conduct, the freewheeling
diode is forward-biased and conducts. Thus, load current transfers the current from SCR to Fp. It is
assumed that the load current does not.decays to zero till the thyristor is triggered at (2z+a). The voltage
drop across the F) is almost zero. Thus, the load voltage during the period for which Fp conduct is zero
The voltage across thyristor 7//during this period is shown in Figure.4.6(b). The turn-off time of the
SCR is given by

: == (4.28)

The source and the SCR currents are the same. The operation of the half-wave rectifier with a
freewheeling diode is dived into two modes of operation. They are as follows.

Mode-I: Conduction mode. The range of angles is a<wt <7

Here the SCR conducts from a to 7, (2z+a) to 3z, and so on. The FD is reverse-biased and will not
conduct. The time duration is second. Let us assume that at the beginning of this mode load current is
1,. The expression for load current, iy can be derived as follows. The voltage equation of the circuit is
given by

di,

Riy +L
dt

=E, sinot (4.29)

Solving for iy, we will get

= Z sin(or — ¢) + Ae{zjl (4.30)
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where the angle @ is the angle by which the source current /i lags behind the source voltage Es.
The value of constant A can be obtained from the initial condition. At wt = 0, i, = /,,. The value time ¢
is expressed by t =o/w. Putting these values in the above equation, and solving for A, we will get,

E Ra
A:[IO —?”sin(a—qﬁ)}em (4.31)
R a
E E 17\
Sy =—2Sin(wt—¢)+| 1, ——2Sin(a—¢) |e (L]( ”j (4.32)
zZ VA
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Firin { m g
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current,gT\/lT/*_/iT\
(a) » Wt
th/
\ > ot

(b)
Figure.4.6 Single phase half wave-controlled rectifier with a freewheeling diode (a) circuit, (b)
Waveforms
Mode-II: Freewheeling mode. The range of angles is o < @t < (27r + a)
The range of this mode is 7 to 2z, 37 to 47, and so.on. The.SCR is reversed biased and Fp is forward-
biased. Let at the beginning of this mode load current is /y; and the load current is continuous. The
voltage equation of this loop is given.by

di
0=Ri; + L= 4.33
LS, (4.33)
The solution for iy is given by
R
- =t
i, = Ae (Lj (4.34)

Putting the initial condition; we can find the value of constant A. At wt =z, iy =Iy;. Thus, the expression
for A is

a= 1o (4.35)
@(“gj (4.36)

iy = IOIe_
The average load voltage, Eq. or Vy is given by
1% E
E, orV,=— | E sinotd(wt)=—-(1+cosa 4.37
dc 0 271_:[ m ( ) 272_ ( ) ( )

The average load current is given by

E E
I (orl,)=="4=""_(1+Cosa 4.38
o (orl)) R 27TR( ) (4.38)
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4.6. FULL WAVE-CONTROLLED RECTIFIER

There are different types of controlled rectifiers. Also, many ways are available for the classification of
controller rectifiers. Some of them are given below.

(a) Based on the supply phases. Example Single phase, and three phase. The rectifiers that were
discussed previously in this unit are single-phase half-wave converters.

(b) Based on the number of current loads current pulses per cycle of the supply voltage. The
converters already discussed are single phase half wave-controlled rectifiers are single phase
single pulse converters because these converters produce only one pulse of load current during
one cycle of the supply voltage. If the converter produces two pulses per cycle, they are called
two pulse converters.

The disadvantages of single-phase half-wave or single-phase one-pulse converters are minimized by
using single-phase full-wave or single-phase two-pulse converters. Practically there are two basic
single-phase full wave or single-phase two pulse-controlled rectifiers. They are

(a) Single phase full wave (or two pulses) midpoint-controlled rectifier

(b) Single phase full wave bridge rectifier or single phase two pulse bridge rectifier.

Both types will be discussed in detail.

4.6.1.  Single phase full wave (or two pulse) mid-point-controlled rectifier

A single-phase (1-®) full wave-controlled rectifier circuit with amid-point configuration uses a center-
tapped secondary winding 1-® transformer along with two thyristors‘to’complete the circuit. This type
of converter is sometimes referred to as the two-pulse converter because to'trigger the various thyristors,
it is necessary to produce either two triggering pulses or two sets of triggering pulses during each supply
cycle. Most of the time, these kinds of circuits are used for low-rated outputs.

4.6.1.1.  Single phase full wave mid-point-controlled rectifier with resistive (R) load

The fundamental configuration of a single-phase, centre-tap controlled rectifier with a resistive load is
illustrated in Figure.4.7(a). Unlike half-wave rectifiers, full-wave rectifiers allow for independent phase
control of the positive and negative halves of the AC.supply, resulting in a DC voltage of larger
amplitude and less ripple.
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Figure.4.7 Single phase full wave mid-point-controlled rectifier circuit with R load (a) circuit, (b)
waveform
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Terminal 4 of the transformer has a positive potential with respect to terminal B or terminal 4
has a positive potential with respect to N when the supply voltage is in its positive half-cycle. As a
result, SCR; (7)) is forward biased while SCR; (73) is reverse biased. Since the SCRs don't get any
pulses to turn them on, they are in the off state. When 77 is triggered at an angle of firing a, current
would flow from terminal 4 through 7; and the resistive load R, and then back to the center tap of the
transformer. Figure.4.7(a) also shows this current path. Until the line voltage flips polarity and 77 is
turned off, this current will continue to flow up to the angle n. The conduction period of 7; can be any
number between 0 and 7, depending on the value of a and the parameters of the load circuit.

The transformer terminal B is positive with respect to N during the supply voltage negative
half-cycle, which causes T to be forward-biased and 7, to be reverse-biased. When 7> is triggered at
an angle of (t + a), the current travels from terminal B through 7% and the load (R) before going back
to the center tap of the transformer. This current is maintained until angle 2z is reached, at which-point
T is turned off. Since the same firing angle is used to trigger both SCRs, it is reasonable to assume that
they each take an equal amount of the load current. As there are two input waves (i.e.,-positive and
negative) applied across the load. Because of this, two current pulses are traveling in the same direction
across the load. As a result, the ripple frequency across the load is equal to twice the frequency of the
supply. The waveforms of the voltage and current for this configuration can besseen in Figure.4.7 (b).
As can be seen in Figure.4.7 (b), the load current will never be continuous when dealing with a purely
resistive load.

Following is the derivation of the voltage and current relations:
Eq., the dc voltage across the R load, is calculated as follows:

175 . E E
E, =—JEm sinwtd(owt) =—[-coswt], =~2(1+cosa) (4.39)
T T T
The formula for the average load cutrent is given by
E
I, =—"(l4costr) (4.40)
7R

For a specific firing angle a, the RMS load voltage:

1/2

. 1/2 .
E, = {lej‘ sin’ wtd(wt)} >E {ljsin2 a)td(a)t)}
4 a 4 o

1/2 1/2
1 #(1=cos2 1 in2awr )
<p' _j- cos2mt (o) E|L a)t_sm ot
e 2 27 2 ),
1 sin2a —sin2rxw v 1 sin2a -
=E |—|r-a+——— =E | —|r-a+ -0
2 2 2r 2

. 1/2
T—a sin2a
+

441
2r 4r (“441)

4.6.1.2.  Single phase full wave mid-point-controlled rectifier with inductive (RL) load

Thus, Erms = Em|:

Figure.4.8 (a) is a schematic representation of an RL-loaded single-phase full-wave controlled rectifier.
Waveforms of both voltage and current are shown in Figure.4.8 (b), which can be found below.

After e; becomes positive, 71 can be switched on at any time, as shown in Figure. 4.8 (b). The
current in the inductive load begins to build up as soon as 7 is turned on. This will maintain 7; on state
until the value of e; becomes negative. However, as soon as e; begins to exhibit negative values, e,
begins to exhibit positive values. This causes 7> to fire immediately, turning it on and consuming the
load current while simultaneously applying a reverse voltage to thyristor 7i, which transfers its current
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to T». Figure.4.8 (b) shows the V'r waveform for a thyristor. When V7 is positive, the thyristor can be
turned on at any time. The maximum value of the secondary transformer voltage is represented by 2E,,,
which is the peak voltage that is measured across the thyristor in both directions.

The load current can be either continuous or intermittent, depending on the value of the
inductance. Continuous load current flow is observed whenever the inductance value is greater than its
critical value. It is considered to be discontinuous if the measured inductance value is lower than the
critical value. The analysis presented here assumes that the inductance is sufficient to allow each
thyristor to conduct for 180°. In addition to this, because both thyristors are triggered with the same
delay angle, the load current is divided in half. Because of the large inductance in the circuit and the
continuous current conduction, thyristors can keep conducting even when the voltage at their anode is
negative in comparison to the voltage at their cathode. This behavior is illustrated in Figure.4.8(b). It
has been demonstrated that the load current is constant dc.
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Figure.4.8 Single phase. full wave mid-point-controlled rectifier circuit with RL load (a) circuit, (b)
Waveform
The output DC voltage can now be calculated as:

n+a

1 \ E 2F
E a7 j E sinwtd(wt)=—[cosa —cosa(r +a)|=—"=cosa (4.42)
T Vs bia

This equation has'led to some conclusions.
(a) When a = 0°, the output voltage will be at its highest point.
(b) At a firing angle a = 90°, the voltage output will be zero. It indicates that the output voltage
will have equal amounts of positive and negative regions.
(c) The converter operates in inversion mode for firing angles greater than 90°. At o = 180°, the
voltage will be negative at its maximum.
According to the observations, the output power can be set to any value by adjusting the firing angle,
which ranges from 0 to 90 degrees for inductive loads and from 0 to 180 degrees for resistive loads.
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4.6.1.3. Single phase full wave mid-point-controlled rectifier with freewheeling diode

Figure.4.9(a) is a representation of the full-wave Centre-tapped phase-controlled circuit, which includes
an inductive load with a freewheeling diode. Waveforms of the load voltage and current are also
depicted in Figure.4.9(b). The thyristors are triggered at angle a, as seen in Figure.4.9(b). The variable
dc voltage at the load is achieved by changing the firing angle. The load voltage cannot be negative as
the supply voltage approaches zero at 180 degrees, as shown by Figure.4.9(b), because the freewheeling
diode, Dr, begins to conduct. Current freewheeling through the diode maintains a constant load current.
Figure.4.9(b) also depicts the conduction period of thyristors and diodes. Due to the energy storage
capabilities of the inductive load, current flows through the feedback diode in the direction of the arrow
shown in Figure.4.9(a). This current decay rate is influenced by the time constant of the load.
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Figure.4.9 Single phase full wave mid-point-controlled rectifier with RL load and freewheeling diode.
(a) Circuit, (b) Waveform

The following formula can be used to calculate the average dc output voltage:

f . E
E, = lem sintd(wt) =—"(1+cosa) (4.43)
o, /4
The dc load current can be calculated using
E
I, =—"(1+cos) (4.44)
7R
The formulas for the average current flow through the Dy are as follows:
a E a
I=1,—=—=(+cosa)— 4.45
DF dc T ﬂ'R( )R ( )

4.6.2.  Single phase full wave bridge rectifiers

Four thyristors are required for a single-phase bridge converter. This configuration results in
operation in two quadrants. This type of converter configuration is known as a two-quadrant converter
or a fully controlled converter. Figure.4.1(b) illustrates a two-quadrant converter where voltage polarity
can change but the current direction cannot. Two thyristors are frequently replaced by two diodes to
modify bridge configurations. This configuration yields one quadrant operation. Such a converter
configuration implied a semi converter or one-quadrant converter. A one-quadrant converter has a
single output polarity for DC voltage and current, as shown in Figure.4.1(a). Load on the converter can
be either resistive (R) or inductive (RL) type.
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4.6.2.1. Single phase full wave bridge rectifiers with resistive (R) load

Figure.4.10(a) depicts a circuit diagram of a single-phase fully controlled bridge rectifier. This circuit
adheres to the same fundamental rules as the two-pulse midpoint circuit depicted in Figure.4.7(a). In
the bridge configuration, diagonally opposite pair of SCRs are made switched on and off
simultaneously. SCR T; and SCR 7> are forward biased during the positive half of the supply voltage,
and if they are triggered at the same time, current flows the path L-SCR 7;-R SCR T>-N. During the
negative half of the supply voltage, when T3 and 74 are forward-biased, current flows through the path
N- SCR T3-R-SCR Ty -L if they are both turned on at the same time. At the same firing angle o, SCR
T;, SCR T> and SCR T3, SCR Ty are triggered during the positive and negative halves of the supply
voltage. If the supply voltage drops to zero, the resulting current is also zero. Thus, by natural
commutation, SCR 7, SCR T> and SCR T3, SCR Ty are turned off in the positive and negative halves
of the cycle, respectively. Figure.4.10(b) depicts the voltage and current waveforms for the circuit
configuration shown in Figure.4.10(a). For this bridge configuration, Eq4., i, and E,.s expressions are
the same as equations (4.39), (4.40), and (4.41), respectively.
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Figure.4.10 Fully controlled bridge circuit'with R load (a) Circuit, (b) Waveform

4.6.2.2. Single phase full'wave bridge rectifiers with an inductive (RL) load

Figure.4.11 depicts a single-phase fully controlled bridge circuit with an RL load. SCRs 7’; and 7> must
be fired together at the positive half eycle, and thyristors 73 and 7+ in the negative half cycle of supply
voltage, for conduetion to occur and current to flow. Both SCRs 7; and 7> are fired from the same firing
circuit to ensure simultaneousfiring. The current ripple in the circuit is dampened by inductance L.
While a higher value of L will cause continuous current flow across the load. A small value of L will
not be able to support a continuous load current for a large firing angle. Figure.4.12 displays the
waveforms with‘two distinct firing angles.

The DC side voltage output consists of a constant DC component on top of which an AC ripple
component with a fundamental frequency twice that of supply is superimposed. The fundamental
component of the square waveform of the supply input current has a phase relationship with the input
voltage and has an amplitude of /. Figure.4.12(a) shows SCR 7; and SCR 7> triggered at the firing
angle o = 60°. The current follows the path L/- SCR 7; - L - R - SCR T - N. At this instant, supply
voltage appears across the load, forcing current to flow through the load. The load current, I, is
considered to be constant. As shown in Figure.4.12(a) alongside the applied voltage, /s current flows
from source to load and has a direction from line to neutral, which is taken as positive. The voltage is
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now reversed at instant . The thyristors SCR 77 and SCR 7> are conducting and therefore, the negative
supply voltage is visible across the output terminals because of the extremely large inductance L, which
also ensures that the current is maintained in the same direction and at a constant magnitude. 73 and 7
are turned at angle m + a. Thus, the thyristors SCR 77 and SCR 7> are reverse biased by the negative
line voltage, as are the SCR T}, through SCR T3, and SCR T3, through SCR T,. The current takes the
path N - SCR T3 - L - R - SCR Ty - LI. This process is repeated every half cycle, yielding the output

voltage depicted in the figure.
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Figure.4.11 Single phase full controlled bridge rectifier with RL load.
The average dc output voltage can be calculated as follows:
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Assuming that there is a continuous flow of current through the DC terminals, the DC voltage output
can be continuously varied from a positive maximum to a negative maximum by controlling the firing
pulses of the thyristors in a range that extends from 0° to 180°. Even though current flows only one way
on the DC side, the converter's power can go either way because the average DC voltage is reversible.

Rectifying mode: While both E; and /; in the supply are positive during this period o to &, energy is
transferred from the AC source to the load. During the period (x to # + a), E; is negative but /; is
positive. This means that the load gives some of its energy back to the AC source. However, the overall
direction of the power flow is from the AC source to the load. In addition, as shown by equation (4.46),
the converter acts as a rectifier when the a < 90°, since the voltage at the DC terminals is positive in
this case.

Inverting mode: In Figure.4.12 (b), waveforms for the firing angle greater than 90° (say 135°) is
presented. There is now an average negative component in the DC voltage, and the AC current
fundamental component lags the voltage by 135° (a greater than 90°). Because the mean:DC voltage
output is negative for o > 90°, the DC power and mean AC power must be negative as.well./In other
words, the converter is now functioning as a line-commutated inverter, delivering power from the DC
side to the AC side.

Since both types of phase-controlled converters-have been studied, itis:snow possible to list the
benefits of the single-phase bridge converter over the single-phase mid-point converter:

a) Ina midpoint converter, the peak inverse voltage on the SCRs is 2E,,, while in.a fully controlled
bridge converter, it is E,. Therefore, the midpoint configuration handles roughly half the power
of the bridge configuration for the same voltage and current ratings of SCRs.

b) Transformer ratings in mid-point converters are typically double the load rating. However, the
single-phase bridge converter is an exception to.this.

The bridge configuration is therefore preferred over the mid-point configuration. Nonetheless, available
source voltage, load-voltage requirements; and component cost largely dictate which of these two types
is ultimately chosen. If there is a need to ground the dc terminals, a midpoint converter can be used.

4.7. SINGLE-PHASE HALF CONTROLLED BRIDGE RECTIFIER

Many applications require only a positive voltage in the rectifying mode to operate. In such cases, it is
generally preferable to incorporate diodes. into the circuit. In this circuit configuration, the mean DC
terminal voltage can be continuously controlled from maximum to zero, but the reverse is not possible.

4.7.1.  Single phase half-controlled bridge rectifier with resistive (R) load

Eq 10 |!s R<Eu
Y Supply Y
N
(@) ()

Figure.4.13 Half-controlled bridge circuits. (a) Symmetrical configuration; (b) Asymmetrical
configuration.
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As can be seen in Figure.4.13, there are two possible configurations namely symmetrical and
unsymmetrical configurations for a half-controlled bridge circuit with a resistive load. Semiconverters
are another name for half-controlled converters.

A single gate-pulse can be used to trigger either SCR because, in a symmetrical configuration
(Figure.4.13(a)), the cathodes of SCR 7; and SCR T’ are at the same potential. This allows their gates
to be connected. The use of separate-triggering circuits is required for asymmetrical configuration
(Figure.4.13(b)). Waveforms for a symmetrical converter circuit are depicted in Figure.4.14.
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Figure.4.14 Waveforms for symmetrical configuration with R load.

Now let's consider .the scenario. of a.bridge circuit with a half-controlled symmetrical
configuration. The SCR 7;'and diode D; are forward-biased and operate in the forward blocking mode
when the supply voltage is positive. The current follows the path L - SCR 7; - R - diode D;- N when
the SCR 77 is triggered at a firing angle.of a. According to Figure.4.14, the load current will continue
to flow up until the supply voltage is reversed, which turns it off at time wt = z. Similarly, SCR 7> and
diode D; are forward-biased when the supply voltage is negative. The current follows the path N — SCR
T>-A-R-B-diode D; - L, when the SCR T>»is triggered at a firing angle of (x + &) and conducts up
to angle 2z. Voltage and current relationships are calculated as follows.

The average dc load voltage is.given by

E
I E sin otd(owt)=—E, [-cosat], =—=(1+cosq) (4.47)
bid b4
The average load current is given by
E
I, =—"(l+cosc) (4.48)
7R

The RMS load voltage for a firing angle a is derived as follows

2 1/2 . 1/2
E, = {ﬂjsinz wzd(wz)} - {lj(ﬂjd(wz)}
‘ Vs T 2

a

1 2w ) 12 12g T2
_ Em LI Sin 2wt _ Em T—a + SIn 2 (449)
27 2 ), 2r 4r
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4.7.2. Half-controlled bridge rectifier with RL load

There are two possible configurations for a half-controlled bridge circuit with inductive load and both
are shown in Figure.4.15. Figure.4.16 displays the voltage and current waveforms for both
configurations. Take into consideration the symmetrical configuration of the circuit. Figure.4.15 (a)
illustrates that during each positive half-cycle, SCR 77 is activated at a firing angle a. The current takes
the path L/ - SCR T;- point A - L - R - point B - diode D; - N. Here, it is assumed that L is large enough
to support constant load current. The load current /; is assumed to be constant. Therefore, SCR 7'; and
diode D, conduct during the positive half of the supply voltage. Since diode D; is already conducting,
D will be forward-biased when the supply voltage is reversed at wt = 7. As a result, D, turns on, and
the load current flows through diode D, and SCR T;. Since D; is reverse-biased by the supply voltage,
it is disabled. In this way, during the period z to (x + «) in each supply cycle, the load current freely
circulates along the route R - point B - diode D, - SCR T; - point 4 - L1. The forward-biased 7> is pulsed
to trigger at (x + o) during the supply voltage negative half-cycle and 7> is switched on. The supply
voltage reverse-biases 7 and then turns it off as 7> is turned on. As a result, the load currentis conducted
through 7> and D, the aforementioned cycle is repeated, and the resulting waveforms, as depicted in
Figure.4.15 (a), are analogous to those of a fully-controlled converter with a freewheeling diode. This
configuration is referred to as a symmetrical circuit because the conduction periods ofthe thyristors and
the diodes are identical.

Consider the circuit in Figure.4.15 (b), where SCR T; and D; are forward-biased during the
positive half-cycle of the supply voltage. The SCR 73 is turned ON at firing angle «, as shown in
Figure.4.16 (b). The current takes the path L4 - SCR T - point A ~-L - R-'B - diode D; - N. As a result,
SCR T, and diode D; operate from o to z. Similarly, 7> and diede D> conduct from (7 + a) to 2z during
each negative half cycle of the supply voltage. The diodes-D; and D provide the freewheeling action
from 0 to a and from 7 to (7 + &) in each power cycle. This converter setup makes use of thyristors and
diodes whose conduction periods differ. Therefore, this setup. 'is referred to as the asymmetrical
configuration.

.

(a) (b)
Figure.4.15 Half-controlled bridge rectifier with RL load. (a) Symmetrical configuration; (b)
Asymmetrical configuration.
The expression for the dc output voltage is:

1% . E
E, :;J.Em sin ot d(wt) =7”’(1 +cosa) (4.50)

The following differences can be seen when comparing a 2-pulse half-controlled converter to a full-
controlled converter:
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(a) Because diodes are used in place of half of the SCRs, half-controlled converters are more
affordable than fully-controlled ones.

(b) In the half-controlled converter configuration, the negative voltage at the DC terminals is
replaced by freewheeling periods of zero voltage. Getting rid of the negative voltage at the DC
terminals is a good thing because it lowers the ripple voltage and, as a result, reduces the need
for filtering.

(c) Half-controlled converters have an improved power factor because of the freewheeling
behavior of the circuit.
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Figure.4.16 Waveform of half-controlled full wave bridge rectifier (a) symmetrical configuration, (b)
asymmetrical configuration.

Half-controlled circuits distort the'source AC more than fully-controlled bridge circuits. When
powering large DC motors from a single-phase AC source, half-controlled converters are commonly
used in mainline AC traction,

4.7.2.1. Operation of 1-phase half-controlled bridge rectifier with practical load (R-L load)

Practical loads consist of a combination of resistance R and inductance L, both of which have finite
values. The value-L and R decides how much energy will be stored by the load and how much will be
released during the freewheeling process of the converter. The value of load current thus may be
continuous or discontinuous. Thus, depending on the nature of the load current, the operation of the
semiconverter for practical load (RL load), is divided into two modes,

(a) Continuous conduction mode.
(b) Discontinuous conduction mode.

Continuous conduction mode: Continuous conduction mode demonstrates a non-zero load current
that gradually rises and falls with a finite ripple but does not reach zero because of the larger value of
load inductance. Switches in a symmetrical arrangement will continue to have a conduction angle of 7.
As can be seen in Figure.4.17 (a), the load current drops from I, to [u, during the freewheeling
intervals. Because it produces better results, this mode is preferred in motor control applications.
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Figure.4.17 Waveform for the half-controlled symmetrical bridge with practical R-L-'load (a)
Continuous conduction mode, (b) discontinuous conductionimode

Discontinuous condition mode: During the freewheeling intervalof the discontinuous mode; the load
current drops to zero well before the next SCR is turned on, as shown in Figure.4.17 (b). Increased load
current ripple results in a decreased conduction period of devices:' This mode is‘not appropriate for
applications such as dc motor speed control.

4.8. Common Anode and Common Cathode for Three-Phase Controlled Rectifier

Before discussing three phase-controlled rectifiers it is necessary to understand the common cathode
and common anode configuration of converters using diodes. Figure.4.18 shows such circuits. In
Figure.4.18(a), the cathodeterminals of the diodes are connected together at a common point and it is
called a common cathode arrangement. On the other-hand, in‘Figure.4.18(b) the anode terminals are
connected together at a common point and it is called a common anode arrangement. These figures are
of three-phase half-wave configurations. In Figure.4:18(a), diodes A;, B;, and C; are connected in a
common load. The other side of the load is connected to the neutral point N of the supply. The load
terminal P is positive in this figure. On the other hand, the anodes of 4>, Bz, and C: are connected to
common point Q. The terminal of theload is connected to the neutral point of the supply. The terminal
Q is negative in this case: Thus, the output voltage is positive in the common cathode configuration and
negative in the case of the common anode configuration.
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Figure.4.18 Three phase half wave diode rectifier (a) Common cathode anode configuration, (b)
common anode configuration

If the common anode and common cathode circuit are connected in series, we will get six pulse
converters. In Figure.4.19(a) the neutral point is shown. But in this series connection, there is a load
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current if there is no neutral. The same is shown in Figure.4.19(b). After rearrangement, the ultimate
six-pulse circuit (three-phase bridge) circuit is shown in Figure.4.19(c). If we replace the diodes with
SCRs we will get the 3-phase full wave controlled bridge rectifier.
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Figure.4.19 (a) &(b) Series connection of 3-phase half wave circuits, (c) Ultimate 3-phase full wave
circuit

4.9. THREE-PHASE CONTROLLED CONVERTERS

When powered by a single-phase input, the.converter’s DC outputs exhibit-excessive ripple voltage.
The extra heat that is generated by this ripple is usually not desired. As a result; a large inductor is
required to smooth out the output voltage and reduce the possibility of discontinuous operation. As the
number of pulses increases, the amount of smoothing that is required. decreases. A three-phase AC
source with an appropriate converter link allows for a rise in the number of pulses. When the converter’s
number of input pulses is raised, the number of segments that create the output voltage rises as well,
and the ripple content reduces. The higher the number of pulses; the better the output. Large power
applications typically employ three-phase réctifier €ircuits. Three-phase controlled converter circuits
can be classified as follows:

1. Three-pulse converters configuration.
2. Six-pulse converters configuration.
3. Twelve pulse converters

4.9.1. Three Pulse Converters

The term "three-phase half wave-controlled rectifier" is also used to describe three pulse converters.
The three-pulse midpoint converter is the most basic type of phase-controlled converter that runs on a
three-phase supply.

4.9.1:1.  Three phase half wave-controlled rectifier with resistive (R) load

The circuit diagram of a three-phase half wave-controlled rectifier with R load is shown in Figure.4.20
(a). All of the phases of this configuration share a common terminal that is referred to as the neutral
point or the midpoint. This converter is also known as the mid-point configuration. The transformer
primary is connected in a delta, and the secondary is connected in a star, as shown in the diagram. The
load is connected between the three-phase common contact and the neutral point. Three-phase voltage
is depicted as a vector in Figure.4.20(b).
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Figure.4.20 Three phase half wave-controlled rectifier with R load (a) circuit, (b) Vector diagram of 3-
@ voltage.

In this configuration, only one SCR that is connected to the phase with the highest instantaneous
positive value is active at any given moment. Given that the other conducting phase keeps ‘all. SCRs
reverse-biased below a phase angle of 30°, none of them can be triggered at lower angles: Therefore,
the firing angle is calculated from 30° with respect to the corresponding phase voltage fora particular
SCR connected in a specific phase.

Figure.4.21 displays the waveforms for the three-phase half wave-controlled rectifier feeding
R load. If you look at the vector diagram, you'll see that'bothphase 4 and phase C.are positive with
respect to neutral. Since the 7; connected to phase A4.is reverse biased by:the conducting 73, it cannot
be triggered at an angle lower than 30°. So, 30° is the minimum angle for firing. The voltage waveforms
cross over points, which correspond to the points at which equivalent thyristors would begin to conduct,
are used to calculate the firing angle a. Hence the conduction period for each thyristor equal is 120°.
T, as depicted in Figure.4.21 (a), will conduct from w¢ = 30° to 150° because it is more positive than
7>, and T3 during this time. 7> will conduct from wt = 150° to 270° and 73 from w? = 270° to 390°.
When one SCR is conducting, the other two blocking SCRs_are reyerse-biased, causing the common
cathode terminal p to rise to the highest positive voltage of that phase. The voltage across the load is
shown in Figure.4.21. The R load allows for two different modes of conduction.

(a) Continuous conduction (a < 30°).

(b) Discontinuous conduction (o > 30°).
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Figure.4.21 Waveforms for three pulse with resistive load.
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When the firing angle a is from 0° to 30°, from the cross-over point, the load current is
continuous. Figure.4.21 (c) depicts this continuous conduction mode. The output voltage and current
pulses become discontinuous if the firing angle is greater than 30°, meaning that for a portion of the
cycle, the voltage and current are both zero. Figure.4.21 (d) depicts this intermittent conduction mode
of operation. Voltage and current are derived for both continuous and discontinuous conduction
modes as follows.

Continuous conduction mode (for0 <a <30°) : If the phase to neutral voltage E4v = E,, sinwt, then
(a) Average load voltage is given by
1 a+150° 3E ) 3\/§
E, = E sinwtd(of) = —2[-coswt]*™" ==—==F Cosa 4.51
de 272_ /3 J’ m ( ) 272_ [ ]a+30 272_ m ( )

a+30°
(b) Average load current is given by

33

Id —M—REmCOSOC (452)
(¢) The maximum value of DC output voltage (Vam or Ean), is expressed as
2

(d) The normalized value of DC output voltage (V; or Ey), is expressed as

E
V orE, =—% =Cosa (4.54)

dm

(e) The RMS load voltage for a given firing angle a is given by:

o 1/2 o 1/2
3 a+150 5 s 3 a+150 I_COSZwt
E =|— E’sinffotd(ot)| =E,|— —" |d(wt
[ | Eisinford@n] =B, y (e0)

27 a+30° a+30°

4

- 5.91/2
. a+150
3 aslso’ 3 (sm Zwt]

=E | —(ot ey —
" 47r( Jasas 4z 2

a+30° a+30°

3 @+150° a+150° R
=E,| =< d(wn) ~—— [ cos 20t d(er)

a+30°

1/2
=E i[a +150° -30°] —i[sinz(a +150")—sin2(a +30° )]}
|4 87

1/2 1/2
2K {l—iz(—coﬂa)ﬁ} =E, {l+£c052a} (4.55)
2 8w 2 2 8z
Discontinuous conduction mode (for30° <a <150°)
(a) Average load voltage is given by
o 3E
E, = E sinot.d(wt)=—2|1+cos(a +30° 4.56
w 27[/3%{()0 : (or) =21+ cos( )] (4.56)
(b) Average load current is given
3E
I,orI,orl, =—"|1+cos(c+30° 4.57
d o de ZIZ'RI: ( ):I ( )

(c) The RMS load voltage is given by
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1/2

180° . 12
B = — [ EXsin?orden| = 3Em[5” 3a | sinQa+x/ 3)} (4.58)
Co 2w /3 5, 22| 37 ™

4.9.1.2.  Three phase half wave-controlled rectifier with inductive load (RL)

The circuit diagram of a three-phase half-wave-controlled rectifier with RL load is shown in
Figure.4.22. The transformer primary is connected in a delta, and the secondary is connected in a star,
as shown in the diagram. Figure.4.23 displays the waveforms for the three-phase half wave-controlled
rectifier feeding RL load assuming continuous load current. Figure.4.23 (a) shows the waveforms for
the firing angle of 0°. Each thyristor conducts for a period of 120° of supply voltage, and the output has
three pulses because the ripple voltage fundamental frequency is three times the supply frequency. Each
thyristor current waveform is unidirectional, rectangular in shape, and has a 120° duration of
conduction.

Figure.4.23 (b) shows the waveforms for the firing angle of 45°. Because of this.change, the
fundamental component of the ac input current now lags the voltage by 45°, and the averagevoltage at
the dc output has been lowered.
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Figure.4.22 Three phase half wave-controlled rectifier with RL load.

Figure.4.23(c) shows the waveforms for the firing angle of 90°. The fundamental component of the
current waveform of the ac input lags the voltage by 90°, so the average voltage at the dc output is zero.
Even when the instantaneous voltageis in the.negative range, the continuous flow of current is
maintained because of the large smoothing reactor, Therefore, to achieve rectifier operation, the firing
angle must be changed from 0° t0-90°.

Figure.4.24 (a) shows the waveforms for the firing angle of 135°. The dc terminals have a
negative mean voltage when measured with a dc voltmeter. Because of this, the rectifier connection
acts as a load within the dc¢ circuit 'and transfers energy from the dc circuit to the ac system.
Figure.4.24 (b) shows the waveforms for the firing angle of 180°. The maximum value of the mean
voltage at the dc terminals is negative, which is almost equal to and the opposite of the maximum value
of the positive value that can be obtained when the angle is set to 0°. As a result, the converter is now
in "inversion mode," with a nearly 180° phase shift between the fundamental component of the ac input
current waveform and the voltage.

The graph of the average output voltage versus the firing angle is displayed in Figure.4.24. The
following can be used to derive the expression for the average dc output voltage:

a+150
- .[ E sinot d(ot) = ﬁEm cosa (4.59)

27 /3 2r

a+30°

dc
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Figure.4.23 (continuation) Voltage and current waveforms for (b) a = 45°, (c) a = 90°.

The average value of power is positive for the phase angle that falls between 0 and 90°, which
indicates that energy is being transferred from the ac system to the dc circuit. When is exactly 90°, both
the positive and negative values of power cancel out, and the effective power is zero. In the case where
a is greater than 90°, the average power is negative, and energy is transferred from the dc circuit to the

ac system.
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4.9.1.3. Three phase half wave-controlled rectifier with inductive load (RL) and
freewheeling diode

The schematic for a three-pulse mid-point converter that includes a freewheeling diode is shown in
Figure.4.26. Figure.4.27 depicts the resulting waveforms. The dc terminal voltage of the converter is
always positive for-firing angles that are less than 30°, and the freewheeling diode does not come into
operation during these-circumstances. When the firing angle exceeds this threshold, the diode begins to
allow the load current.to freewheel through it for brief intervals, interrupting the input line current and
preventing the de terminal load voltage from falling below zero. This circuit has a maximum firing
angle range of 150°.
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lgorlgc

30 AC
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]
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N

XDF

Figure.4.26 Three phase half wave controlled rectifier with RL load and freewheeling diode.
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Figure.4.27 Waveforms with a freewheeling diode for a = 60°.

4.9.2. Six Pulse Converters

The fact that the three-pulse converters, which were described in the previous section, require particular
types of transformer arrangement to stop DC magnetization-has prevented them from becoming very
popular. To achieve both high output and low ripple, a three-phase converter with a high pulse number
has been designed. Connections with six pulses are‘the most common. type utilized in industrial
applications; however, connections with twelve pulses are favored when'it.comes to transmission lines.

When compared to three-pulse converters, six-pulse converters. have several advantages,
including the following:

(a) Easy commutation.
(b) The decrease in lower-order harmonics results in a reduction in the amount of distortion on the
AC side.

(c¢) The amount of inductance needed in a series on the load side reduces the ripple greatly
diminished.

4.9.2.1 Basics of three-phase fully controlled bridge converter

Figure.4.27 (a) depicts a 6-pulse bridge converter, which can be formed by connecting the DC terminals
of two 3-pulse converters in series.-This type of converter is referred to as a bridge converter. This
converter sees extensive use inindustrial-applications that necessitate a two-quadrant operation.

Positive group of
SCRs

!

) SR N

3-® AC
Supply.
QoW >

[e,
O

Figure.4.27 (a) Three-phase full converter.

In this particular configuration, the connection of the transformer is not required. However, the
transformer is to be connected if better isolation between the output and source is needed, or if a higher
output is required. If a transformer is used, one of its windings must be connected in the delta because
this configuration provides a path for third-harmonic current to circulate. As a result, the third-harmonic
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current does not appear in phase, which is an improvement. In this bridge, six numbers of SCRs are
used. They are denoted as T, T, T3, Ty, T, and Ts A positive group is formed here by using 7;, 73, and
Ts, whereas a negative group is formed here by using 74, 75, and 7.. When the supply voltages are
positive, the SCRs belonging to the positive group are activated, and when the supply voltages are
negative, the SCRs belonging to the negative group are activated. When the SCRs are connected to the
AC supply, the firing gate pulses are applied to them in the appropriate order to ensure proper operation.
However, if only a single SCR is triggered, there will be no flow of current because the other SCR that
is in the path of the current will be in the off-state. Therefore, to get the circuit to work, we have to
simultaneously fire two SCRs, one is of the positive group and the other is of the negative group. This
allows current to start flowing through the circuit. To provide an accurate description of how the circuit
works, one must keep in mind the following points:

(a) It is important that each SCR be triggered at the appropriate firing angle.

(b) The maximum angle of conduction for each SCR is 120°.

(c) It is necessary to trigger SCRs in the order 7, T>, T3, T4, Ts, and Ts.

(d) The phase shift that occurs between the triggering of the two SCRs that are-adjacent to one
another is 60°.

(e) At any instant, two SCRs can conduct and there are8ix pairs.

() At any given time, two of the SCRs have the potential to conduct, and there are a total of six
pairs (i.e., (Tg, T]), (T], Tz), (Tz, T3), (T3, T4), (T4, T5) and (T5, Tg))

(g) Each pair has a 60° angle of operation.

(h) Incoming SCRs are used to commutate outgoing SCRs; for example, 7;.is used to commutate
Ts; T, is used to commutate T, and so on.

(1) It is the line voltage that is applied across-the load when both.SCRs are conducting, one from
the positive group and one from the negative group.

(G) The first half-bridge (7:/T) is connected to Phase 4, the second half-bridge (73/Ts) is connected
to Phase B, and the third half-bridge (7’5/7%) 1S connected to Phase C.

(k) When a half-bridge top (positive group)'SCR conducts, the corresponding phase current is
positive; when the bottom (negative group) SCR conducts, the corresponding phase current is
negative.

(1) It is evident from Figure.4.27 (b) that when the phase voltage makes a 30° angle with neutral,
the upper SCR in that half-bridge is forward biased. Similarly, the lower SCR is considered to
have a forward bias when'its phase forms an angle of 210° with neutral. As a result, when w? =
30°, a=0°.

The conducting pair, as well.as the incoming and outgoing SCRs, are shown in Table.4.1.

Table.4.1 Firing sequence of SCRs

Incomin . . Outgoin Line voltage
S.No. vt SCR ¢ Conducting pair SgR ¢ across the lfad
1 30°+ o T, (Ts, T1) Ts Eup
2 90° + & Tz (T], Tz) Tg EACH
3 150° + a T3 (71, T3) T; Esc
4 210°+ o T, (T3, Ty) T, Ez4
5 270° + o Ts (T4, T5) T3 Ecq
6 330°+ o Ts (Ts, Ts) T, Ecs
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A-C

Figure.4.27 (b) Vector diagram.
The following are the defining equations for phase and line voltages:

En= E, sin (wt) Ep = 3 E, sin (wt + 30°) Egs= 3 E, sin (wt — 150°)
Epn = E, sin (wt — 120°) Eic= 3 E, sin (wt — 30°) Eci= 3 E, sin (wt +.150°)
Ecy = Ep sin (wf + 120°) Esc = 3 En sin (o1 — 90°) Ecs = 3 En sin (of+90°)

4.9.2.2 Three-phase fully controlled bridge rectifier with resistive (R) load

Figure.4.28 depicts a three-phase fully controlled bridge rectifier supplying an R load. Each SCR must
be pulsed twice in its conduction cycle, or at 60° intervals, for a six-pulse operation. There are six line-
to-line phasors, with a maximum conduction angle of 60°, as shown in‘Figure.4.27 (b). Figure.4.29 (a)
displays the output voltage waveform for various values of o = 0°,30°, 60°;.90°, and 120°.
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Figure.4.28 Three-phase fully controlled bridge rectifier with R load.
From Figure.4.29 (a), the following points.can be made:

(a) For all values of a, the voltage-output follows a six-pulse wave with a 300 Hz ripple frequency.

(b) Continuous.conduction mode: (0 <« < /3): When the phasor (4-B) is allowed to conduct
at an angle between 0+«and 7/3, it will continue to conduct by 60° after the phasor (4-C) has
been fired. Ts conduction is shifted to 7> conduction. 75 is turned off as a result of the reverse
voltage that'is applied across it from phases C and B. After conducting for 60°, the phasor (4-
() is switched out for the phasor (B-C) when the voltage of phase B becomes higher than that
of the phases C and 4. As a result, the load current remains continuous for firing angles ranging
from 0 to /3.

(c) Discontinuous conduction mode: (7 /3<a <27 /3): Whenn/3<a<2n/3, the phasor (4-
B) conducts up to an angle of 180°, after which both the 7; and 75 are turned off and after 60°,
when 7> and 7 are triggered, phase (4-C) conducts also up to angle 180°, therefore the load
current remains zero (discontinuous) from angle 180° to the next firing pulse, therefore the
fully-controlled bridge circuit produces a ripple frequency of six-times the supply.
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(d) The output voltage is zero when the firing angle is 120°, so the maximum firing angle is also
120°.
Following is the derivation of the voltage and current expressions for both modes:

(i) Continuous conduction mode: (¢ < 60°)

N A B c A B
Supply 1S TN TN TN TN
phase
voltage :
o AN
A
R a=0°
load [N T NN TN N N TN N b‘</_
voltage 0 TeiTi | TaiT2 | ToiTs | Taila | TaiTs | TaiTe § TaT4 @ Tiil2 ilpTd wb
30%gi 9Q%q oz30°
Load _\
vottage i~ ATe 1_1\\ —dTT \\J ErNEERY \\—\ ;
0 < wx
a=60"
Load I~ TN NG TN N P i
voltage 0 AB \ \ \ \ \ wt
i< \
3% N 98+q =00°
h a=90
Load N
voltage 0\ \ wt
Load :Te' y g g=20°
voltage 0* ° o L - w;

) 30%G Te, T4 930 L
Figure.4.29 (a)Waveform for Voltage of 3-® full wave bridge rectifier with R load at various o

Average load voltages are given by

1 27
E, = ={E, ot d(w) (4.60)
2r
: %m
E, =6xgﬂj. E ot d(ot)
;+D{
@3, 2 e
2 , 3WBE, .
o [NBE, sin| or+ 7 al(wz)=L [ sinotd(en)
oy 6 T
4 a §+Dt

= —3\/§Em (cost); 3" ——3\/§E'" [cos (E + aj —cos (2_7: + aﬂ
= 2m/3+a T 3 3

bia
=——"|cos| —+a |[+cos| ——a
T 3 3
=@(2.cos(%)cosajzﬂcosa (4.61)
bia bia

The average load current is given by

3V3E,

T

1, = cosa (4.62)
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(ii) Discontinuous conduction mode: (« > 60°)

n A B c A B
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Figure.4.29 (b) Waveforms at firing angle 30°. in 3-® full wave bridge rectifier with R load

Form Figure.4.29 (a)

Sm

o x
EdC:6><L J \/gEm sin(wt+£j :3\/§E'" J sin ot d(wt)
27 6 Vs

+a S ta
3

6

33E v _3V3E z
“(cosat), " =——|1+cos a+§ (4.63)
T T

For amax, Eac = 0°
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3\3E n
S ——2| 1+cos| a+— ||=0
s 3
Hence, omax = 120°

33E, P
1, :—{1 +cos(a +§ﬂ (4.64)

R

In the Figure.4.29(a) only load voltage waveforms at various values of o are shown. The other waveform
say current in the load, through the SCRs, input current in various phases, and the voltage across SCRs
(only for T;) are shown in Figure.4.29(b) for o = 30°. The following can be deduced from these
waveforms:
(a) Waveforms of the output voltage and current are six pulses with a ripple frequency of 300 Hz.
(b) The waveforms of the supply current are 120° in each half cycle when is less than 60°, but
when is greater than 60° (which is not shown in the figure), the waveforms are less than-120°
in each half cycle.

(c) PIV rating of SCR is \/gEm .

4.9.2.3 Three phase fully controlled bridge rectifier with highly inductive load

Figure.4.30 (a) shows the three-phase fully controlled bridge rectifier with a highly inductive load. The
SCRs are triggered at 7/3. The frequency of the output ripple is 6f; where £ is the switching frequency.
The requirement of the filter at the outputis less than that of half wave rectifier. At angle 7/6+a, the
SCR T5 is already conducting and SCR 77 is fired. In the interval(w/6+a)< wt < (n/2+a), Ts and T,
conduct and line voltage is E4z appear across the load. At 'wt =n/2+a, the SCR Ts becomes reverse
biased and turned off and SCR 77 is fired. In the interval (z/2+a) <@t< (57/6+a), T> and T; conduct
and line voltage are E4c appears across the load. With the numbering of SCRs numbered as shown, the
triggering sequence is 12, 23, 34, 45 56, and 61. The waveforms for voltage and current are depicted in
Figure.4.30(b).

Positive group-of
SCRs ~—»i

Highly inductive
load

Figure.4.30(a) Circuit diagram for three-phase full converter

The average output voltage is obtained as

n T 27
—+a —+a —+a

2 2 3
E, = 6x— [ Eupot d(on) _3 [ V3 E, sin(et +30) d(ot) =~ [ 3E, sin(or) d(et)
27 Ty T

+a +a —+a
6 3
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- W3E, [cos(@w)] 5, :—3\/5 E, [cos(60+a)—cos(120+a)]-
T T

E, = 3\/;3[E'” cosa for0<a <180° (4.65)
The maximum value of output voltage is obtained when a = 0°. It is given by Egem or Vaem and given by
Eon 07 Vo = 3€E’” (4.66)
The normalized average output voltage is given by
E orV = B _ Cosa (4.67)
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Figure.4.30(b) Waveforms for voltage and current of 3-® full wave bridge converter with highly
inductive load

The converter operation is said to be in rectification mode when the firing angle goes from 0°
to 90°, at which point the voltage drops from its maximum to its minimum. When the firing angle is
between 90° and 180°, the converter is operating in the inversion mode, and the voltage will range
from 0 to a maximum negative value.
The expression for the RMS value of output voltage is obtained as follows
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T

b
=\3E (—+4—*/§cosza] (4.68)

4.9.2.4 Three phase fully controlled bridge rectifier with R-L load for various values of a

Figure.4.31 (a) illustrates the waveforms of the output voltage along with the-firing angles. It is
presumed that the load inductance has a very large valueto flow a constant lead current.
Figure.4.31 (a) Output voltage waveform with RL load.
The following observations can be made based on Figure.4.31.
(a) Waveforms with R-load for a = 0°, 30°, and 60° are comparable.
(b) Due to the inductive nature of the load, the voltage turns negative for a > 60°.
(c) When a is equal to 90°, the area under the positive cycle and the area under the negative cycle
are the same size, which means that the average voltage is 0.
(d) When a is less than or equal to 90°, the output voltage s (+),-but- when « is greater than or equal
to 90°, the average output voltage is (-).
(e) The maximum firing angle . = 180°.

A A B C A B
Supply 1C N TN AN TN
phase / /
voltage
O >
wt
3o°+y 90
Output v TeiTy o TiiTo ¥ ToiTs 4 T3:T4 | Ta,iTs TsiTe ¢+ T1iTs N %:00
Voltage L AB N AC Y BC YV BA Y CGA OB Y AB Y AC
o ° AB! az30° | ¢
utput e _*N_‘\F—\V_“\J_‘\F_‘\IL*\
Voltage . 0%+ ¢ 18 11 i00%a
<600t
B Ka— 60 wt
Output — 4 — — —
Voltage 0 Te, TN \ \
30t o *a0tta Lol at
Output « AB % w090
Voltage >
N i TeiT e \0 wt
A AB a=120
Output 0 \ >
Voltage ’ﬁ\% T X w
3078 —lo0'iq ~ —
Output 0 Val A ~ i
Voltage 304 NTeiT1 fN90ka a=150% w
Output g 4 AB = i,
Voltage T, 190 ta a=180 t
/\/\/@"/"'\EJ/\/\/\/\ D N iy

Figure.4.31 (a) Waveform for various values of o in 3-® full wave bridge with R-L load
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Figure.4.31 (b) Waveforms for rectifier mode of operation (a < 90°).

Rectifier Operation (a < 90°) Rectifier mode waveforms are depicted in Figure.4.31 (b).
The following observations‘can be made based on these ' waveforms:

a)
b)
©)
d)
e)

f)

g)

For firing angles up to 90°, the supply waveforms are quasi-square waves.
SCR current waveforms are rectangular waves of duration 120°.
The waveforms of SCR currents-are rectangular-and have a duration of 120°.

Thyristor has a PIV value of x/gEm 8

The phase of the three supply currents-has been shifted by 120°, and the phase of the six thyristor
currents has been shifted by 60°.

The waveform ofthe load current is continuous and free of ripples; consequently, the average,
RMS, and peak values-are all equivalent to the value of Zs.

Because £y and 1 are.both positive, the circuit works in the first quadrant. This is because
positive Puc(4) values indicate that power is flowing from the source to the load.

Inverter Operation (90° < a < 180°) Inverter mode waveforms are depicted in Figure.4.31 (c). The
following observations can be made based on these waveforms:

a)
b)

©)

d)

The inverting operation results in an average output voltage that is negative.

The waveforms for supply currents have the appearance of quasi-square waves and have a
mutual phase shift of 120°.

The current waveforms produced by an SCR are rectangular with a width of 120° and a mutual
phase shift of 60°.

Since average output power Pa.(av) is in the negative, the flow of power is typically from the
load to the source (since Ey. is in the negative and /. is in the positive).



Power Electronics: Theory and Practicals | 231

A A B C A B
phase / H /
voltage } P :
0 : VA >
wt
A 4
: o
4 i 30%a” 90%+a o wt
AB =90
Output 0 9 s NG RN RGN & .
Voltage ~J .. ToiTs X < o
30a 90%+a 0
Output Of AB a=120%
utpu > >
T wt
Voltage \\‘}24 \1&\1' ;oom\ ~| | ~| ~<
'y
Output 0 V> AB— oo >
< »RO0"+a (v} t
Voltage \ \\%Q Ty \‘\J\ \ \ as150% w
;o — v ~—~ N ~— ~——] —~—] .
A .
Output AB i -
Voltage o 2T 90°+a : a=180% .
H 3Q°+& i _Tei T4 A wt
_ : 1 +a : A 210 +a 33p°+a
© 0 i AdPhase A \ A .
B B Phate | | o ot
&; g 0“ - ase : u);t
0 . C-iPhase ! I -
A T1 w{
| OM : w;t
-0 T2 N
% EO Ts . i ("‘lt
[9)) 8 OM E T4 ' H i (J;)t
A H v T T 1 ot
(0] ¥ H 5 2 T, H (J;’t
- A ; >
— s wt
Voltage “/ // / //
across
T // wt
Output 1
current 0 : wt

Figure.4.31 (c) Waveforms for inversion operation (o > 90°) of 3-® full wave bridge with R-L load.

4.10. THREE PHASE HALF CONTROLLED BRIDGE CONVERTER

It is possible to put bridge-connected rectifiers into a freewheeling mode of operation by exchanging
half of their SCRs for diodes in the circuit. As a result, the circuit of a three-phase half-controlled bridge
converter includes three SCRs in three of the arms and three diodes in the remaining three arms.
Figure.4.32 (a) presents the schematic representation of the three-phase symmetrical-half controlled
bridge rectifier that can be constructed. In this instance, the asymmetrical configuration is not utilized
because doing so would result in an imbalance in the line currents on the ac side.
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Figure.4.32 Half-controlled three-phase bridge converter (a) R load, (b) R load, and freewheeling diode
In industrial applications that require only one quadrant of operation, three=phase

semiconverters are typically the device of choice. However, compared to three-phase half-wave

converters, this one performs better, even though its power factor drops as the delay angle grows larger.
This converter has built-in freewheeling action, which contributes to an improvement in its. power
factor. The action of freewheeling occurs between the SCR and diode in the same arm, specifically
between SCR 7; and diode D4, SCR T3 and diode Ds, and SCR 75 and diode-D;. The voltage drop
across the load (Vrz + Vp) becomes approximately 2V due to this freewheeling.action.

As a result, this results in the following disadvantages:

(a) The average output voltage will be reduced as a result of this voltage drop.

(b) Conduction losses increase while the converter is in the free-wheeling period, which leads to a
decrease in the converter’s overall efficiency.

(c) Since SCRs continue to conduct even when the line voltage.is in its negative cycle, we can
deduce that the period of conduction of every SCR is 180°." As.a result, both the average and
the rms current ratings of the SCRs will increase.

Putting an external freewheeling diode across the load, as-demonstrated in Figure.4.32 (b), is one way
to mitigate all of these potential drawbacks. This results in a loweron-state voltage drop across the load
as well as lower conduction losses. Additionally, it results in a more continuous flow of current through
the load. The free-wheeling diode also ensures that.each SCR will commutate at the end of'its respective
half cycle. As a result, the rating of the.devices will decrease.

4.10.1 Three Phase half control bride with R load

The voltage and current waveforms. for the three-phase semiconverter with R load (of Figure.4.32 (a))
are shown in Figure.4.33 (a).
The following details are essential for grasping the procedure.

(a) Once.a diode.is forward-biased, it will begin conducting.

(b) The order.in which the line voltages are conducted is as follows: E4s, E4c, Esc, Eps, Eca, and
ECB.

(c) A line voltage with the highest value in comparison to others will conduct, i.e. when it forms a
60° angle with neutral.

(d) Devices that are conducting at each line voltage are listed in Table.4.2.

(e) There are six devices, and the phase voltage of each device is considered forward-biased when
it is at an angle of 30° with the neutral. Table.4.3 gives a = 0 for each device.

(f) Each line phasor and, consequently, each pair conducts when o is equal to 60°. The instant that
each phasor begins conducting is listed in Table.4.4, along with the incoming device, the
outgoing device, the pair conduction, and the conducting period of each pair.
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Figure.4.33 (a) Voltage and current waveforms for three-phase semiconverter with R load (a = 30°, 60
and 90°).

Table.4.2
S.No Conducting line voltages Conducting devices

1 Es (Ds, T1)

2 Exc (T, D2)

3 Esc (D2, Ts)

4 Epy (T3, Dy)

5 Eca (D4, Ts)

6 Ecp (Ts, Dg)
Table.4.3

S.No. " Devices Phase voltage at 30° with neutral ~ Angle from wz=0
concerning phase 4

1 T, E,4 wt=30°
2 D; Ec wt=90°
3 T3 Ep wt = 150°
4 Dy -E4 wt=210°
5 Ts -Ec wt =270°
6 Ds -Ep wt =300°

(g) The following can be deduced from the information presented in Table.4.4
a) The phasors E4c, Eps, and Ecgstart conducting at oot = 90°. 220°, and 330° respectively. The
phasors E4p, Ecp, and Ec4 start conducting at angle wt = a+ 30°, a+150°, and a+270°
respectively. Each SCR and diodes conduct for 120°.
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b) The phasors E4z, Ecg and Ec4 conducts for 60-a. The phasors E4c, Ep4, and Ecs for 60+a.
The total conduction period for (E4s + Eac), (Esc + Epa), and (Ecq + Ecp) is 120°.

(h) All phasors conduct for 60° at a firing angle of 0°, but at any angle less than or equal to 60°,
phasors E4g, Ecs, and Ec4 conduct for periods shorter than 60°, and phasors E4c, Eps, and Ecg
conduct for periods longer than 60°. It is still the case that the total conduction period of (E4z
+ EAc), (EBC + EBA), and (ECA + ECB) is 120°.

a) For a= 60° the phasors Eus, Ecs, and Ecs conduct 0 and E.c, Es4 and Ecs conduct for
period 120°.

b) For a > 60°, the phasors E4z, Ecs and Ec4 do not conduct, and E4c, Eps, and Ecp conduct
for period < 120°.

¢) Ifaisequal to 180°, then no phasor can conduct, and the output voltage will be 0.

Expression for output voltage:
Case-1 a <60°.

30+ 90

E, =3x2i[ [ Ep(ot) d(on+ j ' E ,c (ot) d(cot)}

Putting the value of E4p (w?) and E4c (wf)

90 150+
E(,C=Zi{ j VB E, sin(wt +30)d(ar) + j \/gEmsin(a)t—30)d(a)t)}
T 30+a 90
33E,

3\/§E"‘ [1+cosa] (4.69)
27

= 2—[1 +c0s (60+a)—cos(120 + )] =
n

Case-2 ¢ > 60°

1 210
Ej =3x— J. E . (o1) d(ot)
2 30+a

Substituting the value of Ejc (wf), we get,
210

E, L [ \BE, sin(er-30)d(ex) _3V3

E
 [cos(r—30)];,”

4 30+ 27[
—@[cos(a)—cos(ISO))] =3\/27ﬂ(1+c0sa) (4.70)
T T

Expression for rms output voltage:
Case-1 o <60°,
The RMS output voltage is‘given by

150+a

Em:{i{ [ En(enden+ | Ei(er) d(a)t)}}

27[ 30+ 90

From which we will get,

) 172 172
Emﬁ_ — 9& 2_”+£(1+0032a) :iEm 2+£(1-‘1-COSQ.CZ) (471)
‘ 4| 3 2 2 3 2x

Case-1 o > 60°,
The RMS output voltage is given by

E, = {i 2}0 E>. (o1) d(a;t)} = {% T (ﬁEm sin(wt—30))2 d(a)t)}

271- 30+a 30+a

From which we will get,
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. 1/2
- 3E, [ﬂ—a+1/2sm2a} 47
2 T
Table.4.4 Incoming, and outgoing conducting devices
S.No Firing Income  Outgoing Pair Conducting Conducting
instant device device conducting period of each period of
and phasor pair outgoing device
1 wt =30° T; Ts Dg and T 90°-(30°+a)=360°+30°+a—
+a (E4B) 60° — o (270° + a) = 120°
2 90° D; Ds T; and D; (150°+a—90°  360°+90°—330°
(Exc) =60°+a =120°
3 150° + T3 T; D; and T3 210° - (150°+  150°+ a = (30° +
a (Esc) a)=60°—a a) =120°
4 210° Dy D; T3 and Dy 270°+a—210°  210%-—90°=120°
(EBa) =60°+a
5 270° + a Ts T3 Dy and Ts 330° — (270° + 270° 4.a — (150°
(Eca) a)=60°—a +a)=120°
6 330° Ds Dy Ts and Ds 360° + (30°+ a) 330°~210° =
(Ecs) =330°=60°+.a 120°

4.10.2 Operation 3-® half control bridge rectifier (Semiconverter) with inductive load

Figure.4.33 (b) illustrates the waveforms for a semiconverter operating with a large inductive load. It is
possible to deduce the following information from the data presented in Figure.4.33 (b):

(a) The waveform of thewoltage remains the.same when a resistive (R) load is present. As a result,
the average and rms values of the output voltage waveform are the same as those given by
equations (4.69), (4.70),/(4.71), and (4.72).

(b) Continuous conduction mode: When o is less'than 60°, the waveform of the output current is
continuous, and when 1s equal to- 302, there.are no ripples visible. As a result, the current
waveform has a form factor (FF) of unity, and the ripple factor has a value of zero.

(c) Discontinuous conduction mode: When the firing angle is greater than 60°, a discontinuous
mode will occur,-as-will ‘be shown for an angle of 90°. It is possible to deduce from the
waveforms that the freewheeling action causes the output voltage to drop to zero for a portion
of the time.

(d) SCRs and.diodes both-have a PIV rating of \/3E, .

(e) Themaximum value of a is 180°.
(f) The highest possible value for a is 180°.

4.11. PHASE-CONTROLLED RECTIFIER WITH INPUT IMPEDANCE

Practically there are resistance and inductance present in the source. These parameters affect the change
in current and for this change, some time is required. As a result the commutation of the outgoing SCRs
delay. To commutate some fine time required. The current will also rise at the same rate in the case of
incoming SCRs. The commutation process takes a significant period during which incoming and
outgoing SCRs conduct simultaneously. This period is called the overlap period. The angle for which
incoming and outgoing SCRs conducts is called the overlap angle or commutation angle. The
commutation angle is denoted in general by the symbol x. The waveform for voltage and current is also
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different from the circuit in which the input inductance is neglected. In the output, the effect of
inductance is reflected in terms of reduction average voltage and distortion of total harmonic term. On
the input side, the overlap angle slightly reduces the displacement factor and modifies the distortion
terms. In the case of AC supply, the inductive reactance is greater than the resistance. The inductance
is responsible for delaying the current change. If the source resistance is considered there is an excess
voltage drop in it and average output power reduces. In the analysis of the power electronics converters,
the input resistance is normally neglected because its value is very as compared to input inductive
reactance. Hence, the effect on commutation angle is due to negligible resistance. In the case of fully
controlled converters, the commutation overlap is more than that of semiconverters. The commutation
In this section, the analysis of two circuits namely single-phase and three-phase fully controlled bridge
rectifiers.
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Figure.4.33 (b) Waveforms of voltage and current at a = 30° o = 90° for 3-® half controlled
(semiconverter) with inductive load
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4.11.1 Single phase fully controlled bridge rectifier considering source inductance

The single-phase full-wave bridge circuit considering source inductance is shown in Figure.4.34(a). L
is the source inductance in this circuit. The major source of this converter is transformer leakage
inductance. The input source voltage is e;. The terminals of e; are P and N. The load comprises resistance
R and inductance L. The load current is considered constant. The circuit of Figure.4.34(a) can be
represented by its equivalent circuit as shown in Figure.4.34(b). In this equivalent circuit, two paths
are shown. One path represents the flow of current when terminal P is positive (during the positive half
cycle of ey) and the other is the current path when terminal N is positive (during the negative half cycle
of e;). During the positive half cycle, the flow of current (i;;) is in the path P - Ly- T/ - Load (R and L)
- T2 - N of Figure.4.32(a). Let this path is called Pathl. Similarly, during the negative half cycle the
path of current is N - Ly - T3 - Load (R and L) - T4 - P, and say this path is named Path2. In the equivalent
circuit Pathl comprise e; - Ls - T1 - T2 and load whereas Path2 comprises ez - Ly -T3 - T4 - and load.
The corresponding waveform for output voltage and current are shown in Figure.4.34 (c).

Load

(2)

Figure.4.34 The circuit and equivalent circuit of 1-@ fully-controlled bridge rectifier (a) Circuit, (b)
Equivalent circuit.

The SCRs T/ and 72 fired at angle . The commutation of SCRs 73, and 74 starts at a and the
current gradually decreases from-the load current Id and finally to zero at an angle (a+u). This is
because of input inductance Ls: Because.of the same reason, the current through SCRs 77 and 72 built
up gradually from zero at angle a.and the final load current at an angle (a+x). At the commutation
period (), the conduction of all the SCRs (71, 72, T3, and T4) overlap. Application of KVL in the
loops of Figure.4.32(b), (neglecting device voltage drops) The obtained equation is

di di
e ]
di di
Or € —e = LS (7]; —7]-;) (473)

The equation for e; and e; are
e =E Sinot, e, = -E Sinot
Substituting for e; and e; in (4.73), the obtained equation is
2F Sinot = L (ﬁ - %j 4.74)
e dt
Since we have assumed that I, is constant, hence we can write
Iy +ipy =1, 4.75)
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Differentiating (4.75) with respect to time ¢, the resultant equation is
diy, di,,

- (4.76)
dt dt
From equations (4.74) and (4.76), we will get
di E
I == Sinwt 4.77)
d L,
Supply A e PNy
voltage
. N2
es m™ .
o s 7 >
N\ '\ s wt
Wi T2 \ /
fired / 3
....... T3, T4
Load fired
voltage,
= +M
o >
wt
Hidhi
A I I I
Load i 'y e :
current, ly i?s
o >
T,T2 wt

AN

T3, T4 1, T2 T3, T4

Figure.4.34 (Continue) (c) The waveform for output voltage and.current of 1-® fully control bridge
considering source inductance

During the overlap angle (u), the current through-SCRS 7'/ and 72 built up from zero to I;. At wt = a,
ir1 =0, and at wt = a+u, ir; = 1;. Thus from (4.77), we can find the expression for /; as follows.

1, E (a+w) o
[dig=== -] sinotd(or) (4.78)
0 LS %)
From this equation, we ‘can find the expression for /; and the expression is
E
=—"-| cosa —cos(a + 4.79
; wLx[ (or+n)] (4.79)
Thus, [cosa—cos(a+y)]=llw—L“' (4.80)
a Em
L
Or cosa—[{,%zcos(aﬂu) (4.81)
oL
Or cosa =cos(oz+/1)+IdE—‘Y (4.82)
The expression for Eg. is obtained as follows
E n+a E E
E, =—" j Sincwtd(wt) =—"[cos(or + ) —cos(or + )| =—2[cosar +cos(a + )| (4.83)
T T

o+
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From equations (4.81) and (4.83), we will get

E E L
E, =—[cosa +cos(a + )] =—'"{2cosa -1, &}
b3 T E

m

2E L
=—"cosa —Id& (4.84)
T

T
We can also express Eq from (4.82) and (4.83) as follows.

E

dc

E 2E oL
=—[cosa +cos(a + p1)| == cos(a + p) + I, —* (4.85)
T T T
From equation (4.84), we can conclude that if we consider the source inductance, the output D.C voltage
is reduced by /, &. The equation (4.84), can be represented by an equivalent circuit as shown in
V4

Figure.4.34(d) in which the diode symbol represents unidirectional, source voltage is represented by

cosa , — 1is the series resistance.
T T
>+
+ diode (wLym) c +
T (2E./m)Cosa “ T

Figure.4.34 (Continue) (d) DC Equivalent circuit for the single-phase full convertet considering source
inductance.

4.11.2  Three phase fully controlled bridge rectifier considering source inductance

A 3- phase fully controlled rectifier with'source inductance Lgis 'shown in Figure.4.35. In this analysis,
we assumed that the load is constant. A 3-® supply is shown in Figure.4.36(a). The output voltage of
the 3-® fully controlled bridge rectifier is shown in Figure.4.36(b).

When both the firing angle (o) and conduction angle (u).are zero, the conduction of SCRs shown in
Figure.4.36(c). Here, SCRsT’s, and 7 conduct up to 30°. The SCRs 7;and T conduct for the period of
60° (from wt = 30° to 90°), The SCRs 7; and 7> conduct from wt = 90° to 150°) and in this way other
SCRs also conduct as shown in the figure. It is observed that only two SCRs conduct at a time.

lT1
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A i S'ﬂ Sra STs or lee
Ls i
>

i =is -

B oenMM Voo

S or
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SCRs —i £\ Tof\T

Ira 4

Figure.4.35 Circuit diagram for 3-® fully controlled bridge with source inductance

To explain the effect of overlap, we assume that the firing angle a = 0° and the overlap angle is less
than 60°. The phase voltages of source voltages are denoted by V., V5, and V.. The effect of overlap is
shown in Figure.4.36(d). It is seen that Ts and Ts conduct from wt = 0° to 30°. At wt = 30" the SCR T5
is outgoing SCR and SCR 77 is incoming. When T7 is triggered the current through 7 is start decaying
and through T the current rises. At wt = 30%+y, the current through T is zero, and through 77, it is the
output current, Z;. From wt = 30° to 30°+4, the SCR T, SCR T}, and SCR T conduct. After 30°+u SCR
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T; and Ts conducts. At wt = 90°, the SCR T is fired. The current through SCR T decays and SCR T
rises. In the period wt = 90° to 90°+u, the SCR T4, SCR T, and SCR T conducts. At wt = 90°+4u, the
current through T is zero, and through 7>, it is the output current, /,. After 90°+u SCR 7} and T> conduct.
The operation sequence of the SCR repeats with other SCRs also. Thus, when an SCR from the positive
SCR group (upper SCRs T, T3, and T5s) is undergoing commutation, two from this group and one from
the negative group conduct. After the commutation of an SCR from the +Ve group is completed, only
two SCRs conduct, one from the +ve group and another from the -Ve group conducts. For this when an
SCR from the -Ve group undergoes commutation, three SCRs one from the +Ve group and the other
two from the -Ve group conducts for the period equal to u. After that, two SCRs, one from the +Ve
group and another from the -Ve group conducted. This operation is shown in Figure.4.36(d). It is also
observed that there are six shaded areas per cycle of input voltage (in Figure.4.36(d)), which indicates
six commutations in one cycle. During the commutation of 75 and 77, the output voltage is the average

c a

of V. and V, i.e. the output voltage from wt = 30° to 30°+u, is . It is indicated by pg in

Figure.4.36(b). Similarly, during the commutation of SCR 75 and SCR 74 (of -Ve group), the output

v+,

voltage is the average voltage is V}, and V.i.e . It is indicated by p,q; in Figure.4.36(b). In this

VvV +V,
way, During the commutation of 7; and T3, the output voltage is the average of ¥, and Vi.e —~—=
It is indicated by p2g: in Figure.4.36(b). Like a single-phase full-wave converter, the output voltage is
reduced due to the introduction of source inductance. This reduction is due to the triangular area (pgr,
piqiri, p2q2r2 ) shown in Figure.4.36(b).
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Figure.4.36 Waveforms for voltage and current (a) Supply voltage, (b) Output voltage, (c) sequence of
SCRs when a = 0°, x=0°, (d) sequence SCR conduction and output currents for a positive and negative
group of SCRs

The output voltage during the overlap period is obtained by dividing the triangular area by periodicity
(n/3) as follows.

L ulo L
=—jv d(ot) == jL —d( n=3Ls [ o d’ _3e jd (4.86)
4 0
The output voltage without overlap is given by
3E
E,=—"cosa (4.87)
T
The output voltage with overlap is given by
3E, 3wl
E,.= “, (4.88)
T T
In general, the voltage drop in the overlap portions for the m pulse converter is given by
L1
= (4.89)
2

In terms of conduction angle u, the output voltage considering overlap due to-input inductance for 3
phase fully controlled converter (6 pulse) is given by

E

dc

30L
=y (4.90)
T

Unit Summary

This Unit explores various phase-controlled rectifiers. Various circuits.and their operation have been
presented with related waveforms for various voltages and currents, Following is the summary of this
unit.

1. There are two types of converters namely uncontrolled and controlled (phase-controlled).
Power diodes are used for uncontrolled converters and thyristors are used for controlled
converters. In between there is a-Converter-called a-semi converter. Semi converters used both
diodes and thyristors. The converters.in whichthyristors are present are called phase-controlled
converters (PCCs).

2. Depending on the type.of input voltagephase controlled rectifies are divided into two. They are
(i) single phase and(ii) three phase. Each type is again classified into (i) semi converter, (ii)
full converter, and (iii) dual converter. Semi converters are one quadrant and it has one polarity
of the output: voltage and current. Full converters are two-quadrant converters. The output
voltage may be either positive or negative polarity. Output current is of positive polarity. Dual
converters are four-quadrant converters. Both output voltage and current are either positive or
negative.

3. The converters can also be classified based on the number of pulses per cycle of the supply
voltage.” The single-phase half-wave-controlled rectifiers are single-phase single-pulse
converters because these converters produce only one pulse of load current during one cycle of
the supply voltage. If the converter produces two pulses per cycle, they are called two pulse
converters.

4. The firing angle or delay angle (o) of a thyristor is an angular difference between the time it is
triggered and the time it would conduct as a diode. As a result, the firing angle is the angle that
is measured from the instant that produces the highest average output voltage to the instant that
it is triggered. The extinction angle (y) is the angular distance from the start of the positive half
cycle of the input supply to the instant the load current drops to zero. Conduction angle (f) is
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defined as the angle that measures the SCR period of conduction (how long it conducts in one
cycle of time).

5. Various parameters measure the performance of a converter. They are the average value of the
output voltage, the average value of output current or load current, DC output power, the root
mean square (RMS) value of output voltage, the RMS value of output current, output AC
power, the efficiency of rectification, effective or rms value of ac component, form factor (FF),
Ripple factor (RF), transformer utilization factor (TUF), displacement power factor (DPF or
DF). harmonic factor (HF), or total harmonic distortion (THD), power factor, and crest factor.

6. Single phase half wave-controlled rectifier contains only one SCR. Many converter circuits
employ a diode called a commutating or bypass or freewheeling diode. When the load voltage
goes into reverse, it commutates or transfers the load current flowing through the SCR. This
diode has two primary functions. They are (i) it prevents the load voltage from being inverted
except in the case of a small diode voltage, (ii) the main rectifier thyristors can revert to their
blocking states after the load current has been diverted away from them. The advantages of the
freewheeling diode in converter circuits are (i) it improves the input power factor, (i1) improves
load current waveforms and thus the performance of the load better.

7. The full wave converter uses a minimum of two semiconductor devices./In'the caseof a single-
phase full-wave converter, there are two constructions. Single phase full wave midpoint-
controlled converter and single-phase full wave bridge converter. The former uses two SCRs
and the latter uses four SCRs for the fully controlled converter. In the case of semi controlled
bridge converter, two diodes and two thyristors are used. Single-phase full converters are also
two pulse converters. The 3-®.phase-controlled converters use.@ minimum of three
semiconductor devices. The 3-® half wave-controlled converter uses three SCRs. The three-
phase full wave-controlled bridge converter uses-six SCRs. On the-other hand, three diodes and
three SCRs are used in 3-® semi controlled or semi converter.

8. The common cathode and common anode connection are used to construct the 3-® bridge
converter.

9. The source impedance affects the output voltages and currents. In general, two device conducts
at a time in the case of a three-phase converter. If the source impedance is not considered, there
is no overlapping of the device.conduction and two devices (SCRs in case of fully controlled)
conducts. But when the same is: considered, there is an overlapping period on which three
devices conduct one at'a time:

Exercises

Example.4.1

A DC load resistance of R = 10 Q is powered from a 1-® transformer operating at 230V, 50 Hz by a
half wave-controlled rectifier circuit. Determine the (a) rectification efficiency (b) form factor (FF) (c)
voltage ripple factor (VRF) (d) transformer utilization factor (TUF) and (e) pick inverse voltage (PIV)
of'the SCR for a firing angle of 60°.

Solution: Given E,=230V,f=50Hz, R=10Q, o= 60°

The average output voltage is obtained as

J2 %230

E
E,=—"(l+cosa)=—""—(14c0s60°)=77.64V
2 2

The average output current is obtained as follows.
_77.64V

=7.76A

de
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The RMS voltage is calculated as follows.

. 1/2 1/2
E, =E,| 2%+ SmZ“} _2x230 (n—£j+lsin120° ~14587V
4 8 2\/; 3) 2
The RMS current is calculated as follows
18T s
10

The DC power is obtained as follows.
P, =E,I, =77.64x7.76=602.8W
The AC power is obtained as follows.
P.=E,1, =14587x1458=212785W

rms® rms

From the above, the required values are obtained as follows.

P 602.8
(a) Rectification efficiency, n=—%= =0.28330r28.33%
P 212785
Vi 14587 _ | o

(b) Form factor, FF = I}m‘

dc

7764

(c) Voltage ripple factor, VRF = \/FF2 -1= \/1.872 —1=1.59
E, 1 E,I, . 6028
EQ_ EI,  230x14.58

sTrms

(d) Transformer utilization factor, TUF = =0:1797

(e) Pick inverse voltage,

Example.4.2

A 1-®, 230 Volt, 50 Hz source fed power to a1 kW, 230 Volt heater-through an SCR. Determine the
power draw by the heating element for @ = 45° and 90°.

~(230)°
1000
The RMS voltage for firing angle 45° is obtained as

E -E [7[—05_,_sin205}”2 \/§x230[( s

1/2
= n——j+lsin90° =155.07V
4 87 2

N odr 4

The power consumed by the-heater element at.a firing angle of 45° is calculated as follows.
E.. . (155.07)

s _ 320201 454 57 watts
R 52.9

The RMS voltage for firing angle 90° is obtained as

. 1/2 1/2
E, =E [”_“ﬁmza} _ﬁx230[(”_£j+0} 115V

A 7 8 N 2
The power consumed by the heater element at a firing angle of 90° is calculated as follows.
E,, _(15)
R 529

Solution: Heater resistance is =529Q

=250 watts.

Example.4.3

A load resistance of R = 10 Q is powered from a 1-®, 120 V, 50Hz source through a single-phase half
wave-controlled converter. Find the (a) a (b) average and rms values of currents output (c) average and
rms value of SCR currents whereas average voltage output is 25% of the maximum average output
voltage.
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. E
Solution: (a) The average output voltage is given by E, = 2”’ (I+cosa)

V4
Firing angle of 0° results in maximum average output voltage. Thus
g ang g p g
Em
dcmax =
b4

It is given that

E, =25% (&j =025 (ﬂj
T T

0.25 (E—'”j = E—’”(l +cosa)
T 2r
Thus

a :% and E, =0.238E,

(b) The average output current is given by 1,

0.238E, 0.238x120x~2

Z4.04 A

R 10

The RMS voltage is given by
T—a sin2a]”
Erms =Em -
4 &
—0.448E, =0.448x120x/2.=76.09 V
E

The RMS current is given by I, =%” =T7.61A

(c) The average and rms SCR current will be.identical to the average and rms load current.

Example.4.4

SCRs of 1-® mid-point converter and bridge.converters with rating, peak forward voltage, and average
on-state current are 1000V and 40A respectively. Use a safety factor of 2.5 to figure out how much
power these two converters can handle.

Solution: Single-phase, midpoint converter, with peak voltage across the SCR, 2 £

1000

x2.5

=200V

Thus, the midpoint convertershas a maximum voltage of

The mid-point converter's maximum allowable average power is given by

2E
(2w cosa |1, =229 4051 —5.00 kW
Vg Vg 1000

Single-phase bridge converter with peak voltage across the SCR, E,

Thus, the bridge converter has a maximum voltage of 10050 =400V
. . 2x400
The bridge converter's maximum allowable average power: = 1000 x40=10.18 kW
X TT

Example.4.5



Power Electronics: Theory and Practicals | 245

A 230V 1-® AC source supplies 12A at 150V to a DC inductive load. Provide specifics on meeting this
specification in either the (a) midpoint or (b) bridge configuration, with a = 30°. The voltage drop across
each SCR is 1.5 volts, and compare this to the two configurations.

Solution: (a) For midpoint configuration:

E

dc

2E,
=——-2cCosx
T

With a voltage drop across each SCR of 1.5 volts, we can write,

2FE
E, =—"cosa—-1.5
T

150 = 2, cos30-1.5

/4
/4
E = (151.5)=2748 V
2co0s30
The RMS voltage of each section of the T/F secondary is
E, =&=194.31 \'%

rms \/E

And carrier rms current is
12

I =—=849A
rms \/5
kVA rating of T/F =2x194.31x8.49=3.3kVA
194.31
T/F primary current =12x (—j =10.14 A
230
PIV of SCR =2E, =2%2748=549.6'V
. . 2E;
(b) For bridge configuration B, = . cosa

2
With a voltage drop across each SCR of 1.5 wvolts, we can write, E, =—=*cosa—3
T

bia
From which E,=—2 (153)=277.52V
2cos30
The T/F secondary rms voltage is: E = 27752 _ 196.24 V

rms \/E

As T/F secondary of square wave thus rms current: /,,,; = 12 A.

T/F kV A rating =196.24x12=2.35kVA
196.24
T/F primary current =12x j =10.24 A
230
PIV of SCR =E, =27752V

1.
(c) Mid-point configuration: SCR loss = % x100=1%.

Bridge configuration: SCR loss = % x100=2%.

In terms of transformer size and SCR voltage rating, the bridge configuration outperforms the mid-point
configuration.
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Example.4.6

The firing angle, a for a half-wave-controlled rectifier is 60°. The load is purely resistive (R). Find (a)
rectification efficiency, (b) Form factor (FF), (c) Ripple factor (RF), (d) TUF, (e) PIV for SCR
Solution:

(a) The rectification efficiency is given by, where Py is the load DC power output, and P,. is the rms
o o E,’
load power. The Py is given by and The P,. is given by P,, = % . Hence, to find the 1, we have to

find the E;. and E, ;.
The E,. is obtained as follows

E = E, (1 + COSO!) :ﬂ(l.}_ CcoS 600) = 0.239Em

dc

2r 2r
The E,, is obtained as follows
. %
E -p|FTa, sin2a 1 _E T3 N sin(2x60") _iiE
S 4 81 Y 87 ' Q
Thus, the 1) is obtained as
0.239E, )
n= e _ —( = )2 =24.28%
P, < (0.485E,)
E 0.485E
(b) The form factor (FF) is FF=-1"%=——"1-703.3%
E, 0239E.
(c) The RF is RF = (FF’ -1)% =(2.03’ —1)% =1.77 or 177%
P E E 0.485E
(d) The TUF is given by TUF. = —%“- where E, =<~ =0.707E,, 1, = rms current = —2 = ——"
E.l Y ‘ R R
Thus, TUF is obtained as follows.
E’ (0.239E, )’
TUF:;”; = ;I = R0485E =0.166 or 16.6%

s s 0.707E x
(e) The PIV is equal to E,,

Example.4.7

A load resistance of R.="10 Q series with a large inductance powered from 230V, 50Hz 1-® supply
through assingle-phase full converter. Find the performance parameters of the converter for a 45° firing
angle.

242 x230
=—————cos4

Solution: Average voltage output is given by, E, = 2B, cosa s45°=146.42 V
T T
o E, 146.42
The average output current is given by o= Tik = =14.64 A
. E
The RMS voltage is E., =—F=E =230V
As of load current is ripple free, I,..=1=1,=1464A

Output dc power, P, =E,I, =146.42x14.64=2143.97 W
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Output ac power, P =E, I, =230x14.64=3367.73W
P, 214397
Rectification efficiency, =—de=""_"""_x100=63.66%
> 3367.73
E 230
Form factor (FF), FF=—== =1.57
E, 14642
Voltage ripple factor (VRF), VRF =~/FF2 —1=4/1.57> -1 =121
As the load current is ripple-free, the current ripple factor (CRF) = 0.
Fundamental rms input current (fy), [, = 242 x14.64=13.18 A
/4
0, =—o=-45°
Displacement factor (DF), DF =cos6, = cos(+45)=0.707
I, 13.18
Current distortion factor (CDF), CDF=—=L=—"—=0.90
I 14.64
Input power factor (PF), PF=CDF x DF=0.90 x0.707=0.636 lag
1 1/2 1 1/2
Total harmonic distortion (THD) obtained as THD = -1 =|—5-1, .=0.483
CDF 0.90
Active power input (P;) is obtained as P=V, x1,=146.42 x14.64 =2143.97'W

Reactive power input (Q;) is obtained as

242x230
T

x14.64x8in 45°=2143.96 VAr

2F .
P=—=2], sina
T

Example.4.8
A load resistance of R = 10 Q series with a large inductance powered from 230V, 50Hz, 1-® supply
through a 1-® semiconverter. Find the performance parameters of'the converter for a 45° firing angle.

Solution: Average output voltage, ES= &(1 +cosa) = M(l +c0s845°)=176.72 V
T T
. E, 176.72
The average output current is B I‘é‘ T 17.67 A
. \ 1 sin2a
The output rms voltage is obtained from £, =FE | —< (7 — )
T

=230 l{(n—l)+5m90} =2193V
/4 4 2

As of'load current is ripple free hence, 7, =1, =17.67 A
The output dc power is obtained as
P, =E,I, =176.72x17.67=3122.99 W
The output ac power is obtained as follows
P =E, I =2193x17.67=3875.47TW

P, 3122.99
Rectification efficiency, =—d = x100=80.58%
P 387547
E 219.3
Form factor (FF), FF=—== =1.241
E 176.72

de

Voltage ripple factor (VRF), VRF =FF* -1 =+/1.24> =1 =0.735
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Current ripple factor (CRF) =0.

Fundamental rms input current (Ls;), 1, = 2V2 x17.67 x cos42—5 =14.69 4
T
. 3
Total rms input current (), 1. =17.67 1 =15.30 4
T
0, =—a=-45
a
Displacement factor (DF), DF =cos 6, =cos (—Ej =0.923
1, 14.69
Current distortion factor (CDF), CDF=—L=—"—"=0.96
I 15.30
Input power factor (PF), PF=CDF x DF=0.96 x 0.923=0.887 lag
1 1/2 1 1/2
Total harmonic distortion (THD), THD = -1 = >—1| =0.290
CDF 0.96
Active power input (7)), P =V, xI, =176.72x17.67=3122.99 W
Reactive power input (Q)), 0, = E—’”Idl, sina = Mx 17.67 x sin45° =1293.79 VAr
/4 T

Example.4.9

A 120 V, 50 Hz AC supply is utilized to power a 1-® semiconyerter. Find-(a) a (b) average and rms
value of current output (c) average and rms value of SCR currents whereas average voltage output is
25% of the maximum average output voltage.

Solution: (a) The average output voltage is given by

E
E, =—%(+cosa)
T

lc

Firing angle of 0° results in maximum average output.voltage. Thus

E
Edcmax N 2ED
2F .
Given Edc=25%( ,,1):025X2><\/§><120:27V
Via bia
27 =M(l +cosa), Thus a=120°
T
r—a sin2a]
(b)The RMS output voltage, E =E|——+ =53V
2r 4r
. E,.
The RMS current output is I, = Irém =53A
E, 2
Average current output, 1, =% = 27 574
R 10
(c) Average SCR current is obtained from
1 f 1 Im
Irayy = E:[Im sinot d(ot) = e (1+cosa)

1 =ﬂ=16.97 A Thus [ M(1+cosz?nj=l.35 A

m m(av) =
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The RMS SCR current

1/2
1
Lt ms) { Jlm sin’® ot d(a)t)}

a

1/2
{ - 002s2a)t d(a)t)}

1/2
— ——0433 } =375A

Example.4.10

Load resistance of 10Q2 is powered from a three-phase star-connected 220V, 50 Hz supply through the
three-phase half-wave converter. Find: (i) a (ii) rms and the average value of currents output (iii)
average and rms value of SCR currents (iv) rectification efficiency (v) UTF and (vi) input power.factor
if the average voltage output = 25% of maximum average voltage.

Solution: Source line voltage, , frequency, =50 Hz, load resistance, R = 10.Q

Source phase voltage, E =2207 V2=127V
E, =~\2E =179:63 V
3\3E,

27
Firing angle of 0° results in maximum average output voltage. Thus,

3V3E, 33 x179.63

(1) The DC output voltage is given by 8, = cosd

Edﬂmax 7\ —> = 14855 V
T 27
Given Ej=25%E.  =0.25x148.55=37.14 V
Edc
denormalize — =cosa
dcmax

As if for continuous conductiona < 7 /6 .1.e., if
E

dc normalize 2 COS(ﬂ / 6) = 866%
As here £, =25%, henceloadcurrentisdiscountinous

Hence withR loada > 7 /6,

dc

E
E, :3 21+ cos(e +30°)]
2r

37.14= %[1 +cos(a +30°)]
T
o =94.5°
ii) Average output current is obtained as I, = Eq =ﬂ =3714 A
g p de R 10
E _ . 1/2
The RMS output voltage is £, = V3E, [5 730 snQatz/ 3)} —62.12V.
22 3r T
E .

The RMS output current is I, :% :%012 =6.21A.

I .
(iii) Average SCR current, I, = % = % =124 A

avg



250 | Phase Controlled Rectifiers

The RMS SCR current,

(iv) The rectification efficiency is obtained as

1 6.21
I =-m —__— =350 A
P

 37.14x3.714
P, 62.1x621

_ Tde

=35.75%

(v) Input VA rating, 3EJ, =3%x127x3.59=1367 W
E I . .
TUF = Lade _STIHSTI4_ 6 090,
El, 1367
(vi) Power output, P=I' R=385W
P 385
Power factor, =—2—=—-=028(lag)
B, 1367

Example.4.11

(a) A resistive load of 10 Q takes 5 kW from a 3-® full converter for a = 30°. Calculate the magnitude
of the per-phase input supply voltage. (b) Repeat part (a) if a large reactor connected in series with the
load eliminates ripple in the load current.
Solution:
(a) For restive load, the current output wave shape‘s identical to the output voltage and for « < 60°
output voltage and current are continuous.

EZ

Here, <5000 W-and B, SNERA
E2
op> 3 T3 560 | = 500010
“27 R332
Vo =188.08 V
V.
Phase voltage, Vo=—==108.591V

V3

(b) For ripple free load current; average load cutrent ({4:) = rms load current (Zus).

Edc 3Em 1
L o=—d = Zmcosa |—
" R V4 R

rms

2
I> xR =[3Em cosa} %: 5000 W

T
V. =/50000 x —— 2 =191.22 V
‘ V2 x3c0s30°
v, =110.40 V

ph

Example.4.12

(a) A resistive load of 10 Q takes 5 kW from a 3-® semiconverter for o = 30°. Calculate the magnitude
of the per-phase input supply voltage. (b) Repeat part (a) if a large reactor connected in series with the
load eliminates ripple in the load current.

Solution:

(a) For o < 30° the voltage output is continuous. And for restive load current is continuous. Output rms

voltage also continuous for o < 30°.



Power Electronics: Theory and Practicals | 251

2V 312

For o= 30°, 3 —n+£(l+00560) =5000x10
4 | 3 2

From which V.=175.67V

Phase voltage, V., = s =10143V

ph — \/g

(b) For ripple free load current; average load current (1s.) = rms load current (Zus).

E._ 3F 1
o= = (I +cosa)—
R 2r R

rms

2
I’ xR= 3E, (1+¢0s30°) i=5000W
2r 10

= /50000 x \/_”66 —177.44 V

V,=1912V

ph

Example.4.13

The supply voltage of a 3-®@ converter is 415V, 50Hz 3-®. A load resistor-of 1L00€2 is connected in
series with a large smoothing inductor. Find the SCR ratings.
Solution:
The rating of the SCRS 1S It(average), ItrMs), and Itpean). To find these ratings, the given parameters are
Supply voltage = 414V, frequency of supply voltage = 50Hz; load resistance; R =100Q2
The Itqverage) 18 given by

150+

I e, = jl Honde)=—— | 1d<wt)—?d

30+a

The Itrms) is given by

27 % 15040 pA 2 JA
1 1
IT(xms) = |:2171' J. iTz (wt)d(wt):' = {ZL J [dzd(a)[):| = |:L2_ﬂ-:| —_—d

30+a 27[ 3

In these equations, /;is the DC output-current.

dc

The Itpeay) is equal to L. The value of the Iy'is obtained from [, =

R
Considering, a = 0% the £ is obtained from
12
E 3J3x x415
E, =&cosa Z—ACOSOO =560.5V

/4 /4

Thus, 1, :@:5.605/1
100
Now, we can find the ratings as follows.
5.605 5.605
T(av@mg&) =1. 87A [T(xms) \/g =3.244; [T(pcak) =5.6054

Example.4.14

The source impedance of a 1-® full wave midpoint converter is 0.33 mH. The converter is supplied
from 120V, 50Hz supply. A freewheeling diode is connected across the load. A continuous load current
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of4A is obtained. Determine the overlap angle for (a) transfer current from the SCR to the commutating
diode, and (b) transfer current from the commutating diode to SCR.

Solution:

(a) Let commutation from SCR to diode starts at t = 0, the instant at which load voltage begins to
reverse. The SCR voltage drop was also neglected. The figure is shown in Figure.4.37(a).

(b)
Figure.4.37 Circuits related to example 4.14
Thus, we can write
e=-E sinwt= —Lﬁ
dt
. . di
Hence, di = E, Sinwt x 4
From, i:&J‘sina)td(wt) =&(1—cos wt)
L3 L
The commutation is completed when i=1;and ot =y,
E
Thus, 1, =—"(1-cos
u 1oL ( 1)
Putting the values, we will get
120
I'—cosy, )=4
2x77x50x0.33x 10 ( )
Hence, 1w =6.786°

(b) The commutation from the freewheeling diode to SCR begins at t = 0, the time at which SCR is
triggered. Figure.4.37(b) shows' the circuit.
The voltage equation can be written'as
di
e=E Sin(ot+o)= L
dt
From this, we will get an‘expression for I as follows.
 E,[cosa—cos(at—a)]
1=
oL
When i = I; and @t = u, the commutation will be completed. Putting the values, we will get
; E,[cosa—cos(u, —a)]
d— COL

Putting the values of /; and a, we will get g, =0.54

Example.4.15
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A 3-O fully controlled bridge rectifier is supplied from a 3-®, 400V, 50Hz supply. The triggering angle
is 45°. A continuous load current of 10A is maintained at a load voltage equal to 360V. Determine (a)
Source inductance, (b) load resistance, and (c) overlap angle.

Solution:

Given, E,,, = 400V (Line), frequency, f = 50Hz, o = 45°, load current, I, = 10A, Load voltage, E4. =
360V.

(a) From the equation, E, = 3\/§Em cosa—1, 3oL,
T
The expression for E,, is E, = 400x£
NEY
Putting the given values in the equation for Eq4.
2 xL x1
360 =23 a00x Y2 cos 450 - F2X0NLXI0
T 3 4
We will get L =73mH
Thus, source inductance per phase is 7.3 mH.
E, <360
(b) The load resistance is calculated as R=—"%= 2236
I, 10
(c) Overlap angle is calculated from
E, = 3BE, cos(a +u)+1d%
T T

Substituting the given values, and solving for p, we will get

pu=6

Example.4.16

A 3-O fully controlled bridge rectifier is'supplied from.a 3-®, 230V per phase, S0Hz supply having
source inductance of 4mH. A continuous load current of 20A is maintained. The load consists of a
voltage source of voltage 400V having. internal .resistance 1Q2. Determine (a) firing angle, and (b)
overlap angle.

Solution:
(a) The output voltage of the converter, Ei =400+1x20 =420V
The output voltage equation of the converter is
E L
E, = 33 ~cosa —1, 3oL,
T
Substituting the ‘given values, we will get
-3
420 3.3x+/2x230 cosar - 205 J2Tx50)x4x10
T T

Solving for a, we will get, a =34.38"

(b) To find the overlap angle (1), we will use the output voltage equation having p

3\3E, 3wl
cos(a+pu)+1,—=
T T

Substituting the given data and o obtained from (a), we will get
33x4/2x230
T

Ed(‘ =

3(27x50)x4x107
n

420 cos(34.38" + 1) +20x
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Solving for p, we will get p=23822°

Multiple Choice Questions

1.

The firing angle is utilized for which of the following purposes?

(a) To activate an SCR and ignite a device at any desired time

(b) To regulate the on-off timing of an SCR

(c) To control the turning-off timing of a general transistor

(d) To manage the turning-on timing of a diode without the need for a controller

When a highly inductive load is supplied by a single-phase diode bridge rectifier, assuming ripple-

free load current, the input current at the AC side of the rectifier will be?

(a) Square wave

(b) Purely sinusoidal

(c) Pure DC

(d) Triangular wave

In a three-phase (50Hz) full converter, what is the frequency of the ripple in the output?

(a) 50 Hz

(b) 100 Hz

(c) 150 Hz

(d) 300 Hz

The function of a freewheeling diode in a phase-controlled rectifier is to:

(a) Contribute to additional harmonics

(b) Contribute to additional reactive power

(c) Facilitate inverter operation

(d) Enhance the line power factor

A single-phase full-wave rectifier built with thyristors has_a peak value of the sinusoidal input

voltage at Vi and a delay angle of n/3 radians: In this'case; the average value of the output voltage

is?

(a) 048V

(b) 0.32 Vn

() 0.71 Vp,

(d) 054V,

In a single-phase half-wave controlled rectifier with a resistive load supplied from a 230 V (RMS),

50 Hz source, and a firing angle of 60°, the average output voltage would be:

(a) 77.5V

(b) 52V

(c) 155V

(d) 104V

In a line-commutated phase-controlled inverter operating at its inverter limit, a commutation failure

can occur if:

(a) The frequency decreases

(b) The voltage increases

(c) The frequency increases

(d) Both the voltage and frequency change in such a way that the ratio of voltage to frequency (v/f)
remains constant

Among the following options, which one results in a larger peak inverse voltage for the thyristor,

while providing the same voltage output?

(a) Single-phase full-wave centre tapped circuit
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10.

11.

12.

13.

14.

15.

16.

(b) Single-phase full-wave bridge circuit

(c) Three-phase full-wave bridge circuit

(d) Three-phase full-wave center tapped circuit

In a single-phase fully controlled rectifier feeding a constant DC into the load, if the firing angle a
is 30°, what is the displacement factor of the rectifier?

(a) 1

(b) 0.5

(o) 1.73

(d) 0.865

In a thyristor-controlled rectifier, the firing angle of the thyristor is to be controlled within which
range?

(a) 0°to 180°

(b) 0°to90°

(c) 90°to 270°

(d) 90° to 180°

The frequency of the ripple in the output voltage of a three-phase controlled bridge rectifier depends
on which of the following factors?

(a) Load inductance

(b) Firing angle

(c) Supply frequency

(d) Load resistance

In a three-phase controlled bridge rectifier, what is the-maximum- conduction angle for each
thyristor?

(a) 60°

(b) 90°

(c) 120°

(d) 150°

A three-phase full converteris providing. power to a purely resistive load at a 220 V DC voltage
with a firing angle of 0°. Determine the output voltage when the firing angle is 90°.

(a) 30V

by ov

(c) 90V

(d 120V

What is the name of a.converter that can operate in both 3-pulse and 6-pulse modes?

(a) Three-phase‘full-wave converter

(b) Three-phase half-wave converter

(c) Three-phase semi converter

(d) Single-phase semi converter

A three-phase full-controlled converter can function as a:

(a) Converter for a = 0 to 120°

(b) Converter for o= 0 to 90°

(c) Converter for a= 0 to 180°

(d) Converter for o= 0 to 60°

A fully controlled converter utilizes:

(a) Diodes only

(b) Thyristors only

(c) Both diodes and thyristors

(d) None of the mentioned
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17.

18.

19.

20.

21.

22.

23.

24.

25.

A single-phase full converter with an R load is a quadrant converter, while a single-
phase full converter with an RL load without freewheeling diode (FD) is a quadrant
converter.

(a) One, one

(b) Two, one

(c) One, two

(d) Two, two

A single-phase full-controlled bridge converter (B-2) utilizes:

(a) 4 SCRs and 2 diodes

(b) 4 SCRs

(c) 6 SCRs

(d) 4 SCRs and 2 diodes

In a B-2 type full-controlled bridge converter:

(a) One SCR conducts at a time

(b) Two SCRs conduct at a time

(c) Three SCRs conduct at a time

(d) Four SCRs conduct at a time

In a three-phase half-wave rectifier, the DC output voltageis 230 V. The peak inverse voltage across
each diode is:

(a) 481.7V

(b) 460 V

(c) 345V

(d) 230V

In a three-phase semi-converter, when the firing angle is less than or-equal to 60°, the freewheeling
diode conducts for:

(a) 30°

(b) 60°

(c) 90°

(d) 0°

In a single-phase phase-controlled rectifier with a freewheeling diode across the load:

(a) The instantaneous output.voltageVy is always positive

(b) Vo may be positive or -zero

(c¢) Vo may be positive, zero, or.negative

(d) Vo is always zero.or negative

The average output voltage is maximized when the SCR is triggered at wt equals:

(am

(b) 0

(c) n/2

(d) n/4

In a single-phase thyristor circuit with an R load and a firing angle a, the conduction angle can be
expressed as:

(a) mta

(b) 2n+a

(c) m-a

d o

In a single-phase half-wave controlled rectifier with a firing angle a and an angular frequency of ,
the circuit turn-off time in seconds can be expressed as:

(a) a/n
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26.

27.

28.

29.

30.

31.

32.

33.

(b) /o

(c) o/n

(d) v

In a single-phase half-wave thyristor circuit with an R load, the input power factor can be
determined by:

(a) RMS source voltage/total RMS line current

(b) RMS input power/power delivered to the load

(c) Cosa

(d) Power delivered to the load/input VA

In the case of a single-phase half-wave circuit with an RL load, where the firing angle is o and the
extinction angle is B, the conduction angle y can be expressed as:

(@ y=pta
(b) y=p-a
(© y=Ppo
d y=op

Select the accurate statement:

(a) M-2 type connection requires SCRs with higher PIV as compared to thosein a B-2 type

(b) M-2 type connection requires SCRs with lower PIV as compared to those in a B-2 type

(c) The average output voltage in the M-2 type is more than that obtained from .a B-2 type
configuration of the same rating

(d) The average output voltage in the M-2 type. is less than-that.obtained from a B-2 type
configuration of the same rating

In controlled rectifiers, the nature of'the load current (continuous.or discontinuous) depends on the:

(a) Type of load and firing angle

(b) Only on the type of load

(c) Only on the firing angle

(d) It is independent of all parameters

A single-phase symmetrical semi-converter utilizes:

(a) One SCR and one diode in each leg

(b) Two SCRs and two diodes in each leg

(c) Two SCRs in each leg

(d) Two diodes in each leg

In a three-phase, three-pulse, M-3 type controlled converter, the number of SCRs used is:

(a) 1

(b) 2

(c) 3

(d) 4

In a three-phase, three-pulse, M-3 type controlled converter, where the firing angle for one of the

SCRs is set:to 15°, this SCR would initiate conduction at:

(a) 0°

(b) 15°

(c) 30°

(d) 45°

The impact of source inductance on the performance of a three-phase controlled converter is to:

(a) Increase the average load voltage

(b) Decrease the average load voltage

(c) Make the load current continuous

(d) Eliminate ripples from the load current
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34.

35.

36.

37.

38.

39.

40.

In a single-phase full converter, when the output voltage has peak and average values of 325 V and
133 V respectively, the firing angle can be determined as follows:

(a) 40°

(b) 140°

(c) 50°

(d) 130°

In a single-phase semiconverter, when the output voltage has peak and average values of 325 V and
133 V respectively, the firing angle can be determined as follows:

(a) 40°

(b) 140°

(c) 73.40°

(d) 80°

A fully controlled line commutated converter operates as an inverter when the firing angle (o) falls
within the range of:

(a) 0°-90°

(b) 90° - 180°

(c) 90° - 180°, but only when there is a suitable DC source in the load

(d) 90° - 180°, but only when it supplies a back EMF load

In a single-phase half-wave circuit with RL load and a freewheeling ‘diode across the load, if the
extinction angle P is greater than m, the conduction periods for the SCR and freewheeling diode,
respectively, can be determined as:

(a) m-a, B

(b) B-a, m-a

(c) m-a, B-m

(d) m-a, -

In a single-phase one-pulse circuit with RL load and afreewheeling diode, if the extinction angle 3
is less than m, the conduction periods for.the SCR and freewheeling diode, respectively, can be
determined as:

(a) p-a,0°

(b) m-0, & T-p

(c) a,p-a

(d) B-a, @

One of the significant benefits.of employing dual converters is that

(a) it offers cost-effectiveness

(b) it provides an improved power factor

(c) it eliminates the need for-mechanical switches to switch between operation modes

(d) it operates at high frequencies

In a single-phase full-bridge converter with a freewheeling diode and an inductive load, the load
resistance is.15.53 Q and the inductance is large enough to provide constant and ripple-free DC.
The converter is supplied by an ideal 230 V, 50 Hz single-phase source. When the firing delay angle
is set to 60°, what is the average value of the diode current?

(a) 8.1655A

(b) 10 A

(c) 3.33A

(d) 5.774 A

Answers to multiple-Choice Questions
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(a) (b) 11. (c) 21, (d) 3. (o)
(b) (a) 12. (o) 22. (b) 32. (@)
© (@) 13. (b) 23, (b) 33. ()
@ @ 14. (0) 24, (¢) 34. (0
© (b) 15. (c) 25.  (d) 35. (c)
® () 16. (b) 26. (d) 36.  (d)
@ (© 17. (c) 27.  (b) 37, (0)
(h) (@) 18. (b) 28. (a) 38. (a)
(i @ 19. (b) 29. (a) 39.  (c)
0 @ 20. (a) 30. (a) 40. ()

Short and Long Answer Type Questions

S e

% =

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

What do you mean by a controlled rectifier?

What is phase controlled rectifier?

Define converter.

What is the delay angle?

Differentiate between uncontrolled and controlled rectifiers.

What do you mean by delay or firing angle, extinction‘angle, and conduction angle? Explain
with the necessary diagram.

What do you mean by semi converter? Draw two such circuits.

What do you mean by half controlled, fully controlled, and semi controlled converters?
What are the three methods of control for phase-controlled rectifiers? Explain each with the
necessary waveform.

What are the various performance parameters of the phase’controller rectifier? Write the
formulae for each.

Draw the circuit diagrams for single phase half wave-controlled rectifier with resistive (R),
resistive and inductive (R-L) load. Explain the operation of these circuits with the necessary
waveform for various voltages and currents.

Draw the circuit diagram for single phase half wave-controlled rectifier with resistive and
inductive (R-L) load considering a freewheeling diode. Explain the operation of this circuit
with the necessary waveform for various voltages and currents.

What do you mean by full converter? Draw two such circuits.

Give the principle of phase.control.

Classify the single-phase full-wave-controlled rectifier. Draw the circuit diagram for each.
Explain the operation ‘of single-phase midpoint-controlled rectifiers (with-R load, with R-L
load, and R-L load with freewheeling diode) with the necessary waveform for various voltages
and currents.

Draw the circuit diagram for single-phase full-wave fully controlled bridge rectifiers with
various loads.

Explain the operation of single-phase full wave fully controlled bridge rectifiers (with R load,
with R-L load, and R-L load) with the necessary waveform for various voltages and currents.
Draw the circuit diagram for a single-phase half-controlled bridge rectifier with various loads.
Explain the operation of a single-phase half-controlled bridge rectifier with various loads with
the help of necessary waveform for various voltages and currents.

What are the effects of removing a freewheeling diode in semi controlled single phase circuit?
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22.

23.
24.

25.

26.

27.

28.

29.

30.

Explain the operation of the common anode and common cathode for three phase-controlled
rectifiers.

Classify 3-® phase-controlled rectifiers.

Draw the circuit diagrams of a three-phase half-wave-controlled rectifier with resistive (R),
and resistive-inductive (R-L) loads.

Explain the operation of three phase half wave-controlled rectifier with resistive (R), resistive
inductive (R-L) loads. Provide necessary waveforms for various currents and voltages of each
converter.

Draw the circuit diagram for three phase fully controlled bridge converter with various types
of loads.

Explain the operation of three phase fully controlled bridge converter with various types of
loads. Provide necessary waveforms for various voltages and currents in each of them.,
Explain the operation of single-phase fully controlled bridge converters considering the
source impedance. Provide necessary waveforms for various voltages and currents.

Explain the operation of three phase fully controlled bridge converters considering the
source impedance. Provide necessary waveforms for various voltages and currents.

Explain the effect of input impedance in output voltage and currents in'single-phase and
three phase converters.

Numerical problems

1.

A source of 120V supplies a half-wave-controlled rectifier: Find the voltage across load and
power output for the following firing angles if the load resistance is 10.Q: (a) 0° (b) 45° (¢) 90°
(d) 135° (e) 180°.

A DC load resistance of R =20 Q is powered from a 1-® transformer operating at 220V, 50 Hz
by a half wave-controlled rectifier circuit. Determine the (a) rectification efficiency (b) form
factor (FF) (c) voltage ripple factor (VRF) (d) transformer utilization factor (TUF) and (e) pick
inverse voltage (PIV) of the SCR for-a firing.angle of 30°.

The firing angle, o for a half wave-controlled rectifier is 30°. The load is purely resistive (R).
Find (a) rectification efficiency, (b) Form factor (FF), (c) Ripple factor (RF), (d) TUF, and (e)
PIV for SCR.

The firing angle, a for a half-wave-controlled rectifier is 45°. The load is purely resistive (R).
Find (a) rectification efficiency, (b) Form factor (FF), (c) Ripple factor (RF), (d) TUF, and (e)
PIV for SCR.

A 1-@, 220 Velt, 50 Hz source fed power to a 2 kW, 220 Volt heater through an SCR. Determine
the power draw by the heating element for o = 30° and 60°.

A 220V 1-®_AC source supply 12A at 160V to a DC inductive load. Provide specifics on
meeting this specification in either the (a) midpoint or (b) bridge configuration, with o = 45°.
The voltage drop across each SCR is 1.6 volts, and compare this to the two configurations.

A load having a resistance of R = 10 Q is supplied by a half-wave-controlled rectifier from a
150 V, 60 Hz source. Find: (a) peak load current (b) average load voltage and load current (c)
rms load current (d) load power input (¢) conduction angle (f) ripple frequency (h) power factor
if the firing angle is 30°.

A load resistance of R = 20 Q is powered from a 1-®, 110 V, 50Hz source through a single-
phase half wave-controlled converter. Find the (a) a (b) average and rms values of currents
output (c) average and rms value of SCR currents whereas average voltage output is 30% of the
maximum average output voltage.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

SCRs of 1-® mid-point converter and bridge converters with rating, peak forward voltage, and
average on-state current are 1100V and 30A respectively. Use a safety factor of 2.6 to figure
out how much power these two converters can handle.

The load resistance of a single-phase half-wave converter is R = 12 Q and it is powered by a
230V, 50 Hz source. Determine the (a) rectification efficiency (b) FF (¢)VRF (d) TUF (e) PIV
of'the SCR for a firing angle of 30°.

A load resistance of R = 20 Q series with a large inductance powered from 220V, 50Hz 1-®
supply through a single-phase full converter. Find the performance parameters of the converter
for a 30° firing angle.

A load resistance of R = 20 Q series with a large inductance powered from 220V, 50Hz, 1-®
supply through a 1-® semiconverter. Find the performance parameters of the converter for a
60° firing angle.

A 120V, 50 Hz AC supply is utilized to power a 1-® semiconverter. Find (a) o (b) average and
rms value of current output (c) average and rms value of SCR currents whereas average voltage
output is 20% of the maximum average output voltage.

An inductive load is supplied by a single-phase fully-controlled bridge converter: Find the (i)
average output voltage, (ii) supply rms current, (iii) fundamental supply.rms current, (iv) DF,
(v) supply power factor, (vi) THD, and (vii) VRF fora supply voltage of 230 V'and firing angle
of 30° under the assumption that the output-current is constant.

A 120 V, 50 Hz ac supply is used to power a single-phase.semiconverter. The load current is
continuous and free of ripple at a firing angle of 7 /2. Find (a) DF (b) THD (c) input power
factor.

The three-phase, 230 V, S0Hz supply is used to power the 3-® half wave converter, with a load
resistance R = 10 Q. The average output voltage must be 50 percent of the maximum output
voltage. Find (a) a (b) average and rms load'current(c) rectification efficiency.

A load resistance of 20€2 is powered from a three-phase star-connected 230V, 50 Hz supply
through the three-phase half-wave converter. -Find: (i) a (ii) rms and the average value of
currents output (iii) average and rms value of SCR currents (iv) rectification efficiency (v) UTF
and (vi) input power factor if the-average voltage output =25% of maximum average voltage.

A resistive load of 10 Q takes 6 kW from a 3-® full converter for oo = 60°. Calculate the
magnitude of the per-phase input supply voltage. (b) Repeat part (a) if a large reactor connected
in series with the load eliminates ripple in the load current.

A three-phase, 400"V, 50 Hz source powers a three-phase, half-wave-controlled converter,
which is connected to“a load taking a constant current of 36 A. Where SCR has a voltage drop
of 1.4 V. Determine:- (a) average load voltage for « = 30° and 60°. (b) average and RMS current
rating and PIV of SCRs (c¢) power dispassion in each SCR.

Acthree-phase, three-phase, 400 V, 50 Hz supply a three-phase full converter delivers a ripple-
free load current of 10A with an a = 45°. (a) Find the DF, CDF, THD, and PF, (b) Also
determine the active and reactive powers input.

The supply voltage of a 3-® converter is 400V, S0Hz 3-®. A load resistor of 120€2 is connected
in series with a large smoothing inductor. Find the SCR ratings.

The source impedance of a 1-® full wave midpoint converter is 0.44 mH. The converter is
supplied from 130V, 50Hz supply. A freewheeling diode is connected across the load. A
continuous load current of SA is obtained. Determine the overlap angle for (a) transfer current
from the SCR to the commutating diode, and (b) transfer current from the commutating diode
to SCR.
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23. A 3-® fully controlled bridge rectifier is supplied from a 3-®, 430V, 50Hz supply. The
triggering angle is 30°. A continuous load current of 15A is maintained at a load voltage equal
to 370V. Determine (a) Source inductance, (b) load resistance, and (c) overlap angle.

24. A 3-® fully controlled bridge rectifier is supplied from a 3-®, 4400V (line), 50Hz supply having
source inductance of SmH. A continuous load current of 25A is maintained. The load consists
of a voltage source of voltage 380V having an internal resistance of 1. Determine (a) firing
angle, and (b) overlap angle.

Know More

(a) In the case of a 1-® full converter considering inductive loads permits only a two-quadrant
operation. If two full converters are connected back-to-back both output voltage and currents can
be revered. The system provides four-quadrant operation and the converter is called’a dual
converter. Dual converters are normally used in high-power variable speed drives..The circuit
diagram of a single-phase dual converter is shown in Figure.4.38(a). Three-phase dual converters
are available and find application in variable speed drives. A circuit for a 3-®~dual converter is
shown in Figure.4.38(b).
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Figure.4.38(a) - 1- phase dual converter
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Figure.4.38(b) 3-phase dual converter
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(b) In this Unit the stress is given to SCRs. The SCR is the basic device of the thyristor family. The
other devices under the thyristor family are also used for the construction of various phase-
controlled rectifiers.

(c) Power devices are available in a single unit or a module. The power converter usually requires
two, three, four, or six power devices based on the topology of the circuit. Various power modules
such as dual (half-bridge configuration), quad (in full bridge configuration), and six ( in 3-®) are
available. The power modules offer advantages such as lower on-state loss, high voltage and
current switching, and high speed than conventional devices.
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(d) To construct a converter along with the power module and other accessories like gate drive

circuit, isolation device, protection and diagnostic circuits for excess current, open load,
overheating, etc. All such devices form one module called intelligent module or smart power.
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Industrial Control
Circuits

UNIT SPECIFICS

This unit covers the following aspects:

The application of power. semiconductor.devices for some industrial control circuits is presented and
the working of these circuits for generating further curiosity and creativity as well as improving

Introduction to power electronics application in industrial control circuits.
Battery charger circuits using SCR.

Emergency lighting system using an uncontrolled full-wave rectifier and SCR.
Temperature controller circuit using SCR.

{llumination control using TRIAC.

Introduction to switched-mode power supply (SMPS) and its classification.
Flyback SMPS.

Push-pull SMPS.

Half Bridge Converter (SMPS).

Full Bridge Converter (SMPS).

Introduction to the uninterrupted power supply (UPS) and'its various types.
Short-break UPS or off-line (line preferred) UPS.

No-break UPS or online (inverter preferred) UPS.

Line-interactive UPS.

UPS Battery and its ratings.

Static AC and DC circuit breakers and its various types.

Burglar’s alarm system.

Fan speed control using TRIAC.

problem-solving capacity with'some numerical problems.

Besides giving a few.multiple-choice questions as well as questions of short and long answer types
marked in.two categories following the lower and higher order of Bloom’s taxonomy, assignments
through a few numerical problems, a list of references, and suggested readings are given in the unit so

that one can go through them for practice.

After the detailed description of the selected topics, based on the content, there is a “Know More”
section appended. This section has been designed to supplement additional information and higher

learning skills on power electronics applications.
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RATIONALE

This fundamental unit on industrial control circuits using various semiconductor devices helps students
to get a primary idea about the application of power electronic devices in various industrial control
circuits.

Some selected industrial control circuits with different power semiconductor devices are presented in
this unit.

The physics behind various circuits for industrial applications using power semiconductor devices are
discussed at length to develop the basic idea about these circuits.

Some related problems are pointed out after each section with their solutions which can help further
for getting a clear idea of the concerned topics. The mathematics behind a few applications will
certainly help students with numerical problem-solving.

As a student in the field of electrical engineering, this unit on industrial control circuits helps students
to grasp the basic knowledge of applications of power electronic devices in industrial-applications.

PRE-REQUISITES
ESC101: Basic Electrical Engineering

UNIT OUTCOMES
After completion of Unit-3 students will be able to:

U5-0O1: Identify various power electronics circuits for'industrial application.

U5-02: Explain the working of various industrial control circuits-like battery chargers, switched-
mode power supplies (SMPS), illumination controllers; uninterrupted power supply (UPS),
temperature control circuits, emergency lighting circuits, Fan speed control circuits, and
Burglar’s alarm system.

U5-03:  Understand the working of various SMPS, UPS, static circuit breakers, and battery chargers.

EXPECTED MAPPING WITH COURSE OUTCOMES
Unit-5 (1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)
Outcomes
CO-1 CO-2 CO-3 CO-4 CO-5
Us-01 3 2 3
U5-02 3 2 3
Us5-03 1 2 2 2 3
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5.1. INTRODUCTION

Over the past 40 years, power electronics and motor drives have experienced swift technological
advancements, resulting in a vast and diverse field that requires interdisciplinary expertise. As
technology advances and equipment costs decrease, their usage is growing in various areas such as
industrial, commercial, residential, military, aerospace, and utilities due to increased reliability. The
advancements are attributed to various innovations, including power semiconductor devices, converter
topologies, analytical and simulation techniques, electrical motors, and control and estimation
techniques. However, the incorporation of artificial intelligence techniques like fuzzy logic and artificial
neural networks has raised the bar and made the work of power electronic engineers more challenging.
In the 21* century, power electronics will play a significant role in global industrial automation, energy
generation, and conservation efforts. As power-electronics technology advances and becomes. more
affordable, its practical applications are expanding. These applications include switching mode power
supplies (SMPS), uninterrupted power supply (UPS), electrochemical processes, heating and lighting,
static var compensation, active filtering, high voltage DC systems, photovoltaic systems; and variable
frequency motor drives. One of the most significant benefits of power electronics is the increased energy
efficiency of electrical equipment, which helps to save electricity consumption. With the'world's energy
consumption rising, particularly in industrialized nations,thereds a pressing need to improve the energy
efficacy of electrical equipment to enhance human living standards. Currently, a-large proportion of
energy is generated by burning fossil fuels like coal, natural gas,~and oil,» which contributes to
environmental pollution and global warning: By utilizing power electronics ‘to.increase energy
efficiency, we can not only reduce electricity consumption but also indirectly reduce environmental
pollution by decreasing the need for power generation.
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Figure 5.1 Uses for power equipment. (Courtesy of Powerex, Inc.)

In Figure.5.1, the frequency spectrum and uses of power devices are depicted. It is recommended
to explore the available power devices, as their capabilities are continually improving. A high-
performance power device would ideally possess four features: (1) zero on-state voltage, (2) infinite
off-state voltage withstand capability, (3) ability to handle infinite current, and (4) instantaneous on-off
switching speed, leading to infinite switching speed. The introduction of SiC-based power devices is
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expected to bring about significant improvements, such as greatly reduced on-state resistance and
switching time, as well as an almost tenfold increase in voltage rating. Consequently, it is expected that
there will be a shift in the applications of power devices shown in Figure.5.1. In this Unit some
important industrial control circuits will be presented.

5.2. BATTERY CHARGER USING SCR

Portable devices and communication devices need a low-power battery. These batteries need to
be recharged. Hence low-power battery chargers are required to recharge the batteries. The application
of power electronic devices like SCR makes it possible to construct automatic battery chargers. Figure
5.2 illustrates an automatic battery charging circuit employing SCR.
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Figure.5.2 Battery Charger using SCR

The various components and their functions of this circuit are-as-follows.” A centre-tapped step-
down transformer voltage rating of 230V/ (15-0-15) V is used to'step down the available AC voltage.
The power diodes D; and D; are used to'form an uncontrolled full-wave rectifier. The pulsating DC
voltage appears across terminals P and . The positive terminal. of the 12V discharged battery is
connected to the cathode of SCR1/in series with resistance R;. The anode of SCRI1 is connected to
terminal P. The Switch S; is connected between themnegative terminal of the 12V battery and terminal
Q. The circuit also requiresa Zener diode (D:), diode D3, and resistance R;, and their connections are
shown in Figure.5.2.

When SCR1 is in the OFF state, its.cathode is maintained at the same potential as the discharged
battery. When switch S; is ON, the SCR circuit is completed. During the positive half cycle, when the
voltage at the midpoint O reaches a sufficient level, the diode D; and gate-cathode junction forward
biased, and the SCRI is triggered. As a result, the charging current passed through the battery during
the entire positive half cycle and the battery is charging. The D. maintained maximum voltage (12V) at
point O. When the batteryis .fully charged (12V), the cathode is maintained at 12V, the D3, gate-cathode
junction of SCR1 is reverse biased and SCR1 is not triggered. Thus, after full charging the battery is
stopped.

5.2.1.  Battery Charger using SCR with trickle charging facility
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Figure.5.3 Battery charger using SCR with trickle charging facility
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A battery charger circuit with a trickle charging facility is shown in Figure.5.3. The same center-
tapped transformer as used in Figure.5.2 is used here to step down the available voltage level to 15-0-
15V. The discharged battery (12V) is connected between mod point O and point Q. The diode D; and
Dy form the full wave uncontrolled rectifier. This rectifier generates DC voltage. This DC voltage is
applied to the battery charger circuit from terminals P and Q. A Zener diode D. having a breakdown
voltage less than 12V (Say 11V) is connected and the variable point of resistance is R3. When the battery
voltage is less than the breakdown voltage of D:, the SCR2 cannot be triggered since no gate current
flows. Hence, SCR2 is off-state. During the positive half cycle, SCR1 is triggered since it received the
gate current via the forward-biased diode and resistance R; and the battery is charging during the entire
positive half cycle.

When the battery voltage exceeds 11V, reaching a point where the pick-off voltage Vg3 equals
the breakdown voltage ' (11V in this case) of the Zener diode Dz plus the gate voltage, the breakdown
of Zener diode Dz occurs. As a result, the gate current is supplied to SCR2 and it is turned on. Initially,
SCR2 triggers at a 90° phase angle coinciding with the peak supply voltage, peak charging current, and
maximum battery voltage. As the charging process proceeds through SCR1, the battery voltage rises,
and the triggering angle of SCR2 advances in each half-cycle, triggering before the main SCR1. At this
point, with SCR2 ON, the voltage divider arrangement of resistors R; and R, ensures that the voltage at
the anode of diode D, remains lower than the voltage at.the cathode of SCR 1. Thus, diode D, becomes
reverse-biased, preventing gate current from being supplied to'SCR1. and turned off. For trickle
charging, a branch can be added that includes diode D5 and resistor R, Thus, when SCR1 is in the OFF
state, a low charging current is maintained through diode Ds and résistor Ry, enabling slow charging of
the battery. Heavy charging can only resume after the battery voltage drops t0 a level where V falls
below V77, causing the triggering of SCR2 to cease in each cycle.

5.3. EMERGENCY LIGHTING SYSTEM USING UNCONTROLLED FULL-WAVE
RECTIFIER AND SCR

D3 R1

|

Dy

6V

6V, 19A
e

Figure.5:4 Emergency Lighting System

5 6v
R:8 Battery

Single phase, 230V,
50Hz supply

An emergency lighting-system for household application is shown in Figure.5.4. The system
utilizes the available single-phase supply (say 230V, 50Hz) for operation. A centre-tapped step-down
transformer (230/ (6-0-6) V) is used at the input to step down the voltage level. The diodes D; and D;
form the uncontrolled full-wave rectifier. It rectifies the input AC into DC voltage. The output DC (6V)
is supplied to a 6V lamp from terminals P and O. The lamp receives 6V DC when AC is present. At the
same time, a pulsating current passed through the diode D; and resistance R;. This facilitates trickle
battery charging. The capacitor C is connected across the gate and cathode of SCR1. The capacitor is
charged with its upper plate positive charge. The voltage of the capacitor is below 6V (Output voltage
of the rectifier). This voltage reverse-biased the gate to the cathode junction. With the battery voltage
at the anode and the rectifier output voltage slightly higher at the cathode, SCR1 remains reverse-biased
and cannot conduct. As a result, the lamp illuminates due to the rectifier's DC output voltage. The
operation of the Emergency Lighting System can be summarized as follows:
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(a) The lamp remains illuminated even if the AC supply is disconnected in the emergency lighting
system.

(b) Initially, the input AC supply of 230 V is reduced to 6-0-6 V using a step-down transformer.

(c) The full-wave rectifier, consisting of D; and D:, converts the 6V AC supply into a 6V DC
supply, ensuring that the lamp remains in the ON state. Another current flows through D3 and
Resistor R3, which charges the battery.

(d) When the AC power supply is turned OFF, the voltage at the cathode of the SCR decreases.
This decrease, combined with the battery potential and a positive gate pulse, causes the SCR to
turn ON. Consequently, when this battery potential is applied across the lamp, it turns ON.

5.4. TEMPERATURE CONTROLLER USING SCR

A Temperature Controller functions by comparing a sensor signal with a set point and cartying
out calculations based on the difference between these values. It is employed to regulate a heater or
other equipment. Controllers capable of managing sensor signals for factors like humidity, pressure,
and flow rate are referred to as Controllers. Electronic controllers are specifically termed. Digital
Controllers. The Temperature controller finds application in various scenarios, including:

(a) Monitoring and regulating the temperature of devices, rooms, and electronic components.
(b) Implementing heat reduction measures in car engines, and controlling the cooling pads in
computers and laptops.
(c) Playing a crucial role in the process control of chemical reactions, as.the reactions are highly
dependent on temperature.
The mercury-in-glass thermostat is a highly sensitive measuring device that can detect temperature
changes effectively. A circuit for temperature control using SCR is‘'shown.in Figure.5.5.

[

Heater load

o—

L o« ACSUPPLY

Hg in glass
Thermostate

Figure 5.5 Temperature Controller using SCR

In this setup, a‘diode bridge rectifier is connected to the AC power source via a heater. This leads to a
fully rectified voltage across the thyristor 7;. When the thermostat is open, the voltage across capacitor
C triggers thyristor 77 during each half cycle of the input supply, allowing current to pass through the
heater. The charging time constant is determined by the product of R; and C; networks. As the
temperature rises, the conductive thermostat creates a short circuit across the capacitor, preventing it
from charging and triggering the thyristor. Consequently, no current flows through the heater. There
are two modes of operation. They are given below.

Mode 1: When the temperature is less than the desired value: In this operating mode, when the
temperature is below the desired value, the mercury in the glass thermostat cannot create a short circuit
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between electrodes 4 and B. Consequently, the gate current (/;) for the SCR is provided during both
half cycles. As a result, when the thermostat opens, the SCR will trigger during each half-cycle and
supply power to the heater load.

Mode 2: When the desired temperature is reached: In this mode, when the desired temperature is
achieved, electrodes 4 and B are connected through the mercury, creating a short circuit. This short
circuit effectively connects the gate and cathode terminals of the SCR. As a result, the SCR is turned
OFF, causing the heater to also turn off.

5.5. ILLUMINATION CONTROL USING TRIAC

Light sources, such as tube lights or bulbs, flicker by their specific wattage rating. If you require
brighter light, you must use a high-wattage bulb, while a low-wattage bulb is suitable for lower light
requirements. To control the voltage supplied to the light, a light dimmer circuit or illumination control
is employed. For many decades, variable transformers and resistors have been used to achieve this
circuit. These methods have been utilized in various settings such as theatres, stage lighting, homes,
conference halls, and restaurants. However, traditional light control methods are bulky, less efficient,
and challenging to manage in remote areas. The advent of power electronics between-the 1960s and
1970s introduced TRIACs and thyristors to the market, enabling the design of small, cost-effective light
dimmer circuits with high efficiency.

A light dimmer operates by selectively cutting portions of the AC-voltage waveform. This permits
only specific segments of the waveform to reach'the lamp, thereby controlling its brightness. The power
transferred to the lamp determines its brightness, so the more the waveform is chopped, the dimmer the
light becomes. By cutting the waveform at the zero-crossing point, smooth dimming can be achieved
without causing the lamp to flicker. The circuit for illumination. control using TRIAC is shown in
Figure.5.6.

N,
N
o/

Lamp TRIAC

T T

Figure 5.6 Ilumination control circuit using TRIAC
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The operation of the Illumination Control using TRIAC can be summarized as follows:

(a) The light is a load that operates on AC voltage. To control the brightness of the light, it is
necessary to apply controlled AC voltage to the TRIAC. Phase control using DIAC-TRIAC is
employed to achieve illumination control.

(b) In this circuit, the DIAC generates trigger pulses for the TRIAC.

(c) During the positive half cycle of the AC waveform, the TRIAC requires a positive gate pulse
to turn it ON. This pulse is provided by a capacitor when its voltage exceeds the breakdown
voltage of the DIAC. The capacitor charges through the path consisting of a resistor (R) and a
capacitor (C).

(d) By adjusting the value of resistor R, the firing angle («) of the TRIAC can be changed. As the
firing angle (o) increases, less voltage is applied to the light, resulting in dimmer illumination.
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Conversely, as the firing angle (o) decreases, more voltage is applied to the light, resulting in
brighter illumination. This is how the Light dimmer circuit using DIAC-TRIAC operates.

5.6. SWITCHED MODE POWER SUPPLY (SMPS)

With the advancement of electronics, the need for a DC power supply has increased. Mostly the
DC power supply is required for various integrated circuits (ICs) that are used in various equipment
like computers. A lightweight compact device called switched mode power supply (SMPS) was
developed by the National Aeronautics and Space Administration (NASA) in the 1960s for use in its
space vehicle. The SMPS is a lightweight compact power supply. In the latter stages, the SMPS became
popular. Presently nearly 80% of the total production power supply is the SMPS. Though, the phase-
controlled rectifier can be used for DC supply, due to the filter circuit requirement to obtain ripple-free
DC, the phase-controlled rectifier base DC supply is inefficient, bulky, and weighty. The SMPS works
like a chopper. By operating the ON/OFF switch very rapidly the rise in AC ripple can be. eliminated
easily by L and C filter circuits. These components are of small size and light in weight. In- SMPS, the
DC output voltage is controlled by controlling the duty cycle of the chopper by PWM of FM techniques.
The chopper circuit is not included in the syllabus of this book. Since SMPS operates on.the principle
of the chopper, a brief introduction of the same is provided here.

The chopper is a semiconductor device that converts fixed DC to adjustable DC. This.device is
used in two different ways. Namely AC link chopper and DC chopper. In the case. of the AC link
chopper, the conversion of fixed DC to variableDC involved two stages. The available DC supply is
first converted to AC using an inverter, and the output of the inverter.is stepped down using a
transformer which is then converted to DC by a diode rectifier. Thus, the system becomes costly, bulky,
and less efficient. In the case of the DC chopper; there is only one stage. The fixed DC is converter to
variable DC using a semiconductor'device. Figure.5.7(a) and Figure.5.7(b) show the block diagram of
the AC Link chopper and DC chopper respectively.

be AC DC
—p— - Inverter > 3 ||%b|__._
t

t
H— ¢
@
DC DC
A DC chopper —

t
MR s

(b)
Figure.5.7 Block diagram representation of chopper (a) AC link chopper, (b) DC chopper

A chopper is a high-speed ON/OFF semiconductor switch. It may be a power BJT, power
MOSFET, GTO, or forced commutated thyristor. The chopper connects the source to the load and
disconnects the load from the source at a very fast speed. Thus, a chopped load voltage is obtained. An
elementary chopper circuit is shown in Figure.5.8(a). The output voltage and current waveform are
shown in Figure.7.8(b). Here, V; and V, are the input and output DC voltage respectively. I, is the output
DC current. 7o, and T,y are the on-and-off periods of the switch.
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Figire.5.8 Circuit and waveform of an elementary chopper (a) Circuit, (b) voltage and current waveform

Here, the shopper is represented by switch SW. Which may be on or off as desired. During 75, SW is
on (close), and during Ty, SW is off (open). The total time period or chopping period 7'ds the sum-of
T,»and T, The average output voltage is given by,

T T
Vy=——u ="y DV, (5.1)
I, +Ty; :

where D = T,,/T is the duty cycle of the chopper. Thus, by varying the D we can get variable output
DC voltage. The value of D is between 0 and 1< The circuit of Figure:5.8(a) is called a step-down
chopper since it steps down the DC voltage.

There is another chopper that steps up the voltage. -This is-called .a step-up chopper. An
elementary circuit diagram is shown in Figure.5.9. The output voltage equation of the step-up chopper
is given by

K=V, 5o =V (5.2)

+ L f
Fo===q====- '

Vs chopper SWX \10

Figure.5.9 An elementary circuit of a step-up chopper
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5.6.1 Classification of SMPS

There are four different types of SMPS. They are

(a) Flyback SMPS
(b) Push-pull SMPS
(c) Half bridge SMPS
(d) Full Bridge SMPS
All are discussed in brief in the following subsections.
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5.6.2 Flyback SMPS

The circuit diagram of Flyback SMPS is shown in Figure.5.10(a). The components of this
circuit are MOSFET (M), an isolation transformer (7/), a diode D, capacitor C, and the load. The
uncontrolled rectifier converts available AC into DC. It is assumed transformer is not demagnetized
during chopping period 7. When the MOSFET switch M1 is on, supply voltage V; is applied to the
transformer primary (i.e v; = V), and a corresponding output voltage v» is found at the secondary with
polarity as shown. The secondary voltage v»is given by v; = (N2/N;). Vs. The v reverse biases the diode
D. The equivalent circuit for this on condition of M1 is shown in Figure.5.10(b). The capacitor C is a
filter capacitor and it is large enough so that the voltage across it is equal to load voltage (V). When
M1 is off, a voltage of opposite polarity is induced in the primary and secondary as shown in
Figure.5.10(c). The voltage across the secondary is now v2 = -Vo = - (N2/N;). V. Diode D is. now
forward-biased and start conducting. The energy stored in the transformer is partly delivered to the load
and capacitor C. Various waveforms for voltage and currents such as primary and secondary voltages
(vi, v2), magnetizing current of the transformer (i), and diode current (ip) are depicted in Figure:5.10(d).
At the start (¢ = 0) of T,,, the i, is not zero but it rises linearly from the initial valued,.g to s at ¢t = Ton.
The magnetic energy stored in the transformer core during 7.

The equation for transformer magnetizing current at time 'z is_given by equation (5.3), in which L is the
transformer magnetizing inductance.

on

i@)=1, +%t,0<t<T (5.3)

The equation for transformer magnetizing current at ¢ = 7, iscobtained by putting ¢ = 7., in equation
(5.3). The resultant equation is
V.

im(Tan):Imo +TSTon :Iml (54)
The fall in transformer magnetizing current during the time 7,47 can be expressed as
V..N, 1
i,0)=1,~—"—"L=(t-T,)..T, <t<T 5.5
m( ) ml N L ( on ) on ( )

2

The transformer magnetizing current-at-¢ = 7'is obtained by substituting ¢ = T in equation (5.5) and
given by equation (5.6).

ViV, 1

i, (D=1, = (5.6)
2
D I
Uncontrolle NN, > >
o ¥ PY ¥ I
d rectifier + 0 +
\)‘ i | Vo -
_ \, Ve == C Vol g
AC% Tk ve ° LS

(a)

(b)
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Vi A

Figure.5.10 Circuit diagram and voltage and current waveform of Flyback. SMPS (a) Circuit, (b)
equivalent for 7,,, (c) equivalent circuit for 7,4, (d) Voltageand current waveform

The energy stored in one chopping period is zero, hence i, at.z = 0, and at ¢t = T are equal.
Hence, from equation (5.3) (at ¢ = 0) and equation (5.6) (at #=7T), we will get

Imo =Imo +£Tan_ V;)]Vl 'l(T_T:m)
L L
V

(T-T,)=V,.T, =;°.(T—T )

2
AN
L-" N, L
Thus, the load voltage is given by equation (5.7),in which @ = N./N,, transformer turn ratio, and D =
duty cycle of the Flyback SMPS = T,,,/T
aV,. T, aV.D

VO:(T—T ) (1-D) G7)

on

s on

From Figure.5.10(b), it is-also seen the open circuit voltage across M1 is

.D
Ve=va=topy LDy L (5.8)
T a - 1-D ~ 1-D

The diode current (ip) is derived as follows

i () =i, () =

A A
N2 N2 ml N

1 V,
v L(t—Ton)}:—Zl_azOL.(t—Tm) (5.9)
) :

5.6.3 Push-pull SMPS

The circuit diagram of a push-pull type SMPS is shown in Figure.5.11. It has two power
MOSFETs M1 and M2, a transformer having midpoint tapings at both primary and secondary, two
diodes D; and D:, a load, and the control circuit. The uncontrolled diode rectifier is used at the input to
convert the available AC supply into DC. The DC output of the uncontrolled diode rectifier is the input
voltage V; to the push-pull SMPS. By switching on the MOSFET M1, the V; is applied to the lower half
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of the primary winding. It is denoted by vi. The corresponding output voltage at the secondary (both
upper and lower half), v, is (N2/N;). V. Now, the D; is forward-biased. The output voltage is given by

(5.10)
lo
Uncontrolled +
rectifier V0
+ r
Acéi; >+ '
Vs :
_ l_ ::‘ Control
circuit

Figure.5.11 Circuit diagram of Push-pull type SMPS

By switching on the MOSFET M2, the voltage v; = -Fs is applied to the upper primary winding, and
the corresponding secondary voltage at both the upper and lower.secondaty winding will be v2 = -
(N2/Ny). Vs. The diode D; is forward-biased and the output voltage is given by

N.
V,=—2J¥ =aV, (5.11)
N
Thus, it is seen that the primary voltage Vs swings from +Vs to.-¥, when MI and M2 switch on
respectively. The power MOSFETs M1 and M2 operate at D'= 0.5, when M1 is off, the voltage across
the M1 terminal is 2V.

5.6.4 Half Bridge Converter (SMPS)

The circuit diagram of half-bridge SMPS<is shown in Figure.5.12. The circuit has one
uncontrolled rectifier, two MOSFETs M/ and M2, capacitors C/ and C2 of equal values, a transformer
with mid-point taping in the secondary; diodes D; and D, filter inductance L, filter capacitance C, and
the control circuit. Since, the value of capacitance of C/ and C2, hence voltage across them is V/2.

T
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Voi2 b o
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rectifier 1 q ° f +
[ ] C Ve Iyt
r I Tk
AC =H v *
— €
+|C2
Vo2 Dz
iz 1
k' Control
_r 2 I— 2 «— circuit

Figure.5.12 Half bridge SMPS

When M1 is on, the voltage across the primary is, v; = V,/2, and across the secondary, v; =
(Vs/2).(N2/2N;) and diode D; is forward biased. When M2 is on, the voltage across the primary reverse
voltage is v; = -V/2, and across the secondary, v; = - (Vs/2). (N/2N,) and diode D; is forward biased. It
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implies that the transformer’s secondary voltage swings from +V,/2 to -Vs/2. The average output voltage
is given by

V.N
v, =£—2=0.5aK (5.12)

1
During the off period of M1, the voltage across it is the input voltage Vs. (i.e Voc = V5). Similarly,
during the off period of M2, the voltage across it is V.
The half-bridge SMPS is preferred for high-voltage applications whereas push-pull SMPS is
preferred for low-voltage applications.

5.6.5 Full Bridge Converter (SMPS)

The circuit diagram of full-bridge SMPS is shown in Figure.5.13. The circuit has one
uncontrolled rectifier, four MOSFETs M1, M2, M3, and M4, a transformer with mid-point taping in the
secondary, diodes D; and D;, filter inductance L, filter capacitance C, and the control circuit.

When both M1 and M2 are simultaneously switched on, input voltage V; appeats across the
transformer primary (v; = Vs), and secondary voltage on both the upper and lower halfis v, =(No/N;). V;
= aV;. Diode D; is forward-biased and the output voltage is V, = aV;. When both M3 and M4 are
simultaneously switched on, input voltage Vs appears across the transformer primary isreversed (vi = -
Vs) and secondary voltage on both the upper and lower half is v, = - (N/Ny). Vs = - aVi..Diode D; is
forward-biased and the output voltage is V, = aVi The open circuit voltage that appears across the
MOSFETs when they are switched off is equal to the input voltage V5.

The full bridge SMPS operates at the minimum voltage and current as compared with the other
three SMPS discussed above. Normally full bridge SMPS is.preferred for high-voltage applications.

T
4 M1 M3
Uncontrolled 1 I— 3 |— L 5
rectifier < +
o ° || § CT Vo
\ -
AC =H v " iy *
TS o e
[
Ha Hto
I‘_ I(_ | Control
2 2 € Lo
¥ < H 3¢ circuit
- e

Figure.5.13 Full bridge SMPS
5.6.6 Advantages and disadvantages of SMPS over conventional power supply

Advantages
(a)  Smaller in size, light in weight, and high efficiency.
(b)  Less sensitive to variations in input voltage.

Disadvantages
(a)  Produce higher output ripple and poor regulation.
(b) It is the source of electromagnetic and radio interference.
(c)  Require filters for radiofrequency noise.



Power Electronics: Theory and Practicals | 277

5.7. UNINTERRUPTED POWER SUPPLY (UPS)

It is very much necessary to provide uninterrupted power supply to some critical loads like
hospital intensive care units (ICUs), communication systems, safety monitoring, etc. The uninterrupted
power supply (UPS) is a device that supplies continuous power supply to the customer. Nowadays,
static-type UPS is used.

5.7.1 UPS configuration

There are mainly two types of static UPS. They are short break type and no break type. In the case
of short break type load gets disconnected for a short duration but in the case of no break type UPS,
continuous power is supplied by the same. Additionally, there is one more configuration called line
interactive UPS.

(a)  Short-break UPS or off-line (line preferred) UPS

Figure.5.14 (a) shows the configuration of a short-break UPS. This configurationis also called off-
line (line preferred) UPS. It has a rectifier, a battery bank, an inverter, a filter, and normally on and
normally off switches. When AC supply is available, the AC is'supplied to the loads via the normally
ON switch, and at the same time the AC is rectified by the rectifier and the DC output of the rectifier
charges the batteries of the battery bank. Also, during the available AC supply, the normally OFF
switches are open. The output of the rectifier also supplies DC to the inverter. The inverter converts DC
into AC. The AC output is filtered and ready to supply the loads. When‘the AC supply is interrupted,
the normally OFF switch operates and switched ON and supplies power to the load. A momentary
interruption in the supply (4 to Sms) to the loadis observed in the.case of lamps and fluorescent tubes
are part of the loads. When the normally ON switch is open and the normally OFF switch is closed, the
lamps will have a transient dip in the illumination, and fluorescent tubes momentarily off and then turn
on. When the AC supply appears, the critical loads are connected through the normally ON switch to
the main supply. Here also, a momentary interruption.in illumination is noticed.

(b) No-break UPS or online (inverter preferred) UPS

In case, no break in supply to the load is.required, the arrangement shown in Figure.5.14(b) is used. It
has a rectifier, a battery bank, an‘inverter, a filter, and normally ON and normally OFF transfer switches.
The available AC supply is rectified by the rectifier, the output DC of the rectifier charges the batteries
and supplies DC to the inverter continuously, and the output of the inverter supplies power to the loads
via a filter to load without any break. The AC main supply is connected via a normally ON static transfer
switch. The rectifier charges the battery bank only. When there is no supply, the battery supplies the
load through a static transfer switch. The switch is normally OFF. When there is no power this transfer
switch is ON and supplies power to the load.

(¢) Line-interactive UPS

Figure.5.15 shows the block diagram of the interactive UPS configuration. The battery charger and
inverter are the heart of this type. In this configuration, the static transfer switch is directly connected
to the AC mains and inductance L. When the main supply is available, the static switch is closed and
the load is directly supplied from the mains. At the same time, the battery bank charges through
inverter/charger block. When the supply fails, the static switch is turned off, the battery bank supplies
power to the load via inverter.
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Figure:5.15 ‘Line interactive UPS confi guration

5.7.2  UPS battery

The battery is the most important component of the UPS system. The reliability of the UPS system is
dependent on the battery. The life of the system is also affected by the selection of the battery. There
are various types of batteries such as lead acid, nickel-cadmium, etc. The lead-acid battery is commonly
used. Capacity and efficiency are the important parameters of a battery.

(a) Battery capacity

Generally, the capacity of the battery is expressed in ampere-hour (AH or A-H). AH tells us the amount
of current that a battery can supply in one hour. The capacity of the battery depends on some factors
like rate of discharge, temperature, and density of the electrolyte. The AH rating decreases with an
increase in the rate of discharge. The AH rating increases with an increase in temperature. The capacity
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also increases with the density of the electrolytes. The capacity of the battery is calculated using the
following,.

o . Load kVA x power factor
Capacity in Kw = Capacity in Kw = - (5.13)
Inverter efficiency

Minimum allowable battery voltage

Numbers of cells = - (5.14)
Final voltage/cell
Cell capity in kWicell = Latery capacity in kW (5.16)
Numbers of cells
(b) Battery efficiency
The battery efficiency can be expressed in two ways. They are given below.
. AH duri isch
Ampere hour (AH) efficiency = - during .dlSC arg.e (5.17)
AH input while charging
Watt-hour (WH) (Energy)
Average value of cell voltage while discharging (5.18)

= AH efficiency x - :
Average value of cell voltage while charging

The typical value of AH efficiency is 90-95%. Similarly, WH._efficiency is about 70-80%.

5.8. STATIC AC AND DC CIRCUIT BREAKER

The static circuit breakers are semiconductor-based circuit-breakers (CBs)-SCR is utilized for
the construction of static CBs. These CBs provide fast and reliable/interruption to the continuous
current. There are mainly two types of static CBs namely static AC.circuit breakers (SACCB) and static
DC circuit breakers (SDCCB).

(a) Static AC circuit breakers

A simple configuration of a static AC circuit breaker (SACCB) is depicted in Figure.5.16(a).
the SCR T1 and SCR T2 are used in this-configuration.. They are turned on when the load current is
passed through the Zero. To break the circuit, the triggering pulse is removed to bring the SCRs to the
off state. When the SCRs are in an off state, no'current can pass to the load and the circuit is interrupted.
When turning off the signal received by the control unit due to some faults, the triggering signal is
withdrawn from SCR T1 or.SCR T2 and the circuit is interrupted. The related waveform for output
voltage and current along with the triggering signal is shown in Figure.5.16(b). Example: say the
triggering signal iy is'not applied at t'= 4n+® i.e. withdrawn. However, if the turn-off command is
received before t =4n+®, say at t =37+, the current continues to flow till 4n+®. Thus, the maximum
time delay for breaking the circuit is n/® second after the turn-off signal is received by the control unit
due to some exigencies in the system.

(b) Static DC circuit breakers

A simple circuit for a Static DC circuit breaker is depicted in Figure.5.17. The circuit is similar
to that of a class - C commutation circuit. When the input voltage is DC, the commutation of the SCRs
must be forced commutation. When the SCR 7/ is turned on, the load voltage is equal to the source
voltage (Vs in this case), and the capacitor starts charging through the path V;-R>-C-SCR T1. To break
the circuit auxiliary SCR 72 is turned on. The capacitor C immediately applies the reverse voltage V
across SCR T/ and it is turned off. After this capacitor C charges from +V; to -V, through the path V-
load-C-SCR T1. At a full charge of capacitor C with negative Vs, i.e. -V (left plate +Ve and right plate
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-Ve, the current through the load is zero. The current through R: is also less than the holding current of
SCR 72 and hence SCR 72 is turned off.
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Figure.5.16 (a) SACCB, (b) waveform for output voltage and current, and gate current
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5.9. BURGLAR’S ALARM SYSTEM

A Burglar’s alarm system is, a security system that detects intrusion. This is a security alarm
used for protection against burglary, property damage, and personnel protection against intruders. There
are various types of such alarm systems and most of them use one or more sensors to detect the intruders,
alerting devices for indicating the intruders. Typical security burglar alarm system includes a premises
control unit, a control panel, sensors, security devices, and alerting devices, etc. In some cases, security
devices are coupled with monitoring devices. If some events occur, the premises control unit sends a
signal to central monitoring units: The operator present on the premises will take necessary action like
informing the property owner, police, etc.

There are many types of Burglar alarm systems. They are wired, wireless, and smart alarm. The
wired one is the. most traditional. It requires physical wires to connect various pieces of equipment.
Wireless type uses radio frequencies to communicate among the components. A few factors need to be
considered while choosing a burglar’s alarm system. Firstly, a decision needs to be taken on how many
entry points want to protect. This will decide how many sensors are required. Secondly, it is required
to decide on the type of monitoring system. A circuit diagram of Burger’s alarm system is shown in
Figure.5.18.

The various components of the systems are four resistances R/, R2, R3, and R4, the diodes D1,
and D2, transistors 7/ and 72, a capacitor C/, a speaker, and a power supply. Two switches S/ and S2
are placed in different places. When the switch S/ closed D/ via the resistances R/, R2 switched the
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transistor 7/ and 72. To form an oscillation circuit the transistor 7/ and 72 gets positive feedback
provided by capacitor C/. When S/ is pressed, any intruder is detected by low-frequency tone. Due to
some other conditions when S2 is pressed, D2 conducts and supplies power to 7/ and 72 and are in
working and result in sounds from the speaker. This sound that is observed by the speaker can only be
stopped by switching off the power supply.

? +Vee

Figure.5.18 Burglar’s Alarm System

5.10. FAN SPEED CONTROL USING TRIAC

The fan speed is regulated using a fan regulator. Nowadays most of the fan regulators are
electronic regulators. The electronic fan regulator is an electronic device consisting of DIACs, TRICs,
as well as a potentiometer. The same can be used to. control the speed . of drives like a mixer grinder,
solution mixer, etc. However current rating is different from that fan regulator. The TRIAC is operated
similarly to two reverse parallel thyristors having a common gate terminal. The TRIC can trigger
conduction in both positive andmnegative polarity voltages. It acts like a full-wave thyristor. Either
positive or negative polarity voltage can be applied to the gate. The triggering of TRICs can be done by
DIAC circuits. An isolation transformer is used as an isolation transformer to protect against electric
shock for safety. The unit operates at 230V, 50 Hz. The circuit diagram of this electronic regulator is

shown in Figure.5.19.
O/ @ O
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D |
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Figure.5.19 Electronic fan regulator using DIAC and TRIAC

Unit Summary

This Unit explores some important industrial control circuits as mentioned in the syllabus. Following
is the summary of this unit.
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1. The low-power automatic battery chargers can be constructed using power electronics devices
like SCR. The circuits of the SCR-based battery charger are presented in this unit.

2. A Temperature Controller functions by comparing a sensor signal with a set point and carrying
out calculations based on the difference between these values. It is employed to regulate a heater
or other equipment. Controllers capable of managing sensor signals for factors like humidity,
pressure, and flow rate are referred to as Controllers. Electronic controllers are specifically
termed Digital Controllers. The SCR is widely used for the control circuits in temperature
control circuits.

3. Power electronic device like SCR is also used for emergency lighting systems.

4. The switched mode power supply (SMPS) was developed by the National Aeronautics and
Space Administration (NASA) in the 1960s for use in its space vehicle. It is a lightweight
compact power supply. The SMPS supplies DC to various equipment like computers. Though,
the phase-controlled rectifier can be used for DC supply, due to the filter circuit requirement to
obtain ripple-free DC, the phase-controlled rectifier base DC supply is inefficient, bulky, and
weighty. The SMPS works like a chopper. By operating the ON/OFF switch.very rapidly the
rise in AC ripple can be eliminated easily by L and C filter circuits. These components are of
small size and light in weight. In SMPS, the DC output voltage is controlled by controlling the
duty cycle of the chopper by PWM of FM techniques: The MOSFET.is commonly used as the
switching component in SMPS.

5. There are four different types of SMPS. They are

(a)  Flyback SMPS
(b)  Push-pull SMPS
(c)  Halfbridge SMPS
(d)  Full Bridge SMPS

6. It is very much necessary to provide uninterrupted power -supply to some critical loads like
hospital intensive care units (ICUs), communication systems, safety monitoring, etc. The
uninterrupted power supply (UPS) is.a device that supplies continuous power supply to the
customer. Nowadays, static-type UPS.is used. There are two types of static UPS. They are short
break type and no break type. In the case of short break type load gets disconnected for a short
duration but in the case of no break type UPS; continuous power is supplied by the same. There
are two types of UPS. Shor-break and no break UPS. A power semiconductor device like SCR
is used in UPS.

7. The static circuit breakers are semiconductor-based circuit breakers (CBs). SCR is utilized for
the construction..of static CBs.: These CBs provide fast and reliable interruption to the
continuous cutrent. There are mainly two types of static CBs namely static AC circuit breakers
(SACCB)and static DC circuit breakers (SDCCB).

8. A Burglar’s alarm system is a security system that detects intrusion. This is a security alarm
used - for_protection against burglary, property damage, and personnel protection against
intruders. This system is also used to power electronic switches.

9. The fan speed is regulated using a fan regulator. Nowadays most of the fan regulators are
electronic regulators. The electronic fan regulator is an electronic device consisting of DIACs,
TRICs, as well as a potentiometer. The same can be used to control the speed of drives like a
mixer grinder, solution mixer, etc. However current rating is different from that fan regulator.

10. The TRIAC can also use for dimmer circuits to control the illumination.
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Exercises

Example.5.1

A UPS is used to supply a load of 600W at 0.8 power factor lagging. The efficiency of the inverter is
80%. The voltage rating of the battery is 24V. There is no separate charger for the battery. Find (a) the
kV A rating of the inverter, (b) the wattage of the rectifier, and (c) the Rating of the battery in Ampere-
hour for 30 minutes back up.

Solution: Given data are battery voltage =24V, battery back-up time = 30minutes, efficiency of the
inverter = 80%, Load = 600W at 0.8 pflagging

(a) kVA rating of the inverter
Total RMS power is given by

. _——
Total RMS power = ctvepowerinwatt_ 600 _ 5,

power factor 0.8

Thus, kV A rating of the inverter is 0.75kVA.
(b) Wattage of the rectifier

The wattage of the rectifier can be obtained as follows

kVA rating of UPS xpower factor  0.75kVA x 0.8
Efficiency of the inverter 0.8

=0.75kW

Wattage of the rectifier =

(c) Ampere-hour rating can be obtained as follows

Battery voltage rating x current = kW rating of battery

kW of the battery = 0.75x10°
Battery voltage 24

.. Battery current = =31.25A

If we assume that the efficiency of the batteryis 100%, the Ampere-hour is

Ampere-hour of the battery = battery current x back-up time in hours = 31.25x0.5 = 15.625 Ampere-hour

Example.5.2

The rating of a UPS is 20KV A and its backup time is 15 minutes. The efficiency of the inverter is 85%.
Load to be supplied by the UPS. having 0.8 power factor lagging. The voltage range of the battery is
147-190V. The battery.is of the lead-acid type having 6 cell groups per jar. The final voltage on the cell
is 1.75V/eell:. Select the battery for the UPS system.

Solution:

Battery power in kW is given by

Load in kVA x power factor  20x0.8

Battery wattage (kW)= 5 =18.824kW

inverter efficiency

The number of cells in the battery and the number of jars are obtained as

Minimum battery voltage 147

: = =84
Final voltage/cell 1.75

Numbers of cells =
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Numbers of jars = Numbers of cells ﬁ _14

Numbers of cells/jar 6

The kW rating of the cell is obtained as

kW of the battery 18.824
Numbers of cells 84
A Dbattery discharge table is normally provided. Corresponding to 15 minutes backup time, the battery
discharge rate in kW is 0.255 and the corresponding battery is 90 ampere-hours (A-H) is selected. This
kW rating is greater than that obtained from the calculation ( 0.224kW).

kW cell size = =0.224kW

Example.5.3

The discharge rate of a battery is 35A for 5 hours at an average emf = 1.95V. The voltage rating of the
battery is 2V. The battery is again charged to 45A for 4 hours to restore its original voltage. Assuming
a lead acid type battery, Find (i) A-H efficiency, and (ii)) WH efficiency.

Solution:
. AH during disch
(a) Using the equation, Ampere hour (AH) efficiency = - unng. 15¢ arg.e
AH input while charging
We will get,
. 35x5
Ampere hour (AH) efficiency = 25 =97.22%
X
(b) Using the equation,

Average value of cell voltage while discharging

Watt-hour (WH) (Energy) = AH efficiency x
(Energy) K Averagevalue of cell voltage while charging

We will get,
1.95
Watt-hour (WH) (Energy) =97.22 x vl =94.79%
Multiple Choice Questions

1. In No break UPS, the static.transfer switch connected with the main AC supply is
(a) Normally on
(b) Normally off
(c) Off continuously
(d) None of'the above
2. The correct statement related to'SMPS is
(a) Itisless sensitive to input voltage variations
(b)." It is smaller as compared to rectifiers
(¢) Tt.has a low input ripple
(d) ..Itis a source of radio interference
3. Fill in the blank in the statement, “The .................. is used for critical loads”
(a) SMPS
(b) UPS
(c) MPS
(d) RCCB
4. The machine used in rotating type UPS is
(a) DC motor
(b) Self-excited DC generator
(c) Alternator
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(d) Battery bank
5. Which converter is used in static UPS
(a) Rectifier
(b) Inverter
(c) Both the inverter and rectifier
(d) None of the above
6. No discontinuity is found in
(a) Short break static UPS configuration.
(b) Long break static UPS configuration.
(c) No break static UPS configuration.
(d) Rotating type UPS configuration.
7. A momentary discontinuity observed in
(a) Short break static UPS
(b) Long break static UPS
(c) No break static UPS
(d) Rotating UPS
8. Which batteries are suitable for UPS
(a) NC
(b) Li-On
(c¢) Lead acid
(d) All of the above
9. The HVDC transmission is better as.compared to HV AC transmission, because of
(a) smaller transformer size
(b) smaller conductor size
(c) higher corona loss
(d) smaller power transfer capabilities
10. The half-bridge SMPS or full-bridge SMPS preferred. for
(a) High voltage application
(b) Low voltage application
(c) Medium voltage application
(d) None of the above
11. The push-pull SMPSis preferred for
(a) Low voltage application
(b) High veltage application
(c) Medium voltage application
(d) None of the above
12. Select the advantage of SMPS over conventional DC supply
(a) Smaller in size, light in weight, high efficiency, and less sensitive to variation of input
voltage.
(b) Larger in size, light in weight, high efficiency, and less sensitive to variation of input
voltage.
(c) Smaller in size, Heavy, high efficiency, and less sensitive to variation of input
voltage.
(d) Smaller in size, Heavy, high efficiency, and more sensitive to variation of input
voltage.
13. Select the disadvantages of SMPS over conventional DC supply
(a) Produce higher output ripple, poor regulation, source of electromagnetic and radio
interference, and require filters
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(b) Produce smaller output ripple, poor regulation, source of electromagnetic and radio
interference, and require filters.
(c) Produce higher output ripple, good regulation, source of electromagnetic and radio
interference, and require filters.
(d) Produce higher output ripple, poor regulation, source of electromagnetic and radio
interference, and do not require filters.
14. In short break UPS, the inverter and filter are
(a) Normally on
(b) Normally off
(c) Off continuously
(d) None of the above
15. In no break UPS, the inverter and filter are
(a) Normally on
(b) Normally off
(c) Off continuously
(d) None of the above
16. In short break UPS, the static transfer switch in series with the inverter and filter is
(a) Normally on
(b) Normally off
(c) Off continuously
(d) None of the above
17. The switched mode power supply (SMPS) is used to
(a) Obtain a controlled ac power supply
(b) Obtain a controlled.dc power supply
(c) Store dc power
(d) Switch from one to another source
18. In No break UPS, the static transfer switch in series with the inverter and filter is
(a) Normally on
(b) Normally off
(c) Off continuously
(d) None of the above
19. In short break UPS, the static transfer.switch connected with the main AC supply is
(a) Normally.on
(b) Normally.off
(c) Off continuously
(d) None of the above
20. The principleused by SMPS is
(a) Phase control
(b)-Chopper
(c) Integral control
(d) MOSFET
21. A Burglar’s alarm system is a security system that uses.......... to detect intrusion
(a) Alarm
(b) Clock
(c) Light
(d) None of the above
22. Which power electronic device is mainly used to trigger SCR and TRIAC
(a) DIAC
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(b) MOSFET
(c) BJT
(d) Diode
23. Static circuit breaker uses
(a) Controlled device
(b) Uncontrolled device
(c) Both controlled and uncontrolled device
(d) None of the above
24. The speed induction motor can be controlled by
(a) A cyclo converter
(b) A chopper
(c) An inverter
(d) All the above
(e) None of the above
25. Which one of the following operates in an emergency light
(a) An inverter
(b) A rectifier
(c) A cyclo converter
(d) Both inverter and rectifier

Answers to multiple-Choice Questions

1. (b) 6. (c) 11. (a) 16. () _21. (a)
2. (¢) 7. (a) 12. _ (a) 17.00(b) <22. (a)
3. (b) 8. (¢) 13. (a) 18 @ 23. (a)
4. (¢) 9. (b) 14.  (b) 19. (a) 24. (a)
5. (¢) 10. (a) 15. (a) 20.(b) 25. (b)

Short and Long Answer Type Questions

With the help of the necessary diagram, describe the operation of static UPS.
Explain the operation of an online UPS. Prove the necessary diagram of the online UPS.
Why online UPS is costlier?
Why offline UPS is cheaper?
Draw the schematic-diagram of an offline UPS and explain the operation of the same.
List the merits and demerits of online and offline UPS.
Explain the basic principle of SMPS with the necessary block diagram.
Explain the operation of flyback SMPS with the necessary diagrams.
Explain the operation of push-pull SMPS with the necessary diagrams.
. Explain‘the operation of half-bridge SMPS with the necessary diagrams.
. Explain-the operation of full bridge SMPS with the necessary diagrams.
. With the help of the necessary circuit and waveforms, describe the operation flyback SMPS.
. With the help of necessary circuits and waveforms, describe the operation of push-pull SMPS.
. With the help of necessary circuits and waveforms, describe the operation of half-bridge SMPS.
. With the help of necessary circuits and waveforms, describe the operation of full bridge SMPS.
. Describe the operation of a battery charger with the necessary diagrams.
. Draw the circuit diagram of different battery chargers using SCR. Explain the operation of the
circuit.
. Draw the circuit diagram of the emergency lighting system using a full wave diode rectifier
and SCR. Explain the operation of the circuit.
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19.
20.
21.
22.
23.
24.
25.
26.

With the circuit diagram, explain the operation of the temperature controller using SCR.
With the circuit diagram, explain the illumination control using TRIAC.

Explain the control of the speed of a fan using TRIAC.

Classify SMPS.

What is the function of the Burglar alarm system?

Draw the circuit diagram of a burglar alarm system and explain.

What are the types of static circuit breakers?

Explain the operation of static AC and static DC circuit breakers.

Numerical problems

L.

A UPS is used to supply a load of 500W at 0.85 power factor lagging. The efficiency of the
inverter is 85%. The voltage rating of the battery is 14V. There is no separate charger, for the
battery. Find (a) the kV A rating of the inverter, (b) the wattage of the rectifier, and (c)the rating
of the battery in Ampere-hour for 30 minutes back up.

A UPS is used to supply a load of 600W at 0.85 power factor lagging. The efficiency of the
inverter is 90%. The voltage rating of the battery is 14V. There is no separate charger for the
battery. Find (a) the kV A rating of the inverter, (b) the wattage of the rectifier, and (¢) the rating
of the battery in Ampere-hour for 30 minutes back up: Assume battery-efficiency is 90%.

The rating of a UPS is 20KV A and its back-up time is 15 minutes: The efficiency.ofthe inverter
is 80%. Load to be supplied by the UPS having 0.8 power factor lagging. The voltage range of
the battery is 150-190V. The battery is of the lead-acid type-having 6 cell.groups per jar. The
final voltage on the cell is 1.70V/cell. Select the battery for the'UPS system.

The discharge rate of a battery is 30A for 4 hours at anaverage.emf=1.92V. The voltage rating
of the battery is 2V. The battery is again charged to 40A for 3 hours to restore its original
voltage. Assuming a lead acid type battery, Find (i) A-H efficiency, and (ii) WH efficiency.

Know More

Here some additional applications of power. electronics are presented. Students are advised to follow
the reference books listed at the end.

L.

The AC system is normally used for the ‘generation, transmission, and distribution of electrical
power. In recent years; the high voltage DC (HVDC) system is also used for long-distance
transmission is also used because it'is economical. There are many such transmission systems
presently available. Two-AC systems are linked by such an HVDC transmission system. The
AC system input veltage is first rectified by the rectifier to a Very high voltage DC and the
power is transmitted viaran HVDC transmission system. At the receiving end, the HVDC is
converted to AC by using inverters. Both rectifier and inverter are power electronics based.
There are various types of HVDC transmission systems namely monopolar, bipolar, homopolar,
and back-to-back tie station. In a monopolar HVDC transmission system, there is one pole (one
conductor) and the earth. One line conductor with earth or sea as return conductor whole power
is transmitted. In the bipolar HVDC system there are two poles, one is positive and the other is
negative. In homopolar there are two poles of the same polarity and the earth is the return
conductor. In the back-to-back HVDC tie system, there are no poles. Two back-to-back
converters are used at the same location. Using this HVDC tie station, two adjacent AC
networks are tied together.

Power electronics devices are used for static var compensator (SVC). The SVCs are used to
prevent voltage flickers caused by industrial loads that cause frequent changes in reactive
power.
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4. In radio frequency (RF) heating high frequency AC is used. High-frequency AC is obtained
from a power electronics converter. There are two types of RF heating. They are Induction
heating and dielectric heating.

5. Nowadays, Electronic ballasts are used instead of inductive ballast in fluorescent lamps. These
lamps improve energy efficiency. The operating frequencies are more than 25KHz. This is
possible by using an uncontrolled AC-DC converter along with a filter followed by a high-
frequency DC-AC inverter.

6. The time delay circuit uses SCR and UJT. The SCR and TRIC are suited for flasher circuits.

7. The power electronics are the key components for AC and DC drives. Till a couple of decades
back, variable drives were not used because of the factors like poor efficiency, large size, and
low speeds. With the advent of power electronics, presently the drives are variable speed drives,
highly efficient, and smaller in size.

8. Power electronics devices are used to construct AC voltage controllers. AC voltage controllers
are thyristor-based devices that convert fixed AC voltage into variable AC voltage without
changing the frequency. Some of such applications of AC voltage controllers are industrial and
domestic heating, transformer tap changing, lighting control, speed control of single-phase and
three-phase AC drives, etc.

References and suggested readings

1.

10.
11.

12.

13.
14.

Ramamoorty M., An Introduction to Thyristors and their Applications; East-West Press Pvt. Ltd.,
New Delhi, ISBN: 8185336679.

Rashid, Muhammad, Power Electronics Circuits Deviees -and “Applications, Pearson Education
India, Noida, ISBN: 978-0133125900.

Rashid, M. H. (2014). Power <Electronics: Devices, Circuits, and.” Applications: International
Edition. United Kingdom: Pearson Education.

Singh, M. D. and Khanchandani, K.B., Power Electronics, Tata McGraw Hill Publishing Co. Ltd,
New Delhi, 2008 ISBN: 9780070583894

Mohan Ned, Undeland Tore.M., Robins William P., Power Electronics — Converters, Applications
and Design, John Wiley & Sons. Inc.

Bimbhra, P.S., Power Electronics, Third Edition (2005), Khanna Publishers, ISBN No.81-7409-
056-8.

Bhattacharya, S.K., Fundamentals of Power Electronics, Vikas Publishing House Pvt. Ltd. Noida.
ISBN: 978-8125918530.

Sugandhi, Rajendra.-Kumar and Sugandhi, Krishna Kumar, Thyristors: Theory and Applications,
New Age International (P) Ltd. Publishers, New Delhi, ISBN: 978-0-85226- 852-0.

Jain & Alok, Power Electronics and its Applications, Penram International Publishing (India) Pvt.
Ltd, Mumbai, ISBN: 978-8187972228.

Fewson, D, (1998). Introduction to Power Electronics. United Kingdom: Elsevier Science.
Williams, B: W. (1992). Power electronics: devices, drivers, applications, and passive
components. United Kingdom: McGraw-Hill.

Robbins, W. P., Mohan, N., Undeland, T. M. (2003). Power Electronics: Converters, Applications,
and Design. India: John Wiley & Sons.

https://www.electronicshub. org/security-alarm-circuit/

Md. Barkat Ullah et al, “Design and Development of Low-Cost Security Alarm Using
Optoelectronic Device, Journal of Electronics and Communication Engineering, Vol 10, No. 4,
Ver. I (Jul - Aug .2015), pp 19-23, DOI:10.9790/2834-10411923



https://www.electronicshub.org/security-alarm-circuit/

290 | Appendices

APPENDICES

APPENDIX-A
Some Important Mathematical Formulas

Al: Trigonometric formulas

sin(Ax B) =sin Acos B+ cos Asin B cos(Ax B) =cos Acos B ¥sin 4sin B

tan(A+ B) = tan A+ tan B tan(A— B) = tan A—tan B
l—tan A.tan B 1+tan A.tan B
t A.cot B—1 t A.cot B+1
cot(A + B) = X ACP cot(A— By = LLABH ]
cotB+cot A cot B—cot A
sin24 = 2sin Acos B cos2A =1-2sin* A=2cos®> 41
sinA+sinB:2sinA+B C % sinA—sinB:ZcosA+B.sinA;B
cosA+c0sB=2cosA+B.cos% cosA—cosBzZsinAJrB.sinﬂ
1 . . 1
cos A.cos B = 3 [cos(A—B) +cos(A+B)] sin 4.sinB = - [cos(A—B)=cos(A+B)]
in(-0)=—sin0 ; —0)=cos0;
sinA.coB:%[sin(A—B)+sin(A+B)] W)~ R RNPTYRP 0%
tan(—0) = —tan 0 sin34 =3sind— 4 ¢cos’ 4
cos3A4 =4cos> A-3cos A 3tan A—tan> 4
tan3A=—2
1-tan™A4
A2: Differentiating formulas
d n n—1 d n n—1
—((x")=nx —(ax+b)" = na(ax+b
dx( ) dx( ) ( )
d . d .
—(sinx) =cos x —(cosx)=—sinx
dx( ) dx( )
d d
— (tanx) =sec’ x ~(cot x) =—cosec” x
dx dx
d d
—(secx) =secx.tan x — (cosecx) = —cosecx.cot x
dx dx
d «_ «x d 1
—(@“)=a"log,a —(log,x)=—
dx( ) g, dx( 2. X) .
d 9 d du d
—()=e —(Cuy)=C—; —(C)=0
dx( ) dx( ) dx dx( )
d du dv dw d dv du
—U+v+wW) =—+—+— —@.v)=u—+v.—
dx dx dx dx dx dx dx
A3: Integration formulas
n+l X
J.x”dx:x Jaxdx: a
n+1 log, a

J.exdx =e" J.cos Xdx = sin x
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; _ . CoS mx
J.smxdx =—COoSX jsmmxdx =—
m
sin mx . COS mx
jcosm xdx = jsmmxdx =-—
m m

cos(m—n)x sin(m+n)x

form#n; J.tan xdx = log(sec x)
2(m—n) 2(m+n)

Isinm x.sin nxdx =

sin(m—n)x sin(m+n)x
2(m—n) 2(m+n)

.[(u+v+w)dx=.|.udx+.|.vdx+.|.wdx J.Cdx=Cx

I €OSm x. COS nxdx = form#=n; J.COI xdx = log(sin x)

APPENDIX-B

Laplace Transform
1. Iff(t) is impulse, &(t), the Laplace transform, F(s) =1

2. Iff(t) is unit step, u(t), the Laplace transform, F(s) '\

s
3. Iff(t) =t, then the Laplace transform, F(s) = iz
s
4. Iff(t)= ¢, then the Laplace transform, F(s) = L
S+a
5. Iff(t) =sinwt, then the Laplace transform, F(s) = — ‘s 3
s+ o
6. Iff(t) =coswt, then the Laplace transform, F(s) = ———
ST+ @
7. If f(©)=te ™, then the Laplace transform, F(s) = >
(s+a)
8. If f(t)=e “sinwt, then the Laplace transform, £ (s) = %
(s+a)y +o
9. If f(¢)=e " coswt, then the Laplace transform, F(s)= %
(s+a)y +o

APPENDIX-C
Fourier Analysis

The output of power conyerters is a periodic function of time and is normally expressed by (C.1), where T is the
time period of the periodic function.

v,(O)=v,t+T) (C.1
The angular frequency, o is given by  is given by (C.2), where fis the frequency of the voltage in Hz.
2
=2 2nf (C2)

Thus, in terms of angular frequency, the output voltage equation becomes

v,(wt)=v, (ot +21) (C3)
The Fourier theorem states that a periodic function of time can be expressed as a sum of a constant term and an
infinite series comprised of sine and cosine of frequency n, where n is an integer. Accordingly, the output voltage
of'a converter given by equation (C.1) becomes
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a
v, ()= %’ + z (an cos nwt + b, sin nwt) (C4)
n=1,2,...
Here, the first term (a¢/2) is the average value of output voltage v,(t). The expression for constant terms ao, a,, and
b, are given by equation (C.5), (C.6) and (C.7) respectively.

2 T 1 2r
ap = ;J'O vo (£)dt = ;J'O vo(oot)d(eof) (C.5)
2 T 1 27
a, = ?jo vo(t)cosnwtdt = ;Jo Vo (wt)cosnwtd(wt) (C.6)
2¢7 | (2 .
b, _;J'O vo(f)sinn @t dt _;J'O vy (ef) sinn @t d(e) €7

The output voltage may be of analytical function. If so, the above constants can be found by a single integration.
Generally, the output voltage of the converters is discontinuous and, in this case, few integrations need'to be
performed to find the constants. The value of the terms ( @, cos newt + b, sinnwt ) can be expressed by (€.8).

sin nwt (C.8)

. a b
a, cosnot +b, sinnwt =, l(an2 +bn2) —L———cosnot + ——=2——
l(anz +bn2) l(an2 +bn2)

Or a, cosnwt +b, sinnwt = l(an2 + bnz) [sin @, cos net +cos ¢, sinnot | (C9)

Or a, cosnot +b,sinnot = |(a,’ #b,% )sin(nor +4,) (C.10)
=14,
where, ¢, = tan . (C.11)
Thus the equation for voltage, vo(t) can be expressed in series ‘by-(C.12),
o
=2+ > ¢ sin(nor,) (C.12)
2,280
Vi
where C, =(a; +b,)? (C.13)

Here, C, and @, are the peak value and delay-angle of'the nth-harmonic component of output voltage respectively.
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CO AND PO ATTAINMENT TABLE

Course outcomes (COs) for this course can be mapped with the programme outcomes (POs) after the
completion of the course and a correlation can be made for the attainment of POs to analyze the gap.
After proper analysis of the gap in the attainment of POs necessary measures can be taken to overcome
the gaps.

Table for CO and PO attainment

Attainment of Programme Outcomes
Course (1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)
Outcomes
PO-1 | PO2 | PO3 | PO-4 | POS | PO-6 | PO7 | PO8 | PO9 | PO-10 | PO-11 | PO12
CO-1 3 2 2 2 1 - - - = . - -
CO-2 3 1 2 1 - - - - = . K »
CO-3 3 3 2 2 2 - - - = . - -
CO-4 3 3 3 2 1 - - - - - 4 -
CO-5 3 3 3 1 2 - - - = 5 - -

The data filled in the above table can be used for gap analysis.
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A

AC component, or ripple, 199

AC link chopper, 271

AC signal triggering, 135

Advantages and disadvantages of SCS, 80
Advantages and disadvantages of SMPS, 276
Advantages of DIAC, 92

Advantages of GTO, 83

Advantages of TRIAC, 96

Advantages of UJT, 87

Aerospace, 266

Anode, 60, 61, 62, 63

Application of LASCR, 78

Application of SET, 35

Application of TRIAC, 97

Application of UJT, 87

Asymmetric GTO, 82

Auxiliary commutation, 162

Average on-state current, 73

Average value of output current, 198

Average value of the output voltage, 198

B

Base-emitter junction, 10, 11

Basic construction of MOSFETs, 19

Battery capacity, 278

Battery charger, 267, 268, 277, 282, 287

Bell telephone laboratories, 3

Bipolar junction transistor, 1, 9, 10, 30, 48, 50, 54
Blocking capability, 28, 83

Blocking state of DIAC, 92

Bolt down mounting, 71

Break -back voltage, 92

Buffer layer, 28, 29

Burglar’s alarm, 280

C

Cathode, 60, 61, 62, 63

Chopper, 271, 272,.282, 286, 287

Circuit of SCR, 62

Class A Commutation circuit, 155, 165, 183, 188
Class A Series resonant commutation circuit, 155
Class B Commutation circuit, 155, 165, 183, 188
Class C Commutation circuit, 155, 165, 169, 177
Class D Commutation circuit, 155, 165, 169, 177
Class E Commutation circuit, 155. 165, 183, 188
Class F commutation technique, 164
Collector-base junction, 10, 50

Common anode, 215

Common base, 11

Common cathode, 215

Common collector, 11

Common emitter, 11

Comparison of MOSFET and BJT, 26
Complementary UJT, 87

Complimentary symmetry commutation circuit, 159
Conduction angle, 197, 198, 202, 214
Conduction state, 92

Conduction state of DIAC, 92
Construction of BJTs, 10

Construction of depletion-type mosfets, 20
Construction of GTO, 80

Construction of IGBT, 27

Construction of LASCR, 75

Construction of MOSFETs, 19

Continuous conduction mode, 214,224, 225
Coulomb blockade, 33, 34

Coulomb Blockade and Working of SET, 32
Crest factor, 199

Current rating of SCR; 73

D

DC chopper, 271

DC Equivalent circuit, 239

DC gate triggering method, 135

Depletion layer;.6

Depletion layer capacitance, 15

Derating of power, 18

Detection of Infrared radiations, 35

DIAC, 89

Diftusion capacitance, 15

Digital multimeter, 50, 51, 52, 54, 124, 127
Disadvantages of DIAC, 92

Disadvantages of GTO, 83

Disadvantages of TRIAC, 97
Discontinuous conduction mode, 214, 224, 226
Displacement power factor (DPF), 199
DPF or DF, 199

Drift and diffusion, 5

Dual converter, 258, 262

Duration of the gate pulse, 136

dv/dt triggering, 134, 164, 171

E

Effective or rms value of the ac component, 199
Efficiency of rectification, 198

Electrical motors, 200

Electrical power, 70

Electron, 1-289

Elements, 4, 67, 99

Emergency lighting system, 268, 287
Enhancement MOSFETS, 19

Equivalent circuit of an IGBT, 29
Equivalent circuit of power MOSFET, 25
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Experiment no.1.1, 50

Experiment no.1.2, 54

Experiment no.2.1, 124

Experiment no.2.2, 127

Experiment no.3.1, 177

Experiment no.3.2, 180

Experiment no.3.3, 182

Experiment no.3.4, 187

External pulse commutation, 163
Extrinsic semiconductor, 4, 5, 6, 7

F

Fan speed control, 281

Firing angle, 196, 197, 198, 199, 200
Flyback SMPS, 272, 273, 274, 282, 287
Forced commutation, 155

Form factor, 199, 235

Forward and reverse blocking losses, 74
Forward bias, 6, 8, 15, 25

Forward break-over voltage, 62, 81,128
Forward conduction loss, 74

Forward gate characteristics SCR, 67
Forward leakage current, 61, 82

Four quadrant converter operations, 195
Freewheeling mode, 204

Full bridge SMPS, 276, 282, 287

Full wave-controlled rectifier, 205
Fully controlled bridge converter, 222
G

Gain-modulated field effect transistor, 27, 54
Gate-assisted turn-off thyristor, 60

Gate current, 74

Gate current magnitude and rise time, 136
Gate power loss, 74

Gate trigger voltage, 72

Gate triggering, 134, 136, 137, 141, 142
Gate turn of thyristor, 80

Gate turn-off thyristor (GTO), 60
Gate-triggering circuit, 140

General purpose diode; 9

Group - III (impurity, 4

Group-V element, 4

GTO, 75, 8081, 104, 118, 141, 197, 271, 275, 282

H

Half-controlled bridge, 211, 212, 213
Half-controlled three-phase bridge, 232
Harmonic factor (HF), 199

Harmonic factor (HF), 199

Heat sink, 96, 97, 98, 112, 114, 123
High pedestal voltage, 151

High voltage triggering, 134, 164
Highly inductive load, 227, 228, 254
High-speed recovery diodes, 9

History of power electronics, 3
Holding current, 74, 92

Holding state, 92

Hole, 4, 5, 6, 8, 28, 33, 44

HVDC, 288

I

IGBT testers, 55

IGBT testers, 55

Illumination control, 270, 287
Illumination triggering, 134, 164
Industrial control circuit, 264

Input characteristics, 11, 12
Insulated gate bipolar transistor (IGBT), 27
Inverter operation, 230

Inverter preferred, 264, 277
Inverting mode, 211

J

Junction temperature, 74

L

LASCR, 104, 117, 120,122,140, 164
Latching current, 74

Lead mounting,.71

Leakage current, 12,14

Light activated silicon-controlled rectifiers, 75
Line or Natural. commutation, 163
Line-interactive UPS, 264, 277
Low-power battery, 267

M

Magnetic amplifiers, 138

Majority and minority carriers, 5

Metal oxide insulated gate transistor (MOSIGT), 54

Mid-point-controlled rectifier, 205
Mode-1 of TRIAC, 94

Mode-2 of TRIAC, 95

Mode-3 of TRIAC, 95

Mode-4 of TRIAC, 96
MOS-controlled thyristors, 60, 75, 130
MOS-controlled thyristors (MCTs), 60
MT, 190, 92, 93

MTI1 and MT2, 92,90, 91, 92

N

n- channel depletion MOSFET, 19
NASA, 271, 282

Natural commutation, 155

No-break UPS, 264, 277

Non-repeating peak-off state forward voltage, 72

Non-punch through (NPT) IGBTs, 28
Non-punch-through, 27, 28

npn transistor, 10, 11, 13, 15, 16, 27, 28, 29
0

Off-line (line preferred) UPS, 264, 277

On state voltage, 72
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One quadrant operation, 188

Operating principle of LASCR, 76
Operating principle of SCS, 79

Operation of PUT, 88

Operation of TRIAC, 94

Optical isolator, 141

Opto-coupler based triggering, 154
Original UJT, 87

Output AC power, 198

Output characteristics, 11, 12

Overdrive factor, 14, 15

P

p- channel depletion MOSFET, 19

p-type, 1, 2,3, 4

Performance parameters in rectifier, 198
Phase control, 197

Phase control rectifiers, 193, 197

Phase controlled rectifier, 235, 254
Phase-controlled thyristors or Silicon controlled
rectifiers, 75

Phase-controlled converters (PCC), 195
Picture of heat sinks, 97

Pictures of various transistors, 51

p-n junction, 6, 7, 11, 15, 86,88, 89,

PNP structure of DIAC, 90

PNP transistor, 10, 11, 28, 44

Power diode, 7, 8, 9, 35, 47, 56

Power electronics system, 3

Power equipment, 266

Power factor of a rectifier, 199

Power MOSFETs, 18

Power rating of SCR, 74

Power transistors, 1, 2,3, 9, 47, 50

Press fit mounting, 71

Programmable single electron transistor logic, 35
Programmable UJT, 87

Programmable unijunctiontransistor, 132, 146, 164
Protection circuits, 92, 93,94, 95, 96, 97, 104, 118,
119, 120, 121

Pulse signal triggering, 135

Pulse transformer, 139, 140, 149, 150, 151, 152,
153,154

Pulse waveforms, 136

Pulse wide modulation (PWM) control, 197
Pulse width, 197

Push-pull SMPS, 282, 285, 287

PUT, 87

PWM technique, 198, 202, 214, 224, 239

Q

Quantum dot (QD), 32

R

Radiofrequency (RF) heating, 289

Ramp triggering circuit, 149

Ramp-and pedestal triggering, 150

Ratings of SCR, 72

R-C half wave firing circuit, 144

Rectifier operation, 230

Rectifying mode, 211

Repetiting peak-off state forward voltage, 72
Repetitive peak reverse voltage, 72
Resistance (R) - capacitance (C) triggering circuit,
144

Resistance gate triggering circuits, 142
Reverse bias, 6, 8,17, 19

Ripple factor, 199, 235

RMS on-state current, 73

RMS value of output current, 198

Root mean square (RMS) value of-output voltage,
198

S

Safe operating area (SOA) 16, 25,31, 26
Schottky diodes

SCR, 60, 61, 62

SCR mounting, 71

SCR power loss, 70

SCR turn on methods, 34

SCR turn‘on methods, 134

SCS, 80, 104,118, 122, 118, 122
Semiconductor physics, 4

Semiconverters; 212, 232, 236
Short-break-UPS, 264,277

Shunt Resonant commutation circuit, 158
Silicon control switches, 75, 78
Silicon-controlled rectifier (SCR), 60

Single electron transistor (SET), 32

Single phase full wave, 205

Single-phase fully controlled bridge circuit, 209
Single-phase half-wave-controlled rectifier, 199
Six-pulse converters, 216, 222

SMPS, 265, 266, 271, 275

Source inductance, 237, 238, 239, 240
Spurious triggering, 137

Static AC circuit breakers, 279

Static DC circuit breakers, 279

Static induction thyristor, 60

Static var compensation, 78, 266

Static V-I or output characteristics of an IGBT, 30
Storage time, 15, 16

Structure of atom, 4, 5

Stud mounting, 71

Supersensitive electrometer, 35

Surge current rating, 73

SVC, 289

Switching characteristics, 24
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Switching characteristics of IGBT, 30
Switching characteristics SCR, 64
Switching mode power supplies, 265, 271, 275
Switching performance of BJT, 15

Symbol of DIAC, 90

Symbol of UJT, 87

Symmetric GTO, 82

Symmetric IGBT, 28

Synchronized UJT circuit or Ramp triggering, 149
Symbols of transistors, 10

T

Tail current, 81

Temperature controller, 269, 282, 287

Test the proper functioning of DIAC, 124
Testing of the given IGBT, 54

Testing of the given power transistor, 34, 49
Thermal rating of SCR, 74

Thermal runway, 64

Thermal triggering, 134, 164, 171

Thevenin equivalent circuit, 152
Three-phase fully controlled bridge, 224
Three-pulse converters, 216

Thyristor family device, 55,56,57, 58

Total harmonic distortion (THD), 199
Transfer characteristic, 12, 22, 23, 30, 48
Transformer utilization factor, 199
Transient thermal impedance, 74

Transistor as switch, 14

Transistor model, 63

Transistor tester, 51

TRIAC, 92, 93, 94, 95, 97, 104

Trickle charging facility, 267, 268
Triggering circuits, 90, 124, 132, 142, 144,175,178,
212

Triggering circuits of SCR, 68

Triode for alternating current, 93

Turn on and turn off methods, 132

Turn-off losses, 74

Turn-off mechanism GTO, 81

Turn-on and turn-off time Ratings, 74

Turn-on losses, 74

Turn-on mechanism of GTO, 81

Two transistor analogy of SCR, 62
Two-quadrant operation, 195

Types of MOSFETs, 19

Types of UJT, 87

Types thyristors, 75

U

UJIT, 120, 122, 132, 147

UJT oscillator triggering, 147

UJT relaxation oscillator, 87
Unijunction transistor, 83, 84, 85, 87, 89, 104,119,
120, 132, 146

Uninterrupted power supply, 277, 282
UPS battery, 264, 278

Uses of BJTs,18

Uses of IGBT,31

Uses of MOSFETs,26

A"

Variable phase shift circuits, 138

V-I characteristic of a. SET, 34

V-I characteristics GTO, 82

V-1 characteristics of DIAC, 91
V-Icharacteristics of LACSR; 77

V-I characteristics of MOSFET, 22
V-I characteristics of PUT, 89

V-I characteristics:of SCR, 59, 61, 127
V-I characteristics of SCS, 79

VI characteristics of UJT, 84

Voltage rating of SCR, 72

Voltage safety factor, 72

W

Working peak off-state forward voltage, 72
Working peak reverse voltage, 72
Working principle of BJT, 13
Working principle of diode, 9
Working principle of MOSFETs, 21
Working of SET, 34, 49

Z

Zener diode, 149, 150, 267, 268
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