PREMIER REFERENCE SOURCE

Technologies for
Electrical Power
Conversion, Efficiency,
and Distribution

Methods and Processes

MIHAIL HRISTOV ANTCHEV



Technologies for
Electrical Power
Conversion, Efficiency,

and Distribution:
Methods and Processes

Mihail Hristov Antchev
Technical University of Sofia, Bulgaria

ENGINEERING SCIENCE REFERENCE
Hershey - New York

ENGINEERING 2
SCIENCE REFERENCE



Director of Editorial Content: Kristin Klinger

Senior Managing Editor: Jamie Snavely

Assistant Managing Editor: Michael Brehm

Publishing Assistant: Sean Woznicki

Typesetter: Carole Coulson, Kurt Smith, Jamie Snavely
Cover Design: Lisa Tosheff

Printed at: Yurchak Printing Inc.

Published in the United States of America by
Engineering Science Reference (an imprint of IGI Global)
701 E. Chocolate Avenue
Hershey PA 17033
Tel: 717-533-8845
Fax: 717-533-8661
E-mail: cust@igi-global.com
Web site: http://www.igi-global.com/reference

Copyright © 2010 by IGI Global. All rights reserved. No part of this publication may be reproduced, stored or distributed in
any form or by any means, electronic or mechanical, including photocopying, without written permission from the publisher.

Product or company names used in this set are for identification purposes only. Inclusion of the names of the products or
companies does not indicate a claim of ownership by IGI Global of the trademark or registered trademark.

Library of Congress Cataloging-in-Publication Data

Antchev, Mihail Hristov, 1955-

Technologies for electrical power conversion, efficiency, and distribution :

methods and processes / by Mihail Hristov Antchev.
p. cm.

Summary: "This book presents an overall description of electrical energy
conversion technologies and required power electronic converters"--Provided by
publisher.

Includes bibliographical references and index.

ISBN 978-1-61520-647-6 (hardcover) -- ISBN 978-1-61520-648-3 (ebook) 1.
Electric power. 2. Energy conversion. 3. Electric power production. I.

Title.
TK1001.A586 2010
621.31--dc22
2009036154

British Cataloguing in Publication Data
A Cataloguing in Publication record for this book is available from the British Library.

All work contributed to this book is new, previously-unpublished material. The views expressed in this book are those of the
authors, but not necessarily of the publisher.

chnicalbookspdf.com




Table of Contents

FOT@WOI . ..ottt eeeeeeeeeeeeeeeeeeeeeeeeeeeererererereeeeeaeeseeeeeeaannas vil

PreEACE ..ottt et et e et e e e et e e e e e e —————— viil

ACKNOWIGAGIMENL ...........ooiiiiiiiiiit ettt ettt ettt ettt e et e et e eabeenbeenseenseenseeneeenne xiii
Section 1

Energy, Conversion and Storage of Energy

Chapter 1

Energy and Energy Efficiency 1
ENEFGY SOUTCES ...ttt 1
Energy Efficiency and Contemporary TrendS ...............cccccoovueeieiiieiiieieeieeieeieeeee e 6
RECHEICES ...ttt e e 9
Chapter 2

Storage and Usage of Energy 10
OWVEFVECW ...ttt ettt ettt ekt ekttt e ke ekt e bt e e bt e bt e bt ekt e ekt e bt et e neenneenean 10
Storage of Energy as Electrochemical ENETZY.............ccccuiciiiiiiiiiiesi ettt 11
Storage of Energy as Electromagnetic ENETZY ............c.ccoooueiiiiieiieiieeieeieceeeie e 21
Storage of Energy as EleCtroStatic ENEFGY ............cccocciiiiiiiiiiiiieie ettt 24
Storage of Energy as Mechanical ENE Y ............ccccccuoouiiiiiiiiiiii ettt 26
Using the Energy as EleCtriCAl ENEFZY ...........cc..ccououiuiiiiiiiieeeieeee ettt 30
REJOTOIICES ... ettt ettt ettt ettt ettt aean 30
Chapter 3

Power Electronics and Its Role in Effective Conversion of Electrical Energy 32
OVEFVICW ...ttt ettt ettt et e h e e bt ettt e et ettt ettt ettt enb e e s 32
Principles of Conversion of ElectricQl ENETZY ..........cccccociivueiiiiiiieeeiei ettt 36
Computer-Aided Design of Power Electronic Converters in Power Electronics .....................c.......... 41
REJOTOIICES ...ttt ettt ettt ettt ettt neas 47

ETUAROTES ... e e 58



Section 2
Electronic Energy Converters

Chapter 4

AC/DC Conversion 50
Basic Indicators in Respect to the Supply NEtWOTK .............ccccoveviviiiiiiiiiiii et 50
Single-Phase and Three-Phase Uncontrolled ReCHfIersS...........cccuuvviieciiecieeiieeeieeeie e 55
Single-Phase and Three-Phase Controlled ReCtifiers..............c.ccuioiiioiiiiiiiiiiiiii e 66
Bidirectional AC/DC CORVEFSION .........cc.ceiiiiieiiii ettt enes 77
Methods to Improve Power Efficiency in AC/DC CORVEFSION...............cc.cccoueecuieeirieiiieeeieeeiieesieeeaeens 83
REJOFOIICES ...ttt ettt ettt ettt ettt 96
Chapter 5

AC/AC Conversion 98
Basic Indicators in Respect to the SUpply NEtWOrK .............ccccoociiiiioiiiiniiiiiiieiiteeeee e 98
Single-Phase and Three-Phase AC REGUIATOTS. ..............c..cccocciiciiiiiiiiieiieeieeieeieeee e 199
Methods to Improve Power Efficiency in AC/AC CORVEFSION ..............ccceeeuieeeeeiieeiieeeieeeieeereeennes 114
REFOTOIICES ...ttt ettt eees 133
Chapter 6

DC/DC Conversion 134
BaSIC INAICALOFS ... et 134
Conversion Without Galvanic ISOIATION...................ccccciiiiiiiiiiiii ittt 135
Conversion with Galvanic ISOIALION .................cccccioiiiiiiiiiit ettt 143
Bidirectional DC/DC CORVEFSION............c....cc.eoeeeeeeeeeeee e e 155
Methods to Improve Power Efficiency in DC/DC CORVEFSION ............c...cc.coveveeciaciiaieiaieieieeseeieenns 157
REJOTOIICES ...ttt ettt ettt 165
ERANOLE ... e 166
Chapter 7

DC/AC Conversion 167
BASTC INAICATOTS ..ottt et ettt eabe et enes 167
Single-Phase and Three-Phase CONVEFTEES ...............ccc.ccvieeeuieeiiieeieieeeieeeeiee e eeeese e svee e s s 169
Methods to Improve Power Efficiency in DC/AC CONVEFSION ............cccoeceeiiiiiiieae et 201
REFOTCIICES ...ttt bttt ettt eab et 205
ETUARNOLE ...ttt ettt 206

Section 3
Applications of Electronic Energy Converters

Chapter 8

Conversion of Electrical Energy in the Processes of Its Generation and Transmission............. 208
Conversion in the Process of Electrical Generation ...................ccccccuevecveveeeeiieeaniieeiieeeeeeeeieeeveeennes 208

Static VAR ComPenSarors (SVEC).......coou ittt ettt eeas 211



Static Synchronous Compensator (STATCOM) ............ccccooiiiiiiiiieiiii ettt 211

Thyristor Controlled Series Compensator (TCSC)..........c.cccoovieiiiiiiiiiiaiiiiiieeie e 213
Static Synchronous Series CONtroller (SSSC) .......c.oovviiiiiiiiiiiiieeiie e 214
Unified Power Flow COntroller (UPFC) ...........cocouiiiiiiiiiiiieeee st 214
Interline Power FIow CORtroller (IPFC).............cc.ccouoiiiiiiiiiiiecieeieeeee e 215
High Voltage DC TrANSTISSION. ...........c.coiuiaie it ittt ettt ettt ettt 227
REFEFEIICES ...ttt ettt 229
Chapter 9

Conversion of Electrical Power from Renewable Energy Sources 231
OVEFVICW ...ttt et et et ettt ettt e e et e et e et e ettt ettt eeat e et e e et e e ettt e nbeeenaeeennes 231
Conversion Of SOLAF ENETGY .........c..cccvociiiiiiiiiiiieeie ettt ettt 233
Conversion Of Wild ENEFGY ............cccuaoiiiiiie ettt ettt ettt 239
CONVErSION Of WALEF ENETGY .......ccuveeieiieii ettt ettt ettt ettt ettt ense e 245
REJCEFEIICES ...ttt 246
Chapter 10

Uninterruptible Power Supply Systems 248
TIEPOAUCHION. ...ttt ettt ettt 248
Basic Schemas and Their INAICATOTS. ...............cccocciiiiiiiiiiiii et 254
Methods to Increase the ReliDILIty .............cc.ccoooviiiiiiiiii ettt 262
Communication between UPS Systems and Different SYStems.............ccccoocvueevvuiaviiienieeniieereeeeneeenne, 267
REJOTOIICES ...ttt ettt ettt 268
ETUAROIES ...ttt 269
Chapter 11

Other Applications of Converters and Systems of Converters 270
INAUSTFIQL APPDIICATIONS ...ttt ettt e 270
TranSpoOrt APPLICALIONS...............cccuoeeiiieiieeiee ettt ettt e eeaee s 280
HOME APPIIANCES ...ttt ettt 286
ELOVAIOTS ...ttt 293
Applications in COMMUIICALION. ..............c...cccueeeeeeieeeeiieeeee e et e et ete ettt et e e stseesebeeesee s 293
Medical APPLICATIONS ........co.eouiiiiiiie ettt ettt 295
REFOTCIICES ...ttt ettt 298
Chapter 12

State-of-the-Art Review on Power Electronics 300
Contemporary Study in the Field of Components for Power EleCtronics................cc.cccoecvevveneennnnn. 301
Contemporary Study in the Field of Circuits for Power Electronic Converters................ccccocououe.... 303
Contemporary Study in the Field of Systems of Power Electronic Converters .................ccccooeeeen... 307
Contemporary Study in the Field of the Control Systems of Power Electronic Converters............... 309
Contemporary Study in the Field of Computer Simulation of Power Electronic Converters............. 310

REFEFEICES ...ttt et 311



Appendix: Fourier Analysis and Total Harmonic Distortion (THD) of Waveforms .................

ADOUL the AUEIOYS ... e ettt e e e ettt eeeaaees



Vii

Foreword

During recent years the attention of many of the scientists and researchers is paid to processes of gen-
eration, conversion and storage of energy and to not only technical problems, but also global problems
concerning the population of the Earth connected to these processes. A trend to increase the share of the
converted electrical energy of total energy balance in the world is shown. In this book, the author reviews
the processes of conversion electrical energy by the use of electronic switches. The author presents different
power electronic converters realizing conversion of AC or DC energy into AC or DC energy. Principles
of implementation of their control systems are also listed. Furthermore, the description of practically
approved methods and schemas is followed by a presentation of known newer solutions which are with
a perspective to enhance their future implementation. Special attention is paid to the topics connected
with the increase of power efficiency of power electronic converters, as well as to methods and schemas
used. Applications of electronic converters and systems in industry, transportation and everyday life are
analyzed. A special part of the book is dedicated to uninterruptible power supplies.

Nature and structure of the material presented permit this book to be useful both in education in
electrical and electronic engineering and in solving practical problems by specialists in these fields.

The problems with generation, transmission and conversion of electrical energy have not only technical
aspects but also economical and humanitarian aspects. The character of Power Electronics as a quickly
and successfully developing scientific field is interdisciplinary. A problem in this field to be solved suc-
cessfully often requires combine efforts of different specialists. To this effect, the style and way of the
presentation make the book accessible to a wider reader’s circle that is interesting in the questions of
electronically conversion of electrical energy and the methods to increase the power efficiency during
this conversion.

Professor Stefan Tabakov, PhD

Stefan Tabakov /as BS and MS degrees in electronic engineering. He received his PhD degree in power electronics from the
Moscow Power University, Russia. During his length of service, he was the department chief of the Power Electronics Depart-
ment and he was also the dean of the Faculty of Electronic Engineering and Technologies. Currently, he is a professor with
the Power Electronics Department, the president of the Electronics, Electrical Engineering and Communication Union with
Federation of Scientific - Technical Unions, Bulgaria, and the chief editor of transaction Electrical Engineering and Electron-
ics. Professor Tabakov has more than 130 publications in the field of power electronics, 10 patents, more than 20 books and
manuals on electronics. He has worked upon over 40 contracts — both research and implanted contracts.
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Preface

Today, basic energy sources are fossil fuels — coal, oil, and natural gas. Coal was the most important
energy source in 18" century, while coal and natural gas emerged at the end of 19" century. These energy
sources provide 90% of energy in the world. They are formed as a result of plants and animals rotting
for thousands of years. Their basic feature is their quicker depletion compared to their production. Ac-
cording to different studies, supplies of oil and natural gas will be enough for the following 40-60 years,
while the supplies of coal for the next 200 years. Burning these solid and liquid fuels causes pollution
and other harmful effects on ambient air. A continuous increase of average temperatures in the world
is a statistical fact and it is called global warming. A main agent for global warming is enhanced con-
centration of carbon dioxide in the air. This concentration causes an effect of slimming particular parts
of the the Earth’s ozone layer. Results of this slimming are a rise in sea level, people suffering from
temperature stress, gradual extinction of different kinds of animals, crop destruction, spread of tropical
diseases, etc. Another harmful effect of the usage of the abovementioned fuels is acid rains. They cause
fatal destruction of woods, flora and fauna in water pools, as well as gradual destruction of buildings and
century-old cultural monuments. As a result of burning the before-mentioned energy sources, air quality
in big cities all around the Earth has worsened. After the mid-20™ century, nuclear fuel was considered
a potential energy source. At the beginning, it was thought that it would entirely replace all other fuels.
Gradually, these forecasts have become less optimistic because the supply of uranium is limited and
there have also been accidents at nuclear plants worldwide. One of the main problems in using nuclear
energy is the problem with a deposit of nuclear scraps.

Since the population of the Earth increases, there are more people who need energy. Also, of course,
the demand of energy continues to increase (IEA, 2006). Recently, special attention has been paid to the
use of renewable energy sources — sun, air, water, geothermic energy, bio mass. The increase in using
renewable source energy is expected to decrease the hothouse gases and cause an improvement in air
quality. For the time being, the main emphasis has been placed upon the positive effects of renewable
sources. There is a possibility that they can also have negative effects but until this stage of usage, it is
impossible to assess them.

The development of science and technology is not only an integral part of advancing human civilization
but is also, in a great degree, a formative part of its progress. The discovery of electrical energy started
a new era of the human progress. A need to convert energy of different sources into electrical energy
has arisen. Every day we witness more and more significant achievements where natural resources are
used, for example in spacecraft. Recently, there has been rapid development of information and com-
munication technologies connected to the possibility of processing a large quantity of data with high
speed, and of data transfer around the Earth and into space. Furthermore, we observe development in
the field of material science a result of new treatment technologies. Moreover, achievements in using
the contemporary computer, as well as communication and electronic technologies in medicine are
extremely significant. Operation of the technical means and equipment applied in the above mentioned



fields is impossible without using electrical energy at current stage of human development. Electrical
energy usage for different needs increases and, at the same time, traditional energy carriers are replaced
(Bertoldi, 2007). An example is a car with hybrid motion.

Individuals are accustomed to methods and processes and even to the most ordinary aspects of electrical
energy that they consider them to be something that has always existed. Sometimes, in those moments
when a common way of'their lives changes as aresult of absence of electrical energy, they have to question
this assumption. Fortunately, these moments are, for the greater portion of the Earth’s population, very
rare and they are quickly forgotten. Individuals in different countries have connected their professional
lives with the processes of generation, distribution, conversion and consumption of electrical energy for
variety of needs. Knowledge in the field of electrical energy has been passed from generation to genera-
tion of specialists. This handing over process will also continue in the future. Recently, there has been
increased activity in scientific research connected to new energy sources and to the increase of power
efficiency. Different research programs concerning new energy sources are financed at international and
national levels. The importance of solving tasks is proved by the fact that funds come not only from
medium and large enterprises but also from different governments. In many countries, special groups,
such as committees, agencies, etc, are founded to operate in the field of power efficiency.

The primary equipment connected to human activity in industry and everyday life operates using
electrical energy from the electrical supply network. Most consumers are sensitive to changes of power
quality. Its deviations cause undesired results such as fault operation. The consequences are unpredict-
able and relevant not only to economic resources and time but sometimes also to humans. Such criti-
cal consumers are everywhere around us — at technological process control, banks, hospitals, airports,
telecommunication apparatus, in warcraft, during obtaining oil or using atom energy, in space, etc. To
secure equipment’s flawless operation, different solutions have been applied and are applied. One of the
most popular solutions is the use of uninterruptible power systems.

The processes of generation of electrical energy, its conversion and distribution, and its storage and
rational use again as electrical or other types of energy of a certain quality and sometimes as an uninter-
rupted source, are a question of continuous study and improvement. A major share in these processes is
taken by Power Electronics, whose objects are power electronic converters. The converters are complicated
technical products and they are basically a combination of power schema, based on power semiconduc-
tor switches, and a control system. Generally, at the input of the power electronic converters AC or DC
power, generated in different ways, is applied. Moreover, the power electronic converters have to give at
their outputs AC or DC power in accordance with a load type. Proceedings with different orientations in
the field of electrical energy conversion are available at the market. Most of them are strictly specialized
and they scrutinize topics connected with the converters’ operation.

Under the formed trends of enlarging the usage of energy as electrical energy, the problems to in-
crease power efficiency have appeared to be of great importance. Usually, these problems are topics of
articles published at specialized proceedings and conference papers. They present a particular solution
of a problem.

The purpose of this book is to present to readers an overall description of electrical energy conversion
technologies and required power electronic converters. During the description, special terms and specific
methods, which require a preliminary background, are used. But the main attention is paid to indicators
of these converters that determine power efficiency. From this point of view during every discussion,
contemporary achievements and emerging trends to increase power efficiency of the power electronic
converters are presented. The operation of their control systems is of great importance to proprer op-
erations of converters. Chosen control algorithm and used element base for converter implementation
mainly determine its whole operational reliability. The control systems have different special features
depending on the electrical energy converter type, source and load. Thus, it is necessary to allocate space



to discuss them during illustration of the particular converters. After the reader has become acquainted
with technologies for electrical energy conversion and equipment needed, it could be interesting for
him or her to discover where and how they are implemented in different fields, for example in industry,
transportation, home appliances, etc., also, to find out the possibilities of these converters to convert
energy of the renewable energy sources and what are the trends for the conversion.

Developing processes of globalization and free exchange of information could be considered not
only as processes between scientists and specialists in separated fields, working in different parts of the
World, but also as processes requiring the information of strictly specific fields to be made accessible
to people working in other fields without material similarity among them. Usually, the deep knowledge
in the field of energy conversion requires specific preparation which can be obtained at the existing
specialized technical universities. Very often, graduates from different levels of engineering study suc-
cessfully communicate among themselves, but it appears as if they are isolated from people working
at humanitarian or economic fields. Therefore, this book is written in a simple and easy way that will
make it understandable for specialists in fields other than n engineering. This book will contribute to
enhancing the possibilities of communication about the problems of power efficiency at energy conver-
sion among a variety of specialists. Perhaps new ideas, whose solutions may be found in the future, can
arise. I have reached these conclusions as a result of service for many years as a lecturer and researcher
in an extremely interesting field — Power Electronics. To be able to make essential achievements in this
field, mankind should incorporate the efforts of a variety of specialists because of Power Electronics’
interdisciplinary character. Guided by these thoughts and ideas, I decided to present the information in
the book in the following basic sections:

Chapter 1 “Energy and Energy Efficiency” identifies the present state and trends of the use of
electrical energy in emerging and developing and advanced countries. The trends are determined by the
economic activity of the emerging and developing countries and by geopolitical plans of the advanced
countries and also by those countries which have basic energy resources. History of the recent past is
presented. The forecast for development of the World Energy Market divided by different energy source
is included. There is a discussion on the use of these sources per basic sectors - transportation, industry,
commercial and residential sectors. Possible ways to increase energy efficiency during the processes of
producing, transportation and using energy are described.

Chapter 2 “Storage and Usage of Energy” reviews ways and technical means to store energy as
electrochemical, electromagnetic, electrostatic and mechanical energy. Storage of energy as differentkinds
is enforced because it is impossible to always consume energy at the moment of its generation. Also, in
different occasions, the produced energy should be stored as a reserve one. The trends and forecasts show
an increase of energy used as electrical energy. Therefore, energy conversion is required in accordance
with a source — AC or DC electrical power, and with a consumer’s type — AC or DC load.

Chapter 3 “Power Electronics and Its Role in Effective Conversion of Electrical Energy” treats the
large share of Power Electronics into the energy conversion. Power Electronics’ ability to increase power
efficiency during the stage of transmission and use of electrical energy is discussed. Power electronic
converters are basically a combination of power schema, based on power semiconductor switches, and
a control system. The power electronic converters are complicated devices with a complex character;
thus, when designing and implementing them, the knowledge and experience of experts in different fields
of science and technique are required. Emphasis is placed the upon interdisciplinary nature of Power
Electronics. The reader can find a description of a long process of implementation of a power electronic
converter from a scientific idea to its batch production. Finally, I pay attention to the use of computers
in simulating the operation of power electronic converters and the study of different physics processes.
A review of available software for simulation and study is made.
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Chapter 4 “AC/DC Conversion” scrutinizes schemas and operational principles of single-phase
and three-phase uncontrolled rectifiers, single-phase and three-phase controlled rectifiers, as well as
bidirectional converters when an AC source is available. Emphasis is placed upon the indicators of the
converters in respect to the source — power factor and harmonic spectra of source current, also, upon
different methods to increase the power efficiency in AC/DC conversion. Requirements and structural
schemas to implement control systems of AC/DC converters are presented.

Chapter 5 “AC/AC Conversion” presents schemas and operational principles of single-phase and
three-phase AC regulators. There is also a review of the indicators of the regulators that determine the
electromagnetic compatibility to the source network — power factor and harmonic spectra of the con-
sumed current. As this chapter concludes, methods and schemas to increase power efficiency in AC/AC
conversion are presented. Requirements and structural schemas to implement control systems of AC/
AC converters are also presented.

Chapter 6 “DC/DC Conversion” analyses schemas and specific operational characters of convert-
ers without galvanic isolation - buck, boost, buck-boost inverting, Cuck-converter, SEPIC-converter,
followed by the analysis of galvanic isolated converters - forward, flyback, push-pull, half bridge and
full bridge converters. Then, a review of schemas and operational principle of bidirectional DC/DC
converter is made. Basic special characteristics, which determine converter efficiency coefficient, are
defined. Methods to increase the efficiency coefficient and to improve electromagnetic compatibility
in respect to the source and ambient area are shown. Moreover, Chapter 6 reviews schemas of DC/DC
converters with a soft commutation, which uses a resonance operational principle. Requirements and
structural schemas to implement control systems of DC/DC converters are presented.

Chapter 7 “DC/AC Conversion” is a description of schemas and operational principles of single-
phase and three-phase converters, which have AC output when a DC input voltage is applied. These
converters are known as inverters. Different control methods used to improve harmonic spectra of the
output voltage are studied. A relationship among the basic indicators of the inverters and the chosen
control method, as well as the methods to improve these indicators, is described. Requirements and
structural schemas to implement control systems of DC/AC converters are presented.

Chapter 8 “Conversion of Electrical Energy in the Processes of Its Generation and Transmission”
describes power electronic converters used in the processes of generating and transmitting electrical en-
ergy at a distance. Methods and schemas used in HVDC transmission, as well as methods to increase the
power efficiency under this transmission, are presented. Furthermore, [ describe the possible decisions for
compensating the reactive power and improving current harmonic spectra in already implied equipment
— static compensator of reactive power, active power filters and unified power quality conditioner.

Chapter 9 “Conversion of Electrical Power from Renewable Energy Sources” discusses the use
of energy of renewable sources — sun and wind. Energy conversion requires different types of convert-
ers to be combined. The choice of the converters and their compatibility defines the power efficiency.
Here, I show the special characteristics of the converters for renewable energy sources — photovoltaics,
windgenerators, and also [ show their basic characteristics. In addition, I also describe the principle of
distributed generation of electrical energy and special operation characteristics of final output inverters
connected to the source distribution network. Recently, together with these alternative sources for genera-
tion of electrical energy, generation of energy using fuel cells has become a question of a great interest.
The final fact is valid not only for the automobile industry but also for other needs. This is the reason why
the special features of the converters, which can be used with fuel cells, are listed. The probabilities to
increase converter power efficiency are also listed. In the last section of this chapter, different structural
schematics of converters of water energy applicable in small Hydro Power Plants are included.

Chapter 10 “Uninterruptible Power Supply Systems” analyses methods and schemas to insure
uninterruptible supply for so-called critical consumers, which are crucial to the quality of AC source
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voltage. Possible disturbances of the quality are examined. Uninterruptible power supply systems (UPS)
are a combination of an energy storage element and different converters for this energy. The converters
convert the energy producing AC output voltage. Principles to implement dynamic and static UPS are
included. I describe principles to implement passive standby, line interactive and double conversion
UPS. Also, I analyze methods to implement supply systems with enhanced reliability using several AC
voltage sources and UPS. The communication between UPS and other systems is also represented.

Chapter 11 “Other Applications of Converters and Systems of Converters” presents applications
of converters and systems of converters in the following fields: industry, transportation, home appli-
ances and communication technologies. Induction heating, welding, electrolysis, and air purifying are
discussed from the industrial applications. Chapter 11 describes the converters applied for the needs of
different vehicles. Contemporary energy efficient lighting also requires energy converters. Methods and
schemas for lightning implementation are included in Chapter 11. Electrical energy converters applied
in different home appliances are shown. Furthermore, electrical energy converters ensuring the operat-
ing reliability of different applications in communication technologies are discussed. Finally, special
attention is paid to the requirements for electrical energy converters in medicine.

Chapter12 “State-of-the-Art Review on Power Electronics” aims at introducing several of the most
recent achievements and research directions in power electronics field to the reader. Thus, readers who
are already acquainted with the content of the book up to this chapter have an additional opportunity to
see the basic trends in development in this interesting field. Information from scientific publications as
well as from different materials published by companies known for their practical expansions are used
for the conclusions made.

The Appendix includes harmonic analysis of some periodical functions applicable in power electronics.
The analysis is made to facilitate the reader studying the different parts of the book. Also, probabilities
of using several software programs to make analyses in power electronics are shown.

It is obvious from the contents of the chapters that the reader can get acquainted with many different
features of electrical energy conversion after thoroughly reading the presented book. It is recommended
to read this book according to the order of the presentation, chapter after chapter. Readers who have
theoretical and practical backgrounds can find individual topics for them in the book by reading only
selected parts of it. Readers who do not have engineering education should read Chapters 1, 2, 3, 8, 9,
10, 11 and 12. This book gives basic knowledge of electrical energy conversion and also emphasizes
methods and means to increase power efficiency at that conversion. In this way, this book succeeds in its
general aim — to be useful for a wide circle of readers working in different fields. I am pleased to bring
it to the readers’ attention and hope that its reading will content them.

Mihail Antchev
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Chapter 1
Energy and Energy Efficiency

ENERGY SOURCES

Originally, coal was the main source of energy. It remains so throughout the 18" century during the
period of the rapid industry development. Later on, oil and naphtha began to be used as energy sources
and their usage expanded especially in 19" century. A special feature of the above mentioned fossil fu-
els is their long creation period — requiring millennia. They are a result of rotting of different plant and
animal kinds. In comparison to the period of their formation, the period of their utilization is far shorter.
In accordance with a number of existing statistics about 2050 year it may be talked about a depletion
of the liquid fossil fuels, also, the world coal supplies are considered to last within the next 200 years.
Therefore, the development of nuclear power engineering is considered to be one of the alternatives to
generate energy. Recently, the nuclear power energy generation has been denied in many countries be-
cause of the risks associated with its generation and because these risks have been confirmed by serious
accidents throughout the World. The storage of worked nuclear waste is also a problem and risky. The
renewable energy sources are another possibility to generate energy.

DOI: 10.4018/978-1-61520-647-6.ch001

Copyright © 2010, IGI Global. Copying or distributing in print or electronic forms without written permission of IGI Global is prohibited.



Energy and Energy Efficiency

Figurel. Energy sources
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Different kinds of energy sources known at present are shown in Figure 1.

Significant achievements have been made in the 20™ century. Many of them need additional supplies
of energy. The needs are especially high in the developing countries.

The following questions are related to this point:

» How does the energy consumption change worldwide and what are the trends among branches and
countries, and what are the future needs?

* What is the balance among the main energy sources, what are the forecasts for their development?

» How does the use of different energy sources reflect on the pollution of the environment?

* What are the possibilities to increase the energy efficiency of the different sources?

 Will the pollution of the environment continue and what should we expect for decreasing the harmful
emissions?

The contemporary state and the forecasts for energy needs according to a specific kind of sources
in the World are presented in Figure 2. It is evident that the necessity natural gas and other renewables
keep on increasing. Detailed data for different countries can be found in (EIA, 2008).

Figure 3 shows the shares of the energy consumption per branches towards 2005 year (IEA, 2008).

It is seen that the basic consumption of energy covers industrial needs — 33% and it should be men-
tioned that the household consumption follows it closely — 29%. In the third place is energy consumed
for transportation — 26%. Based on the data provided by (IEA, 2008) there is an increase in the energy
consumption of 23% between years 1990 and 2005. The biggest increase of energy consumption is in
the branches of transportation and services — a total of 37%.

The energy consumption varies from country to country. In the following study, the countries are
separated in two groups —members of Organization for Economic Co-operation and Development
(OECD), and non members of this organization (non-OECD).

There are several aggregate energy indicators that show energy use divided per measure of activity
that drives energy demand used in assessment of the final energy use amongst the countries. The most
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commonly used indicators are total final energy consumption (TFC) per unit of gross domestic product
(GDP) and energy per capita.

The ratio of TFC to GDP measures how much energy is needed to produce one unit of economic
output. To be able to perform cross-country comparison, a common measure of GDP must be used. Two
methods are used to convert GDP in national currency of a common unit of measure. The first is con-
version at market exchange rate (MER) and the second is conversion at purchasing power parity (PPP).
Results from both approaches for year 2005 are graphically presented in Figure 4 and it is seen that the
two approaches produce different results for the level of TFC per GDP. Using GDP at PPP, aggregate
final energy intensity in 2005 varies from 4.0MJ per USD in Mexico to 10.1MJ per USD in Russia.
When using GDP at MER, TFC per GDP varies from 3.6MJ per USD in OECD Pacific to 39.8 MJ per
USD in Russia. Using MER all the non-OECD countries presented in the analysis use more energy per
unit of GDP than those in the OECD. However, these differences considerably narrow and sometimes
completely disappear when based on GDP at PPP aggregate final energy intensity is calculated.

Figure 2. A consumption of energy of the different kinds (Source: Energy Information Administration
Report #DOE/EIA — 0383(2008), Report date: June 2008. Used with permission)
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Figure 3. Shares of global final energy consumption and CO ,emissions by sector, 2005 (Source: World-
wide Trends in Energy Use and Efficiency. Key Insights from [EA Indicator Analysis ©OECD/IEA, 2008,
Figure 2.1, page 17. Used with permission)
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Figure 4. Total final energy consumption per unit of GDP (Source: Worldwide Trends in Energy Use
and Efficiency: Key Insights from IEA Indicator Analysis ©OECD/IEA, 2008, Figure 2.5, page 21. Used
with permission)
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One of the reasons of the difference in variations of energy consumption levels per unit of economic
output amongst countries is the variations in energy efficiency. The energy efficiency ratio is influenced
by many non-energy factors such as climate, geography, travel distance, home size and manufacturing
structure.

The results of the second indicator mentioned - final energy use per capita amongst the countries
from 1990 to 2005 are presented in Figure 5.

Figure 5. Total final energy consumption per capita (Source: Worldwide Trends in Energy Use and Ef-
ficiency: Key Insights from IEA Indicator Analysis O©OECD/IEA, 2008, Figure 2.6, page 22. Used with
permission)
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Energy use per capita increases with 6% for the OECD countries, and with 1% for the non-OECD
countries (IEA, 2008). In average the energy used per capita in non-OECD countries is only 23% of
that used in the OECD.

Burning fossil fuels though leads to a pollution of the environment. Continuous increase of average
temperatures in the World is a statistical fact and it is called global warming. Because of the harmful
emissions in the air, basically of carbon dioxide, the slimming effect of particular parts of the Earth
atmosphere ozone layer has been discovered. Figure 3 displays the shares of the different branches of
CO, emissions (IEA, 2008).

As itis seen, the industry and transportation represent the main part of CO, emissions. Their relative
percentage of the air pollution is the same as the percentage of the consumed energy, while the pollution
produced by the households share is less than its consumption. In this connection, it is interesting to
analyze the types of the consumption for home use.

Figure 6 (IEA, 2008) shows, that there is a trend to stabilization of energy consumption for household
heating at the expense of the house appliances increase. However, the energy consumption for heating
purposes remains predominate towards 2005 year, too.

The contemporary distribution and forecasts for the emissions of carbon dioxide in the atmosphere by
sectors and source types are presented in Figure 7 (EIA, 2008). Electrical energy is the most impressive
one and a basic source for its generation the coal is predicted to remain. In the field of transportation
as a basic source oil remains. Coal and the oil are exactly the reason for the prognosticated increase of
the harmful emissions.

Other harmful result of the emissions produced is the more frequent presence of the so-called acid
rains leading to a destruction of flora and fauna. Particular vegetable and animal kinds are gradually
dying out. Under these circumstances, it is naturally for the human beings to search for other energy
production possibilities.

Figure 6. Household energy use by end-use, IEA, (Source: Worldwide Trends in Energy Use and Ef-
ficiency: Key insights from IEA Indicator Analysis ©OECD/IEA, 2008, Figure 4.3, page 46. Used with
permission)
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Figure 7. Distribution of the harmful emissions (Source: Energy Information Administration Report
#DOE/EIA — 0383(2008), Report date: June 2008. Used with permission)
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At the end of the 20™ century, two clearly established facts of worldwide importance stood out:

* The world supplies of fossil fuels (coal, oil, naphtha, uranium) are limited
* The increasing rate of the industrial development connected with the “traditional” energy generation

conceals risks for the environment

In this connection, the interest towards so-called renewable energy sources (RES) — sun, wind, water,
biomass, geo thermal sources, has been quickened. As advantage of RES lack of harmful influence over
the environment is mainly assessed, as well as the fact that they are considered to be inexhaustible. Of
interest (National Energy Policy Development Group, 2001) are the researches for those sources use. A
great attention is paid to RES implementation into detached residential buildings. It has to be mentioned,
however, that their propagation is not still very wide and at this stage eventual harmful results of their use
that might arise under other circumstances, can not be assessed. In Figure8 electricity from renewable
energy sources is also added to the “classical” sources — coal, natural gas and liquid fuels.

Inaccordance with this prognosticated data, a significant increase of the role of the energy gained from
the renewable sources and of electrical energy is expected in the forthcoming 20 years. The traditional
fossil fuels however keep their utmost importance. Therefore the only way to decrease their harmful
influence while the energy needs of the humanity increase is to increase their efficiency.

The next chart studies the question about the efficient use of fuels.

ENERGY EFFICIENCY AND CONTEMPORARY TRENDS

Graver attention on the topics about the energy efficiency has started to be paid to in 1970-ies. In the
years after 1990, however, a delay in the implementation of the measurements for this regard is reported.
Figure 9 depicts graphical relationships for the countries members of the International Energy Agency
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Figure 8. Shares of the different energy sources into the total energy balance (Source: Energy Informa-
tion Administration Report #DOE/EIA — 0383(2008), Report date: June 2008. Used with permission)
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(IEA, 2008). Using the comparison of the actual and hypothetic states, and because of the measurements
taken approximately 35 years ago, it appears that towards 2005 the energy savings in all branches should
be about 60%. Positive results were found in the fields of energy efficiency, for example, in USA ac-
cording to data of (National Energy Policy Development Group, 2001).

According to different forecasts, by 2040 year, the share of consumed electrical energy is expected
to increase twice compared to its contemporary share. Therefore, the basic measurements have to
follow the increase of energy efficiency in the cycle generation — transmission — distribution - usage
of the electrical energy (Marlino, 2005). In this aspect, the data shown in Figure 10 displaying the

Figure 9. Long-term energy savings from improvements in energy efficiency, all sectors, IEA, (Source:
Worldwide Trends in Energy Use and Efficiency: Key Insights from IEA Indicator Analysis ©OECD/
1EA, 2008, Figure 2.9, page 26. Used with permission)
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potential savings and decrease of emissions of C'O, are of interest (IEA, 2008). The savings for the
OECD countries and the non-OECD countries, as well as of world importance, are also presented
by the type of the material — coal, oil, naphtha. The increase of coal production efficiency offers
good possibilities as for OECD countries or non-OECD countries.

Data for the efficiency during the generation of electrical energy for different countries are presented
in Figure 11 (IEA, 2008). In them, CHP states for combined heat and power.

And yet, the electrical power generation efficiency remains low — Figure 11 (IEA, 2008). Its average
value in the World is 35-40%.

An estimation of possibilities for additional energy resulting from the energy efficiency increase is
shown in Figure 12 (Infineon, 2008). It appears that during the processes of generation and transmission

Figure 10. Technical fuel and CO, savings potentials in 2005 from improving the efficiency of electricity
production (Source: Worldwide Trends in Energy Use and Efficiency: Key Insights from IEA Indicator
Analysis ©OECD/IEA, 2008, Figure 7.3, page 74. Used with permission)
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Figure 11. Efficiency of electricity production from fossil fuels in public electricity and CHP plants
(Source: Worldwide Trends in Energy Use and Efficiency: Key Insights from IEA Indicator Analysis
©OECD/IEA, 2008, Figure 7.2, page 73. Used with permission)
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Figure 12. Possibilities to increase energy efficiency in electrical energy (Source: Saving Energy Through
Innovation and Technology ©2008 Infineon Technologies North America Corp., Page 7, Figure 1.4 Used
by permission of World Energy Council, London, www.worldenergy.org Used with permission)
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the additional share is between 10 and 15%. The achievements of additional energy efficiency increase
are left with the end-user — up to 45%.

The end-user is exactly the party through which the electrical energy is converted into an appro-
priate type to be consumed. Therefore the main attention in this book is focused on the technologies
for electrical energy conversion for its use as AC or DC energies, as well as on the power electronic
converters designed for this purpose and on the methods of increasing the energy efficiency under the
abovementioned conversions. The role of Power Electronics is especially significant for the distributed
generation of electrical energy. The implementation of the power electronic converters for this use is
also subject to discussion in a separate chapter of the book.
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Chapter 2
Storage and Usage of Energy

OVERVIEW

A necessity to store energy in purpose to use it later in time arises in different occasions. For example,
in uninterruptible power supplies systems examined in Chapter 10, stored energy is required when a
drop off of the electrical network system happens. In systems used to obtain energy from renewable
sources examined in Chapter 9, the necessity to store energy also arises. This is explained by the fact that
energy is not always possible to be consumed at the moment of its generation and of the same quantity.
For example, the periods of strong sun lightening or strong wind may not coincide with the periods of
maximum consumption.
Nowadays, the following methods to store energy are developing and using:

. Storage of energy as electrochemical energy
. Storage of energy as electromagnetic energy
. Storage of energy as electrostatic energy
. Storage of energy as mechanical energy

DOI: 10.4018/978-1-61520-647-6.ch002
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Figure 1. Comparison among different methods of energy storage
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As a consequence of all the above mentioned energy types, electrical energy, which is used by con-
sumers, can be obtained.

Basic indicators of the processes of storage and giving energy are efficiency coefficient and long-
lasting time — number of cycles charge/discharge. Figure 1 displays a comparison among the different
methods of energy storage.

The figure includes: accumulator batteries —lead-acid, nickel-cadmium (NiCd), sodium NaS, lithium-
ion (Lilon); Fuel Cells and Flow Batteries; Supercapacitors (Supercaps); Flywheel batteries; storage in
magnetic field under super conductivity (SMES).

It appears in Figure 1 that supercapacitors and Flywheel batteries have the best indicators considering
long-lasting time and efficiency coefficient.

Besides the efficiency coefficient and number of cycles, other important indicators are specific power
and specific energy. Comparative data about different methods for energy storage also exist for the last
mentioned indicators (Ter - Gazarian, 1994).

STORAGE OF ENERGY AS ELECTROCHEMICAL ENERGY

The most widely spread method for energy storage is its storage as electrochemical energy. Accumula-
tors are devices used to realize that storage. The first Pl-acid accumulator was made by Gaston Plante
in 1859. Basic principle of operation and also chemical processes of Pl-acid accumulator have remained
during the time. The researches in Pl-acid accumulators are orientated towards their seal hermetically
and changes in their construction.

11
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Figure 2. Data about specific power and specific energy of different types of accumulators and fuel
cells
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To choose accumulator, its specific energy (Wh/kg), its specific power (W/kg) and their change
dependent on the duration of energy giving at discharge are used as general indicators. Also, choosing
an accumulator, the following parameters are taken in consideration — efficiency coefficient, expiring
period, necessity of accumulator serve, technical safeness, price, etc.

Figure 2 illustrates the change of the specific energy and specific power of different accumulators at
different discharge time — form 0.1 to 100 hours. Also, data for fuel cell is presented. An idea about the
possibilities of the different elements may be obtained using this data.

Curves 1, 2 and 3 are for primary electrochemical elements (so-called unchargable batteries). Curve 4
is for Pl-acid accumulators, curve 5 —-NiCd accumulators, curve 6 - Fe-Ni accumulators, curve 7 — silver-
zinc accumulators, curve 9 — NaS accumulators, curve 10 — Al accumulators, curve 11 — Li accumulators
and curve 8 — fuel cells. Accumulator efficiency decreases at lower discharge times, i.e. higher discharge
currents. Figure 2 shows the advantage of the fuel cells regarding the specific energy, as well as this of
NiCd accumulators regarding the specific power.

For the time being Pl-acid accumulators have the widest spreading. That is the reason why their
special features will be examined first. Hermetically sealed maintenance free accumulators are used in
contemporary systems. P/O, is used on the positive plate as an active substance, and spongy lead on the
negative plate. The plates are mechanically separated by a separator which secures high permeance of
electrolyte and prevents short-circuits into the cell. The electrolyte in these batteries is connected as gel
substance (Exide Technologies, 2008). It is a mixture of H,SO,, H,0 and Si0,. The water losses are

12
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irretrievable in conventional batteries because the components of chemically decomposed water (hydrogen
and oxygen) do not connect again while they are freely liberated in the atmosphere. At maintenance free
accumulators, the developing process of recombination on the negative plate almost fully compensates
the quantity of decomposed. This happens due to the possibility of transferring hydrogen towards the
negative plate through the jelly electrolyte. Water losses are regulated and minimized in such a way that
they do not influence the expiring period of the batteries. Each cell of the battery is hermetically sealed
and closed with a single-way valve. The valve opens in the case of increased inner pressure and it leaves
the additional hydrogen and oxygen out of the cell. After the gases emit the cell, the valve closes again
and protects the cell of atmosphere oxygen penetration. Ordinary polypropylene or special polymer is
usually used to implement a battery body.

Nominal voltage of an accumulator cell is set U, = 2V. Nominal voltage of the battery is calculated
by multiplication of the nominal voltage cell value by the cell number. For example, usually the cell
number is 6, therefore, the nominal voltage of the whole battery is 12V.

Ultimate discharge voltage is determined by the value under which the cell voltage should not be
decreased at discharge with the corresponding discharge current. The value of the ultimate discharge
voltage depends on the magnitude of the discharge current. If the cell voltage becomes lower than the
value of the ultimate discharge voltage then an area of deep discharge is reached.

Capacity of an accumulator battery C is measured in ampere-hours Ah. Besides, it is also indicated
at how many hour discharge this capacity is given — usually it is in mode of 10- or 20-hour discharge
C,orC,.

Nominal discharge current is determined by the capacity data:

C
I =
" 10h
; _Cn
* 10R 2.1

The value of ultimate discharge voltage of a cell is usually 1.8V in 10-hour discharge and 1.75V in
20-hour discharge.

Deepness of discharge is the detracted battery capacity during discharge. For example, if 80% of the
battery capacity is used then the deepness of discharge is 80%. The maximum permissible deepness of
discharge depends on the magnitude of the discharge current and on the temperature.

Magnitude of discharge current is given as value divisible to /, or [, - for example 47, or 20-7,.
Value of maximum 5-second discharge current is usually given. It is used at design of the battery fuse.

Self-discharge of a battery is given in percentage of day capacity. It is extremely low in non-served
batteries — usually below 0.05%.

Inner resistance of a battery is a sum of resistances of all cells and resistances of inner battery con-
nections. Value of inner resistance for a cell at ambient temperature 20-25C in m QAh/cell is usually put
at manual data. The inner resistance of the whole battery is calculated using the equation:

i ik
R =— (2.2)
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where in n is cell number, C — battery capacity and R, - inner resistance of a cell. For example, if the
battery capacity is 6.5 Ah, it has 6 cell and the inner resistance of a cell is 57 mQA#h, then the inner
resistance of the whole battery is 52.6 mQ.

The producers offer not only table relationships but also graphical ones of basic parameters of batter-
ies. These relationships are used during the design process to choose an accumulator battery. Besides, the
relationships are also used in determining requirements to operational mode and parameters of a charge
device. These characteristics are different in the different producers and series accumulator batteries. The
relationship use has to be carefully performed, especially taking in consideration that the relationships
are frequently dependent on the ambient temperature.

As an example, the basic characteristics of maintenance free accumulator batteries series dryfit of
Sonnenschein may be examined (Exide Technologies, 2008).A feature is a dependence of battery capac-
ity on temperature and on discharge current — Figure 3.

With an increase of the discharge current, shown as divisible one to /,, as well as with a decrease of
the temperature, the usable part of the total battery capacity decreases. As it appears in Figure 3, the total
capacity is guaranteed at temperatures above 20°C and at discharge current equal to the nominal 10-hour
discharge. The temperature decrease into the area of negative values, where a zone of freezing of the elec-
trolyte is, influences especially unfavorably these accumulator batteries.

Some producers offer so-called discharged curves for an initial design. The discharge curves show
the dependence of the discharge voltage on the discharge current value and discharge time. These curves
are limited from below by ultimate discharge voltage and the trespassing of the limitation line leads to
entrance the deep discharge area. This is not advisable to happen because it may lead to reduction of the
expiring period and to failure of the battery. Monitoring of the ultimate discharge voltage is provided
in the devices using accumulators to protect it from a deep discharge. Reaching the ultimate discharge
voltage, the consumer turns off from the accumulator.

Since the design based on the discharge curves has several special features requiring higher classifica-
tion, recently, detailed table data is presented. The data includes ultimate discharge voltage and the time
at discharge with a constant current or constant power (Exide Technologies, 2008). A particular type and
operational mode of an accumulator battery may be chosen based on that data.

Figure 3. Dependence of battery capacity on temperature and on discharge current (Source: Industrial
Batteries- Network Power Sonnenschein A400 ©Exide Technologies. Used with permission)
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The following ways of charging accumulator batteries are well known: charge with a constant volt-
age (U-characteristic), charge with a constant current and voltage limitation (IU-characteristic), charge
with [UI-characteristic.

Figure 4 displays a charge with U-characteristic. This is the simplest way of charging batteries. Here,
the charge current depends on the state of the battery itself. The current decreases with the increase of
the charged degree.

Figure 5 illustrates a charge with a constant current. At the beginning of the charge, the battery is
charged with a constant current till the set charge voltage is reached. After that moment, the charge voltage
is maintained constant while the charge current is limited by the battery itself. With the increase of charged
degree the current decreases.

Figure 6 depicts a charge with IUI - characteristic. This charge is recommended at cycling
running. The charge begins with a constant current /| till a determined value of the accumulator

battery voltage is reached U B/ , for example at 7,. After that moment, finishing-up charge begins
with a constant voltage. The characteristic is extended with an additional current branch 7, when
the charge current decreases under a set value. This value is usually about 25% of 7, , for example
from ¢,. This mode is maintained till it is terminated by a charge device, for example, at reaching
a maximum charge voltage.

The last mode has a modification called “accelerated charge”, shown in Figure 7. The charge is
made at two stages. The first one is with a constant current which is within the range of 0.05 to 0.2 from
the battery capacity till the charge voltage reaches 2.4V per cell, for example, at ¢. The second stage
is undercharge with a constant voltage of 2.25V per cell. The charge current decreases and reaches its
minimum value at a fully-charged battery.

Figure 4. Charge with U-characteristic Figure 5. Charge with a constant current and
voltage limitation
ViU
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Figure 6. Charge with a constant current and
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Figure 8. Dependence of the charge voltage per cell on the temperature (Source: Industrial Batteries-
Network Power Sonnenschein A400 ©Exide Technologies Used with permission)
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Figure 8 illustrates recommended values of charge voltage per cell dependent on the temperature.
The relationships are interesting from charge device point of view. It is visible that the recommended
voltage values stay constant in the ranges below 0 and above 15°C.

It is more often assumed that the value of the charge current has to be equal to the nominal discharge
current at 10-hour discharge — /. The charge time depends on the deepness of the previous discharge, on
the value of the charge voltage and on the magnitude of the initial charge current. These characteristics
are depicted in Figure 9. It appears in them, that the accumulators sustain also an accelerated charge
mode with a value of current several times higher than the value of the nominal discharge current.

Ripples of the charge current additionally cause a harmful increase of the battery temperature. AC
component of the charge current should not increase 10% of the battery capacity under a cycling running

Figure 9. Dependence of the charge time on the charge current (Source: Industrial Batteries- Network
Power Sonnenschein A400 ©FExide Technologies. Used with permission)
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Figure 10. Dependence of the capacity on the storage time and temperature (Source: Industrial Batter-
ies- Network Power Sonnenschein A400 ©Exide Technologies. Used with permission)
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- mode charge-discharge. For example, for battery of 24Ah — the current has to be lower than 2.4A. At
undercharge mode — 5% of the capacity, or concerning the example - 1.2A. In all cases, the temperature
during the charge should not increase with more than 3°C.

Expiring period of the batteries depends on the temperature. The producers guarantee 5 or 10-year
expiring period. It has to be taken into consideration that at storage the battery capacity decreases. The
stage of decrease depends on the temperature. As an example, a graphical relationship for batteries of
A600 type is shown in Figure 10.

Increase of the temperature leads to decrease of capacity of Pl accumulators.

Other reason of decreasing the capacity is boosted number of charge-discharge cycles of the accu-
mulator. Specially designed batteries with improved indicators in this regard are offered. These batteries
are meant to operate in systems with renewable energy sources and they allow increased number of
charge-discharge cycles. Figure 11 shows a relationship between their capacity and cycle number as an
example of the allowance.

Recently, the implementation of NiCd accumulator increases. A comparison of their capabilities to
those of Pl accumulators is frequently required to be made. For this, some of NiCd accumulator special
features will be examined.

The nickel-cadmium secondary cell was developed around 1899 by the Swede Waldemar Jungner.
New things in Ni-Cd accumulators were the choice of electrode material and the principle of alkaline
electrolyte. Since this type of electrolyte only serves as an ion conductor and does not take part itself in
the chemical reactions within the cell, it is subject to hardly any change, which has a positive effect on
the ageing process of the accumulator.

Since 1950, nickel-cadmium accumulators have also been produced in a gas-tight design, making
them maintenance-free and also prolonging their service life. A safety valve is integrated in the gas-tight
Ni-Cd cells as an overcharge protection as one already explained in lead accumulators.

NiCd rechargeable batteries display excellent qualities such as a high energy density, ruggedness,
resistance to cold and service life as well as a favorable price and long storage life. However, account of
the toxicity of the cadmium they contain numbers their days. In some countries corresponding bans are
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already in effect and the replacement of this type of accumulator has begun, primarily through nickel-
metal hydride accumulators.
The basic parameters of Ni-Cd accumulators are:

. Cell terminal voltage: 1.2 volts

. Service life in charge cycles: 1,000 to 1,500 (2,000)

. For use in ambient temperatures: (-40°C) -30°C to +50°C (+70°C)

. Typical energy density: 50 - 70 Wh/kg (theoretically approx. 240 Wh/kg)
. Typical volumetric energy density: 130 Wh/l

. Typical power density: 150 - 200 W/kg

. Typical spontaneous discharge: To 20% residual capacity within 3 months

Disadvantages of Ni-Cd batteries are the relatively high spontaneous discharge, relatively high sus-
ceptibility to the so-called memory effect and the toxicity of the cadmium.

NiCd cells have extremely diverse fields of use: millions of individual small cells can be found in a
wide variety of devices such as torches, portable phones or CD players. Assembled into battery packs
(Power-Packs) they are used as energy sources in mobile phones, notebooks or cordless screwdrivers. As
plate accumulators with peak currents of 500-1,000 amperes they are used, for example, in the aerospace
industry, as traction batteries for industrial trucks or as starter batteries in very cold environments.

Other element to store energy and to generate electrical energy using electrochemical way is a fuel
cell (Ramani, 2006). It is demonstrated in a primary mode even earlier than lead accumulator — in
1839 from Grove in Britain. If a strict differentiation has to be made, in spite of accumulators, the
fuel cells are not energy storage elements as accumulator batteries, because they do not store theirs
own fuel. Fuel cell requires hydrogen and oxygen to be able to operate. Usually, hydrogen is stored in
reservoirs and oxygen is supplied by the air. Solutions based on regeneration processes into the cell
exist (Walter, 1997).

Using the fuel cell, a direct receiving of electrical energy as a result of chemical processes is made.
Figure 12 shows the way of obtaining electrical energy. Generation of electrical energy using Carnot-

Figure 11. Dependence of the capacity on the cycle number (Source: Sonnenschein Solar Safe Storage
capacity for renewable energy ©Exide Technologies. Used with permission)
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Figure 12. Ways to generate electrical energy using chemical energy
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cycle machine (motor with inner combustion) is also shown in the same figure for a comparison. In
Carnot-cycle machine, at first, chemical energy is converted into heat energy then into mechanical
energy and finally into electrical one.

Operational principle of a hydro-oxygen fuel cell is illustrated in Figure 13. As itappears in the figure,
both electrodes have to be able to let gas through them. The process consists of three phases — passing
of gas (gas phase), conduction of electrons (solid phase), conduction of ions (liquid phase). Hydrogen
is passed under pressure to the anode and under catalyst it is decomposed. Electrons go to the cathode,
while ions penetrate the electrolyte. Oxygen is passed under pressure to the cathode and as a result
of chemical reaction taking place there, water is generated. The entire process is accompanied with
evolve of heat energy. So, if hydrogen and oxygen are inputs of the system, then the output is electri-
cal energy and additional products are water and heat energy. Fuel cells with solid or liquid electrolyte
are available. System for the electrolyte circulation and dragging out the water is also required in the
liquid electrolyte cells. In the fuel cells with solid electrolyte, the water formed is directly passed from
the electrolyte into the cathodic gas compartment and removed there.

Figure 13. Operational principle of a fuel cell
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Efficiency coefficients of Carnot-cycle machine and fuel cells are defined in a different way. A
comparison between the two coefficients is made in (Julich Forschungscentrum, 2008). For most
types of fuel cells the efficiency coefficient is about 50%, but if the emitted heat is used, it reaches
up to 80%.

Various types of fuel cells exist dependent on the two gases, used materials in their design and
their construction. Figure 14 classifies these types (Julich Forschungscentrum, 2008).

Alkaline Fuel Cell (AFC)

This is one of the oldest designs for fuel cells; the United States space program has used them since
the 1960s. The AFC is very susceptible to contamination, so it requires pure hydrogen and oxygen. It
is also very expensive, so this type of fuel cell is unlikely to be commercialized.

Polymer Exchange Membrane Fuel Cell (PEM)
The PEM has a high power density and a relatively low operating temperature (ranging from 60 to

80 degrees Celsius, or 140 to 176 degrees Fahrenheit). The low operating temperature means that it
does not take very long for the fuel cell to warm up and begin generating electricity.

Figure 14. Comparison among different types of fuel cells (Source: Basic terms and operating principle
of a fuel cell electricity generation system ©lnstitute of energy research, Julich Forschungscentrum.
Used with permission)
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Phosphoric-Acid Fuel Cell (PAFC)

The phosphoric-acid fuel cell has potential for use in small stationary power-generation systems. It
operates at a higher temperature than polymer exchange membrane fuel cells, so it has a longer warm-
up time. This makes it unsuitable for use in cars.

Molten-Carbonate Fuel Cell (MCFC)

Like the solid oxide fuel cells (SOFC), these fuel cells are also best suited for large stationary power
generators. They operate at 600 degrees Celsius, so they can generate steam that can be used to generate
more power. They have a lower operating temperature than SOFC, which means they do not need such
exotic materials. This makes the design a little less expensive.

Solid Oxide Fuel Cell (SOFC)

These fuel cells are best suited for large-scale stationary power generators that could provide elec-
tricity for factories or towns. This type of fuel cell operates at very high temperatures (between
700 and 1,000 degrees Celsius). This high temperature makes reliability a problem, because parts
of the fuel cell can break down after cycling on and off repeatedly. However, solid oxide fuel cells
are very stable when in continuous use. In fact, the SOFC has demonstrated the longest operating
life of any fuel cell under certain operating conditions. The high temperature also has an advantage:
the steam produced by the fuel cell can be channeled into turbines to generate more electricity. This
process is called co-generation of heat and power (CHP) and it improves the overall efficiency of
the system.

Researches on the so-called regenerative cell are presented in (Ramani, 2006). Figure 15 illustrates
its idea. In fuel-cell mode, hydrogen and oxygen are input products. Under shown interaction, electrical
energy and water are generated. In electrolyzer cell mode, the water is input product and also electrical
source is connected to the cell. Output products are hydrogen and oxygen. The described regenerative
cell is developed and used in cosmic devices.

So-called flow batteries are realized based on the regenerative fuel cells. A polysulfide-bromide
flow battery is shown in Figure 16. Besides the regenerative fuel cells, two reservoirs, in which
electrolyte solutions are put, are used. Circulation into one or other directions is maintained by the
pumps. In generation mode, electrical consumer is connected to the electrodes and in regeneration
mode — electrical energy source is connected.

STORAGE OF ENERGY AS ELECTROMAGNETIC ENERGY

In a Superconducting Magnetic Energy Storage (SMES) system energy is stored in magnetic field in su-
perconductivity conditions (Luongo, 1996). In these processes no chemical or mechanical energy is used.
SMES systems use liquid helium to maintain appropriate temperature to the winding of the inductance
which is often made from niobium-titanium alloy. More often the processes take place in low temperatures
(LTS — low temperature system) — about 4K (about —270°C). Installations for superconductivity in high
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temperatures (HTS — high temperature system) also exist. Since their operational temperature is closer
to this of the ambient air, the thermal efficiency coefficient is increased causes an increase of the whole
system efficiency. At the widest spread installation, constant current of several hundred amperes flows
through the windings of the inductance. In the superconductivity conditions, resistance of the wire is
approximately 0 and the losses in the windings are minimum. Additional cryogen installation is required
for the operation. Basic installations are for 1-6 MJ energy. This energy can be delivered for a significant
short time — for example, 1 to 60 s. Some of the possible applications of these systems are in disturbances
of energy quality of the network voltage — spikes and sags, interruptions, i.e. in the UPS systems, studied
in Chapter 10. Their use also in maintaining the transmission line stability in systems studied in Chapter
8 is typical, too. Sometimes the pike loadings of power consumed by the loads, when it exceeds several
times the power of the state mode, have to be covered (Akhill, 1993). Such type of installations is used
in USA. Their feature is their capability to be connected and to operate in parallel.

Figure 15. Processes in a regenerative cell a) fuel-cell mode, b) electrolyzer-cell mode
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Figure 16. Polysulfide-Bromide flow battery
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Figure 17 displays a block-schema of Superconducting Magnetic Energy Storage (SMES) system
(Henry, 2007). The system operates in the following way. In the conditions of energy storage, the cold
switch is normally closed to maintain the circulation of the flowing current through the superconducting
coil. A bidirectional converter (see Chapter 4) secures in its output only a little energy value to replace
losses of the part of its output circuit, which is not in superconductivity conditions. In disturbances of
the quality of AC voltage the cold switch opens when energy should be delivered to the network. In this
mode, the bidirectional converter operates as inverter (see Chapter 7) and the control system controls
the converter in such a way to secure normal quality of AC voltage to the connected consumers. This
systematic transfer of energy from the magnet to the load keeps the load interruption free for optimum
performance of critical processes. In the past decade studies on the application of high-temperature super-
conductivity have been carriet out. Study to determine the optimal resistive value of a superconducting
fault-current limiter for enhancing the transient stability of a power system is presented (Sung, 2009).

Energy storage in the inductance is within the range of several minutes and the number of storage/
delivering cycles may reach thousands without degradation of the super-magnet. A special feature of this
type of installations is a lack of pollution of the environment — there are no harmful chemical materials
or gases which are omitted during the operation. Additionally, the installations are mobile and their life
is estimated about 20 years. Researches in the field of energy storage as electromagnetic energy in su-
perconductivity conditions are towards reaching higher temperature of its storage and towards study of
new materials with decreased losses. This would permit also a realization of systems of lower powers.
These systems would be more popularly used.
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Figure 17. A block schema of Superconducting Magnetic Energy Storage (SMES) system
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STORAGE OF ENERGY AS ELECTROSTATIC ENERGY

Storage of energy in electrical field is used in electrical capacitor long ago. For example, electrolyte
capacitors are designed for this purpose. Because of their low values of the capacity, the electrolyte
capacitors have found applications mainly as components in different electrical schematics and very
rarely as a short-time supply source for memories.

In this chart, the basic attention is paid on so-called electrochemical double-layer capacitors (EDLC).
Further down, EDLC is used as a common name, besides, as we will see, different producers use others
names as well.

Accumulation of electrical charges in the metal-electrolyte boundary is known long time ago, but
practical use of double-layer capacitors started in 1957, when General Electric registered the use of elec-
trolyte capacitor with porous carbon electrodes. Later on, in 1966, Standard Oil Company, Cleveland,
Ohio, made a patent of a device for energy storage in the boundary between two layers. In 1971 Nippon
Electron Corporation (NEC) offered for a commercial use the first double-layer capacitors as superca-
pacitors. In 1980 1980 Matsushita Electric Industrial Co. (Panasonic) offered Gold Capacitor, which had
been developed in 1978. In 1992 Maxwell Laboratories started a program for a design of ultracapacitors.
Nowadays, there are rather many companies, which offer EDLC under different names.

Figure 18 depicts a schema with whose assistance the operational principle of those capacitors is
illustrated (Maher, 2006). EDLC stores energy electrostatically, as polarizing electrolyte solution. The
presence of the solution is made the capacitor close to electrochemical devices, but here no chemical
reaction lays in the mechanism basis of its energy storage. Its storage mechanism is reversible and it
allows the capacitor to charge and discharge millions of times.

24



Storage and Usage of Energy

Figure 18. Operational principle of EDLC
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EDLC may be examined as two non-reactive porous plates, suspended in electrolyte, and a voltage
applied between the plates. Negative ions are piled up around the positive electrode, and positive ions
— around the negative electrode. Thus, two layers of charges separated from each other are generated.
As it is known, the capacitor value is proportional to the plate area and in inverse proportion/ratio to the
distance between the plates. In ordinary electrolyte capacitors, their values are up to thousands micro-
farads. In spite of them, the capacity value in ADLC reaches several hundred farads.

EDLC can give very high values of energy for a short time, which makes them very attractive to be
used in means of transportation.

Electrodes in EDLC are from porous carbon material. The porous structure allows the surface area
to be about 2000 square meters per gram, far bigger than this of the conventional capacitors. The dis-
tance between the charges in EDLC is mainly determined by the size of the ions accumulated around
the electrodes into the electrolytes. Since this distance is below 10 angstroms, very higher values of the
capacities are obtained.

Figure 19 displays a comparison among EDLC, conventional capacitor, accumulator batteries and
fuel cells per their specific power and specific energy.

Popularly used, for the presence, carbon electrodes and organic electrolytes allow the operation in
potential difference of 1 to 3V. Monolithic electrodes with a decreased resistance, as well as, ionic liquid
electrolytes are known. Their combination allows the operation in 6V. Researches in the field of EDLC
are oriented towards three elements of the capacitor structure — electrodes, electrolyte and body. The
purpose is to obtain bigger surface of the electrodes and an appropriate for the corresponding electrolyte
diameters of the pores. Such electrodes are composite ones combining the big surface of the carbon
electrodes with electro-conductivity of some polymers.
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Figure 19. Comparison per specific power and specific energy
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STORAGE OF ENERGY AS MECHANICAL ENERGY

Storage of energy as kinetic energy is realized within rotating flywheels. This idea is comparatively
old one. Recently, the interest towards it has been increased due to the development in the field of
new materials, development of control motions, and progress in the field of Power Electronics. When
a question is about flywheel battery, it is connected with rotating mechanical elements.

One of the elements of a flywheel battery is a flywheel rotor, which for simplification is called
very frequently flywheel. Actually, this flywheel is a rotating element with a particular volume and
it also store energy mechanically as a kinetic energy.

Kinetic energy stored into a rotating mass is proportional to moment of inertia of the mass of
material and the square of the angular speed:

E. = —
-2 Where in J is moment of inertia, and o - angular speed. (2.3)

On the other hand, the following equation is known:

. 2
] _— k.M-R ) (2‘4)

where in M is mass, and R- radius. Inertial constant k£ depends on the construction and the type of
the rotor.

Therefore, at a constant speed to store higher value of kinetic energy, the mass has to be increased.
This is obtained using high density materials. On the other hand, it is good to increase the speed of
the rotor as the energy depends on it second power. L.e. certain optimization connected with energy
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Figure 20. Schema, illustrating the usage of kinetic energy
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— mass — speed is required. The development in the field of composite materials gives the
opportunity to obtain higher speeds. Usage of contemporary high-strength composite materi-
als allows reaching ultra high speeds of the flywheels.

The main idea of storage and usage of kinetic energy is illustrated in Figure 20.

Mechanical connection between motor and flywheel is made in energy storage mode,
while a connection between generator and flywheel misses. The motor swings the flywheel
to the maximum possible speed under the influence of AC energy source and then they are
mechanically separated. Thus, the flywheel continues to rotate as its energy decreases due
to the friction with the ambient air and bearings. If the environment is a vacuum, then the
friction with the bearings has to be minimized in case to minimize the losses of mechanical
energy. If a necessity to deliver the stored energy occurs, a mechanical connection between
the flywheel and the generator is realized and thus the load is supplied and the mechanical
energy is transferred into electrical one.

Figure 21. Principle structure of a low-speed flywheel system
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Figure 22. Principle design of a high-speed flywheel system
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Since AC energy is at the input and the output of the system, the functions for energy
transformation can be jointed. This is made using power electronic converter in the contemporary
flywheel battery. Flywheels can be classified as low and high speed ones dependent on the speed of
the rotor rotation (Emadi, 2005).

A principle structure of a low-speed flywheel system is shown in Figure 21.

Since the stored kinetic energy is proportional to the square of the speed and the speed is limited to
not very high levels, a considerably larger inertia is necessary for low-speed flywheels, which results in
a large weight. Consequently, magnetic support for the conventional bearings is advisable to increase
the bearings’ life. Low-speed flywheels are usually designed for short discharge times and also referred
to as power wheels.

Low-speed flywheels rotate at up to 600 rpm. The output frequency of the generator is between 100
and 200 Hz.

Compared to the high-speed flywheels, weight and space requirements of the low-speed storage
systems are doubled; but, the simpler construction results in lower cost, approximately five times lower.
Low-speed, systems are used only in stationary applications where cost considerations are of primary
concern.

Figure 22 shows a schema illustrating a structure of a high-speed flywheel system.

High-speed flywheels rotate at speeds above 10000 rpm up to 100000 rpm. Such high speeds are
possible because of the relatively small mass moment of inertia of the rotor. It is wound from high-tech
compound materials with a specific strength, five times higher than the steel. It is expected that, in the
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near future, with the advancement of material science, the cost of high-tech composite materials will go
down considerably. In addition, conventional bearings at high speed are of no use; therefore, magnetic
bearings have to be employed. Furthermore, at such high speeds, aerodynamic losses are considerable.
Then, since the rotor has to run in a vacuum, no effective cooling can be provided.

The high-speed flywheels have a low weight, small size, and high energy density, which make them
suitable for vehicular applications. However, the technology is relatively new and not widely proven
in the field.

Advantages of the flywheel systems compared to the other methods of energy storage are as follows
(Boyes, 2000):

. Very fast recharge and low temperature dependence

. Easer control and monitoring of stored energy because to realize these it is enough to measure the
speed

e The systems requires comparatively lower expenses for maintenance

. They are suitable for higher powers dependent on power of the power electronic converter

Systems designed for powers for dozens of kW to dozens of MW are known.

Figure 23. Usage of electrical energy
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USING THE ENERGY AS ELECTRICAL ENERGY

As it has been mentioned in Chapter 1, a part of energy is generated using fossil fuels. Recently, the
part of energy used as electrical energy has increased and the trend is to extend this increase. Figure 23
shows the place of electrical energy in the processes of its generation, storage and usage.

Electrical energy is required to be generated. This happens either using fossil fuels or using renewable
energy sources. Next stage is energy transmission to the consumers. Since it is not possible to consume
entire quantity of energy in its generation moment, energy storage is also required. This is also imposed
in the cases when temporary interrupts of distributed energy from network are probable.

Figure 23 also displays the fields of electrical energy usage. In some fields, energy is used directly,
while in others it is converted in other type — mechanical and heat energies, etc.

Power Electronics takes an important role in all processes connected with generation, transmission
and usage of electrical energy (Ahmed,1999),(Ericson,2001). Chapter 3 is devoted to these topics.
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Chapter 3

Power Electronics and Its
Role in Effective Conversion
of Electrical Energy

OVERVIEW

As it has been clarified by information provided in the previous chapters, there is a necessity to convert
electrical energy from one input kind into other output kind of energy.

Power electronics is a technology to create power electronic converters associated with conversion of
electrical energy using electronic means. Cumulative electronic means covers the following groups:

1. Powerschemamadeon thebasis of power electronic devices (switches): Diodes, thyristors (silicon
controlled rectifier - SCR), insulated gate bipolar transistors (IGBT), metal-oxide—semiconductor
field-effect transistors (MOSFET), etc.

2. Control and regulation system made on the basis of analogue and digital electronic elements:
Analogue and digital integral circuits, microprocessors, microcontrollers, digital signal processors,
etc. Additionally, software is included here, if a processor is applied in the control system.

3. Sensors used to monitor the basic variables: Current, voltage, power, temperature, etc.
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Figure 1. General schema of electrical energy conversion

Fower \ Switching Fonver
Input /] Converter Chitpict

Contral
Inpuits

Contral

Soster Fradbacks | Sensars

Figure 1 shows the basic schema to explain the definition. The conversion is made under the action of
control signals, which are obtained from the control system. The most frequently, sensors are applied to
monitor parameters referred to the output energy. Also, it is possible to monitor the parameters referred
to the input energy, as well as variables in the converter itself. The sensor output signals are employed
as feedbacks to the control system.

In Figure 2 the schema is extended with showing several of the possible sources of electrical energy
as input ones, as well as several of the possible loads demanding electrical energy as output energy of
the conversion.

Dependent on the input and output type of the electrical power, power electronic converters can be
divided in several basic groups as follows:

1. Converters of AC into DC power — they are called rectifiers
2. Converters of AC into AC power

Figure 2. Sources and consumers of electrical power
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Converters of DC into DC power
Converters of DC into AC power — they are called inverters

In this chart, as well as in the whole book, international accepted symbols for the type of energy AC

(alternating current) and DC (direct current) are used.

The Power Electronics is applicable within the whole field of electrical power systems. The power

range of its applications is from a few VA/Watts to several MVA/MW.

The Power Electronics demands knowledge many and also different fields, thereby it is interdisci-

plinary (Peter, 1994). Figure 3 displays these fields, which are:

Structure, operational principle, characteristics and parameters of the power semiconductor devices
Electronic circuit theory —analogue, digital and microprocessor —required to synthesize the control
system

System and regulation theories are required because the power electronic converters operate in
closed loop for automatic control

Signal theory, because different signals in type — analogue, digital, and in shape — sinusoidal wave-
forms, saw waveform, find application in the Power Electronics

Microprocessors, digital signal processors, programming logic — increasingly are approved as a
kernel in the control systems. It might be as well to know programming languages and developing
systems for them

Electrical machines and mechanisms — a lot of power electronic converters are designed for control
of different motors — synchronous, asynchronous, DC and AC

Electromagnetism and electromagnetic compatibility — power electronic converters emit EMC
disturbances caused by the switching processes in them onto the supply network and onto the
ambience space

Figure 3. Interdisciplinary nature of the Power Electronics
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8. Software for simulation of the power electronic circuits, schemas and control systems - they are
required in the processes of analysis and design, as well as during the put in action process and
adjustment of the power electronic converters

9.  Generation and distribution systems of electrical power

The experience in power electronics study is an exciting and challenging one. The expanse of power
electronics applications is growing rapidly (Lander,2003). New devices keep coming into the market,
sustaining development work in the Power Electronics (Bose,1992).

Power electronic converters are applied in many and different fields; the most important of them are
examined in Section 3 in this book. They are:

. Conversion under generation, distribution and transmission of electrical energy

. Uninterruptible power source systems

. Systems for power supply and distributed generation of electrical power using renewable energy
sources

. Systems with electrical engineering technology application

. Home appliances

. In automobile, railway and air transportation

Nowadays, about 33% of total energy is consumed as electrical energy of worldwide importance.
This share is predicted to increase to 67% towards 2040 year. In this way, the role of the Power Elec-
tronics increases significantly not only in the processes of generation, distribution and transmission,
but also in generation of electrical power using renewable energy sources - sun, wind, etc. (Blaabjerg,
2005; Bose, 2007).

Figure 4. Saving power through the Power Electronics. Source: Saving Energy Through Innovation and
Technology ©2008Infineon Technologies North America Corp., Page 10, Figure 2.1
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According to several researches, remarkable achievements in the field of the Power Electronics can
lead to energy savings up to 50%. Figure 4 shows the possibilities for the savings in several more fields
(Infineon, 2008).

According to already made researches, electrical motors consume about 65% of total electrical en-
ergy; another 20% are used up for lightning. Control of the electrical motors using the power electronics
means is a significant step towards the increase of energy efficiency. For example, only in the fields of
air conditioning and pressure pumps, the energy saving can reache up to 25% (IEEE Board of Directors,
2008). In the lightning field, fluorescent lamps are imposed. Their control is high frequency control
and they are approximately 4 times more effective than incandescence wire lamps. New prospects are
formed in the use of LEDs. Generally about 15% can be the energy savings in USA if the contemporary
achievements of the Power Electronics are used (IEEE Board of Directors, 2008).

The quicken interest about the printed transactions in the field of the Power Electronics also confirms
the increased influence of Power Electronics (Santana Communications International, 2007).

Because of the complexity of the power electronic converters, their design demands to joint forces
of specialist in different fields. An example is the establishment of the Center for Power Electronics
Systems (CPES) in USA. One of its perspective operation is the integration of the power electronic
systems (Lee, 2008).

PRINCIPLES OF CONVERSION OF ELECTRICAL ENERGY

The universal classical principles, on which the operation of power electronic converters of electrical
power is based, are examined in this chart (Bird,1993),(Mohan, 1995). The converters are shown as
blocks because the stress is made upon the waveform of the input and the output signals. The purpose
is to clarify the ideas, which serve as bases to implement the different converters.

Operational Principle of Converters of AC into DC Powers: Rectifying Principle

A rectifying principle is explained in Figure 5. The converters using this principle are called rectifiers.

Figure 5. Rectifying principle
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It is seen, that the converter transfers bipolar input voltage into uni-polar output voltage — positive
or negative voltage. The output voltage contains constant DC component U, equal to the average value
U,,» which is necessary to the load requiring DC power. This component is separated from the output
voltage by including smoothing filters between the output of the converter and the load.

Figure 5 displays sinusoidal waveform of the input voltage, but the principle is also applicable with
others bipolar waveforms — square and saw waveforms, etc.

From the graphics shown in Figure 5 one can see that the average value of the output voltage U, in the
ideal rectifier depends only on the value of the input voltage and it can not be changed in the converter.
These rectifiers are uncontrolled rectifiers. Basic element for their implementation is semiconductor
diode.

Frequently in practice, the DC loads require the possibility to change the value of the rectifier output
voltage. This can be easily achieved within the converter itself— the idea is shown in Figure 6.

The idea is to deliver the voltage across the load only in particular intervals with the possibility to
change their duration. In general, the change of the output waveform can be different from that shown
in Figure 6.

The rectifiers, in which possibility to change the value of the output voltage by an influence in the
converter is available, are called controlled rectifiers. Thyristor SCR is the basic element for implemen-
tation of the classical principle shown in Figure 6. Recently, power transistors have been widely used,
giving the possibility to improve the indicators regarding the source of the input AC energy.

Figure 6. Control of the output voltage in AC/DC converters
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Figure 7. Operational principle of AC/AC converters
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Operational Principle of Converters of AC into AC Powers: AC/AC Converters

The principle of AC/AC conversion is explained in Figure 7. It is applied in AC loads requiring the
change of the value of their source voltage.

The output voltage remains bipolar (AC), only its value is changed. The idea is to deliver positive and
negative voltages across the load only in particular intervals with the possibility to change their duration.
This is made by an influence in the converter. The idea is closed to this of the controlled rectifiers.

In general, other bipolar waveform of the output voltage is possible. They depended on the imple-
mentation of the converter and the type of load.

Thoroughly, these converters are used when the input voltage is of sinusoidal waveform. Their impor-
tant feature is that frequency of the first harmonic of the output voltage is equal to the frequency of the
input voltage. Semiconductor elements used here are the same as those used in controlled rectifiers.

Operational Principle of Converters of DC into DC Powers: DC/DC Converters

A schema illustrating the DC/DC conversion principle is shown in Figure 8. This principle is applied in
DC loads requiring the change of the value of their source voltage.

The idea is to change the DC input voltage, which can be positive or negative, using the converter
into unipolar pulses, which can be either only positive or only negative.

The average value of the pulse voltage is marked in Figure 8 with U, The average component is
separated from the output voltage by including smoothing filters between the output of the converter
and the load.

There are two possible ways to change the value of U,

The first is by changing the pulse duration #, when the period is constant 7 (frequency f'is constant
too). This method is called pulse-width modulation.

The second is by maintaining the pulse duration #, constant and by changing the period T (frequency
). This method is called frequency-pulse modulation.

To implement these converters, power transistors — MOSFET or IGBT are used.
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Figure 8. Operational principle of DC/DC converters
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Operational Principle of Converters of DC into AC Powers: Inverting Principle

The principle is explained in Figure 9. The converters using this principle are called inverters.

The idea is to transfer the DC input voltage which can be positive or negative by the use of the con-
verter into bipolar pulse series. This bipolar pulse voltage can be used to supply AC loads which are not
curtailed to the supply voltage waveform. The pulse voltage contains one first harmonic marked as U,
in Figure 9. If the AC load requires a sinusoidal waveform of the voltage, this fundamental harmonic is
separated by a smoothing filter connected between the output of the converter and the load.

A change in the value of the voltage and its first harmonic U, is made by a change of the pulse dura-
tion 7, under constant period T (frequency f) — pulse-width modulation.

The output voltage in Figure 9 contains one positive and one negative pulses consequently. These
single pulses are possible to be a series of pulses.

More frequently, MOSFET or IGBT power transistors are used to implement these converters. There
are also inverters implemented using conventional type of thyristors as well as using gate turn-off thy-
ristors (GTO).

Figure 9. Inverting principle
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Operational Principle of Matrix Converters

For certain practical needs, the following task has to be solved: input AC voltage with number of phases
p, and frequency f, is available; and required output AC voltage is with number of phases p , which may
be equal or different from p, and with frequency f, in general different from f. An additional condition
is the possibility to change the effective value of the output voltage. A standard approach to solve the
task is to use a double energy conversion — first, into DC energy using rectifier — Figure 5, Figure 6, and
then, into AC energy using inverter — Figure 9.

Another possible solution is to use matrix converter, which operational principle is explained in
Figure 10. This converter combines rectifiers and inverters functions in one converter.

The figure indicates a case of equality of the phases of the output and input voltages. The waveform
of the output voltage of the matrix converter differs from ideal sinewave. In some applications, the
frequency of the first harmonic of the output voltage is higher than the frequency of the input voltage,
in others — lower. Although in matrix converters the number of the phases of the output voltage may be
different from the number of phases of the input voltage, the most frequently used are converters with
equal input and output phases.

The power schematics of matrix converters may be implemented using fully-controlled power devices
with bi-directional conductivity — bi-directional semiconductor switches.

Only the general principles and ideas, on which are based the operation of the converters of electrical
power, has been examined in this chart. It is worthy to be mentioned that these principles can be referred
as classical ones. There are also their different varieties but yet the basic idea of the implementation
finds just a modification.

After the description of basic conversion principle has been made, the following Section 2 contains
the schemas for implementation of the converters and description of their operation, as well as detailed
diagrams; moreover, basic relationships describing the processes of energy conversion are put.

As it is seen form the above made review, at the processes of energy conversion, the power electronic
converters used are characterized by variables — currents and voltages, which are periodical ones but are
non sinusoidal function of time. Appendix contains the harmonic content of those variables. Also, data
about which converters from the ones examined in Section 2 are valid is included.

Figure 10. Operational principle of matrix converters
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COMPUTER-AIDED DESIGN OF POWER ELECTRONIC
CONVERTERS IN POWER ELECTRONICS

An important stage during the synthesis and design of power electronic converters is the usage of com-
puter simulation to study some of the processes developed in them. The importance of the computer
simulation is determined by the complexity of a power electronic converter, which consists of power
schematic and control system usually operating in a closed automatic regulation system. Through a
computers simulation, it is possible to study and forecast some transient processes connected with the
initial start of the converter, its faulty modes, as well as to choose the most appropriate way to imple-
ment the control system.

Different methods in computer simulation of the power electronic converters have historically de-
veloped:

1. Working out a system of differential equations, which describe the operation of the power electronic
converter, and solving the system using an appropriate time step through numeral methods

2. Combining the first approach with a next use of special software in solving the system

Using of special programs to simulate electronic schematics

4.  Using of special programs to simulate power electronic schematics and their control system

W

The first approach is applied on the assumption that the semi-conducting devices are ideal switches
with two possible states — on and off. The differential equation system, which describes the operation of
the power schema, is worked out. Then, this system is solved using appropriate methods of numerical
integration. To solve the system, a program that is executed by a computer is written at adequate program-
ming language. Graphical change of some variables connected with the operation of power electronic
schematic is generated as a result of program execution. Nevertheless, this method has been applied
successfully for a long time, there are number of difficulties met using this method. The difficulties are
connected with the following: the equation system of faulty mode usually differs from this of normal
operation mode; the simultaneous study of the power schematic and its control system is impossible to
be performed; the influence of real power elements over the operation of the power electronic converter
is difficult to be recognized; the number of graphically obtained results is limited.

The second approach has been developing in the course of time. Instead of writing a program at
a programming language, ready-made software having a possibility to solve the differential equation
system and to visualize the results obtained is used (Carpita, 1996). Such software is MATLAB' where
the results obtained from the equation system solving are visualized (Barucki, 2007; Toker, 2007). The
control system and the operation of a closed outline of automatic regulation may be study separately
from the power schematic using SIMULINK' module (Orizondo, 2006). This method saves quite many
efforts and time to obtain the results solving the differential equations.

The disadvantages, connected with the joint study of the power schema and its control system, as well
as the influence of the reality of the power semi-conduction devices, remain in the first two approaches
using direct solving of the differential equation system.

The third approach uses special programs to simulate electronic schemas. Its level and possibilities
are rather higher than those of the first two methods. Libraries of the special program used in the third
case frequently contain models of power semi-conductor devices (Mohan, 1992). These models are used
at simulation. A typical example of such a program is ORCAD?. Using ORCAD?, the power schematic is
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drawn in the CAPTURE? module. Moreover, in the same module different types of analyses and condi-
tions are set. The simulation itself is made through the PSP/CE* module and then the results obtained
may be graphical monitored. Difficulties to obtain stable solution, to choose an appropriate time step, to
obtain accuracy of the result generated, etc., are met because the programs are not designed especially
for the Power Electronics use (Wu, 2007).

Later on, special programs for computer simulation of power electronic schematics and their control
systems appear at the Market. This is the fourth possible approach for computer simulation. This approach
is in continuous development. The author knows two software — PLECS® and PSIM®.

The firstofthem -PLECS? (Plexim GmbH, 2002-2008) is toolbox for a high-speed simulation of power
electronic schemas and electrical machine using MATLAB'/SIMULINK'. A joint simulation of the power
schematic and its control system is possible. The user may draw an electrical schema with components.
This schema is represented as a subschema in the SIMULINK' level. The component library comprises
different current and voltage sources, switches, passive components, voltmeters and amperemeters, as
well as complex components such as electrical machine. Signals for controlled sources and switches are
the inputs for the subsystem, while the results measured from voltmeters and amperemeters — outputs.
Simulation of thermal modes in power electronic converters is also possible (Hammer, 2008).

The second software — PSIM*(Powersim Technologies Inc., 2006) consists of several modules:

. Motor Drive Module includes modules of electrical machine and mechanical loads used to study
motor drive systems.

. Digital Control Module includes functional blocks with their discreet gear functions, digital fil-
ters, blocks used to make one signal as a discreet signal and used to analyze discreet regulation
systems.

. SimCoupler Module is an interface between PSIM* and MATLAB'/SIMULINK' for a co-
simulation.

*  Thermal Module permits an analysis of active power losses across the power devices.

*  MagCoupler Module is an interface between PSIM* and software for magnetic field analysis
JMAG? for a co-simulation.

*  MagCoupler —RT Module is a connection between PSIM* and JMAG-RT® data files.

The schematic is drawn using PSIM Schematics. Some parameters of the semi-conductor devices,
such as forward voltage drop, are possible to be set during the schematic draw. Thus, the simulation
process comes nearer to the real physic process. Furthermore, ready-made schematics of power elec-
tronic converters, such as rectifiers, inverters, etc., may be used. Also, it is possible to connect current
and voltage sensors to provide feedbacks. After the schematic is finished, a simulation through PSIM
Simulator is made and then the results are graphically presented in SIMVIEW*. PSIM* permits a thor-
oughly simulation of a power electronic schematic, its control system and sensors for the feedbacks, i.e.
simulation of the entire power electronic converter as it is presented in Figure 1.

Anew approach to study the power electronic converters through computer simulation has arisen with
the coming of the digital signal processors in the converter control systems. The approach combines the
hardware and software means. A part of the power electronic converter is simulated using an appropriate
software while another part of it is physical implemented (Monti, 2003; Jacobs, 2004).

The new product flowSIM® made by Tyco Electronics (Obermaier, 2007) is a new step in the simula-
tion field using power electronic modules in the fields of electro-motion, electro welding and electrical
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energy generation. At determined steps of the simulation process, this product uses actual data of the
measurements of real converters instead of simulation modules. Besides, simulation of high-frequency
transient processes may be combined with low-frequency temperature simulation.

Let us see an example of a study of a power electronic converter using computer simulation. The
example illustrates part of the capabilities of PSIM*. Figure 11 shows the schematic for the computer
simulation (Antchev, 2009). The operation of a single-phase bi-directional AC/DC converter, whose
schema is shown in Chapter 4, Figure 27, is studied here. Hysteresis current control (see Section 2) is
used. The DC voltage in the output is stabilized by proportional-integral regulator. Using multiplier, the
reference sinusoidal waveform for the source current is gained. The transitory values of the source cur-
rent are monitored by a feedback. The difference between the values of the reference and real sinusoids
determines which pair of diagonally connected transistors has to be switched on.

The example illustrates the possibilities of PSIM* to simulate the power schema together with the
process and the sensors for feedbacks.

The computer simulation results are presented in Figure 12 and Figure 13 in rectifier and inverter
mode, respectively, with effective value 230 V of network voltage and with value of the DC voltage
350 V.

From the results obtained, it is seen that the source current is in phase with (Figure 12) or displaced
with 180° (Figure 13) to the source voltage and also the current is of sinusoidal waveform. Therefore,
in both cases, the power factor is much closed to 1. Also, the tracing of the reference current with a
certain hysteresis is seen.

The simulation results are confirmed also by experiments in both operation modes (Antchev,
2009).

Using an appropriate mathematical description of power electronic converters in MATLAB', it is pos-
sible to obtain oscilograms characterizing their operation. The following example analyses a three-phase
to single phase matrix converter (Kunov, 2009) — see Figure 10 and Chapter 5.

The circuit for mathematical analysis is presented in Figure 14a. Bidirectional switches are used,
realized as shown in Figure 14b and controlled by a corresponding algorithm. The converter is sup-

Figure 11. Schematic used for the computer simulation through PSIM software
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Figure 12. Computer simulation results in rectifier mode of operation — the network voltage and cur-
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plied directly by the mains network. The three-phase line input voltages are described by the following

equations:

V.= VmsinG

Figure 13. Computer simulation results in inverter mode of operation — the network voltage and cur-

rent
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VS = Vmsin |0 — Q—W]
3
V, = Vmsin |0 + 2%]

a.  Equivalent circuit
b.  Bidirectional power switch

3.1)

The condition of potentials V,, V', regarding the null of the three-phase voltage system may be pre-

sented in matrix form as:
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Figure 14. Circuit for investigation
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S1-S6 are pulse series with an amplitude of 1. These series are depicted in an appropriate way ac-
cording to the switching on and off the corresponding switches in Figure 14. Level ‘17 corresponds to
the turned on switch, while “0” — turned off one.

The single-phase output voltage in Figure 14 is

Vou =Vo = Vy (3.3
and from (3.1) and (3.2) it is written in the form:

V., =(S1=84)xV, +(S, =S, )V, +(S, - 5,)*V, GA)

Figure 15. Potentials VSI-VS6 produced by the bidirectional switches.
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The MATLAB' program is used for the investigation of the matrix converter by solving the equa-
tions found. The potentials VS1-VS6 produced by the bidirectional switches are shown in Figurel5. The
potentials V,, V', and voltage V| are presented in Figure 16.
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Chapter 4
AC/DC Conversion

BASIC INDICATORS IN RESPECT TO THE SUPPLY NETWORK

Figure 1 displays a power electronic converter connected to the mains. In general, a power electronic
converter is an electrical power converter — controlled or uncontrolled rectifier, AC regulator, compensa-
tor of reactive power, converter of phase number, active power filter. The converter supplies a load with

power Pout, and in the same time it loads the mains with active power P and total power S.
Power factor is defined as a ratio of active power P to total apparent power S:

K =— 4.1)

If the voltage and current of the supply network are with non-sinusoidal waveform, they contain DC
component and they can be presented in Fourier series, then the active power is given as:

P=U,-I,+> U, I cosg, 4.2)

k=1
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AC/DC Conversion

Figure 1. Powers in conversion of AC electrical energy
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where in U, and /, are the effective values of the k™ harmonic of the voltage and current, respectively,

and ¢, is the displacement angle.
Total power is a product of the effective values of the source voltage U and the source current I:

S=U-T 4.3)

where in

Zsz and U = \fZsz (4.4)
k=0 k=0

After substituting (4.4) in (4.1), it is found:
Uy -1, +> U, -1 -coso,
k=1

\/iUi \/Zf,f (4.5)

The mains voltage is usually accepted to be of a pure sinusoidal waveform and it does not contain
a DC component, and the source current is usually accepted to be of non-sinusoidal waveform. So, it
is derived:

K =

p

:Ul-Il-cosqS1 :I ccosg 1

P n n ] 1 1
U, -\/Z I \/Ef,f (4.6)

k=1 k=1

From (4.6) it is seen, that the power factor is a product of two variables, the highest value of each of
them can be equal to 1. The two variables are:

. v : The distortion factor

. cos ¢, : The displacement factor, where in ¢, is the angle of the displacement between the sinu-
soidal source voltage and the first current harmonic.

Besides the distortion factor, the current non-sinusoidal waveform is also characterized by harmonic
distortion factor or a total harmonic distortion defined as:
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K — k=2

It is easy to find the relationship between the two coefficients:

% _1112—15_1 5

L (4.8)

1 14
or

1
N (4.9)

As aresult from (4.6) and (4.9), the power factor can be present in two ways using different variables,
as follows:

UV =

K,=v-cos¢ =

» - COS P,

1
J1+ K2 (4.10)

The ratio of the output power P, to the active power P is the efficiency coefficient:

thz‘
p = —a (4.11)

Complete idea about the converter efficiency is given by efficiency factor:

P 1
K =-2 —=pn.v.-cos¢p =1 ————coS
=g T ? 77/1+K§ “ (4.12)

The ways to increase the efficiency factor up to 1 are seen from (4.12). The three methods are:

«  Increasing of the efficiency coefficient of the power electronics converters 7 = 1
. The consumed source current has to be with low harmonic contains K, =0 or v =1
. The first harmonic of the source current has to be in phase with the source voltage - ¢, = 0

Let assume that the source current has pure sinusoidal waveform but it is displaced at angle ¢ to
the source voltage. A vector diagram for powers is presented in Figure 2. Besides the total power S and
active power P, Figure 2 presents also the reactive power Q.

In this case 1 = 1, and the following equations are valid:

S* =P+ K, =cos¢ (4.13)

P
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Figure 2. Powers in the case of linear loads

F=U.I.cosg
o

=007 sing
S=U.7

A vector diagram for powers, in the case when the source current has different waveform from the
pure sinusoidal waveform, is shown in Figure 3. The first harmonic of the current is displaced at angle ¢,
to the voltage. The diagram presents also the apparent fundamental power S1 and distortion power D.

In this case ¥ = cos and the following equations are valid:

=P +@Q" +D K, =v-cos¢ = cosf-cosg,. (4.14)

It has to be mention that both the consumer and the distribution electrical company have benefits
from the use of converters whose power factor is close to 1.

Figure 4 illustrates the benefit for the consumer. A single-phase network 230V is available. It is
possible to connect total load with 15A. At minimum source voltage 207V, the total possible power is
3105VA. If the supply of a computer has to give power 280W but it works with power factor 0.6 (typical
value without power factor correction) it will load the network with power equal to 470VA. This means
that t it is possible to connect only 6 computers to this network.

If the consumer has computers which supplies are with a power factor correction and its value is 1
(typical values are above 0.96), each of the computers will load the network with power equal to 295VA.
Then, the consumer may connect 10 computers to the same network.

Figure 5 illustrates the benefit for the power distribution company. In both cases the network voltage
is the same. In the first case, the converters incorporated in the supplied building have an insufficient
power factor, which means that they needs higher total power S, i.e. higher effective current value.
Consequently, the power supply wires should have higher section.

If the connected converters at the supplied building are with power factor closed to 1, they will
require less total power S, less effective current value. As a result, the section of the wires in this case
can be decreased.

Figure 3. Powers in the case of nonlinear loads

F=U.1 cosgq
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Figure 4. Benefit for the consumer from operation with a high power factor
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SINGLE-PHASE AND THREE-PHASE UNCONTROLLED RECTIFIERS

As it has been written in Section 1, the rectifiers are uncontrolled and controlled ones dependent on the
absence or presence of the possibility to change the output voltage value using influence in rectifiers,
respectively.

Besides this characteristic, the rectifiers also differ in:

*  Number of phases: More often single-phase and three-phase rectifiers

. Type of the current of the supply source for each phase: Half-wave rectifiers (current flows
only during one of the half-periods of the source frequency — either negative or positive half-
period) and full-wave(current flows during both half-periods of the source frequency)

. Type of load: More often — active, active-capacitive and active-inductive types

It has to be mentioned that the active load is met very rarely in practice.

Semiconductor devices with one-direction conductivity — diodes, are used to implement the uncon-
trolled rectifiers. Semiconductor devices with a control electrode — thyristors or transistors, are used to
implement the controlled rectifiers.

Single-Phase Uncontrolled Rectifiers

The operation of a single-phase bridge rectifier with active load, whose principal electrical schematic
and its typical waveforms are shown in Figure 6, has the closest operation to the described rectifier op-
erational principal in Section 1. The single-phase bridge rectifier is the most propagated one in practice.
On its basis the fundamental concepts connected with the rectifiers will be introduced.

During a conventional positive half-period of the AC voltage, when the upper end of the second-
ary winding in the schematic has higher potential than the lower one, diodes VD1 and VD3 conduct,
and during the negative half-period — VD2 and VD4 conduct. Thus, the current through the secondary
winding, and through the primary winding, flows during both half-periods — a fully-wave rectifier. As
the current through the load always flows from point A towards point B, point A has higher potential
than point B. The waveform of the output voltage u, in Figure 6 is made on the assumption that the
point B has potential equal to zero volts. If the potential of the point A is assumed to be zero, than the
output voltage will be negative. During the study, the diodes usually are assumed to be ideal switches
— with infinitely low resistances during conductivity and with infinitive high resistances in the turned
off state. Consequently, the shape of the output voltage traces the voltage of the secondary winding but
it is unipolar — rectified.

The waveform of an ideal DC voltage is a straight line above or below X-axis dependant on its
polarity. As it appears in Figure 6, the waveform of u , differs from the ideal one. It is a periodical even
function, which in accordance with Fourier series has a DC component and even harmonics. They are
determined by the corresponding coefficients ¢, and a, from the Fourier series.

The DC component is the ideal DC voltage and the put over it harmonics are voltage changes — they
are called ripples of the output voltage.

The DC component is equal to the average value of the output voltage:
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Figure 6. Electrical schematic and typical waveforms of a single-phase bridge rectifier with active
load

F
1y = ny VDI vp2 | 4

i =Hi, — T 7— T
i T Iy Ty fypz

O—= — ¢

_ 2 PN
n=— 1 ' hma —

Vi Vo3

v, =% = 2 [\2u,sinv.do _ 242 U, = 22
2 T m

Y (4.15)

It is visible in Figure 6, that in one period of the supply voltage u,, two periods of the output voltage
are hold. Therefore, the frequency of the first harmonic of the output voltage is twice higher than the
frequency of the source voltage.

The ratio of these frequencies in all rectifiers — uncontrolled and controlled, is marked as m and it is
called a rate frequency of ripples.

For the most widely propagated rectifiers there is a following relationship:

m = pl, (4.16)
where in p is the number of phases and / = 1 in half-wave and / = 2 in full-wave rectifiers. In single -

phase full - wave rectifiers m = 2.
The maximum value of the first harmonic of the output voltage is derived from the Fourier series:

U;M = fo sin ¥. cos.2.9.d" —§ i U, (4.17)
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In all rectifiers — uncontrolled and controlled, the ratio of the maximum value of the first harmonic
of the output voltage to the DC component is ripple factor:

1 U, (4.18)
This coefficient shows the quality of the output voltage; the smaller the coefficient is, the closer to
the ideal DC voltage the output voltage is.
After substituting (4.15) and (4.17) in (4.18), for the single-phase full-wave rectifier is derived that

S :zz66.7%,

1
As?{)ve will see further down, the number m is different for the different rectifiers. The higher it is,
the higher the frequency of the first harmonic of the output voltage is and the easier its filtering is.
Moreover, the ripple factor is smaller because the following relationship for the uncontrolled rectifiers

is provable:

(4.19)

The waveform of the load current i, in Figure 6 and this of the voltage u, are of the same form be-
cause the load is active. The relationship between the average values of the current and voltage in the
output of the rectifier is:

L

r =Y
R, (4.20)

As it appears in Figure 6, in each half-period, the waveform of the current i, has sinusoidal form
coinciding with the one of the supply voltage u, but unipolar. In each moment, the current value is equal
to the value of the secondary current i,. From the rectifier operation is obvious that the current i, flows
into different direction in the different half-periods — during the one it comes out from the upper end of
the secondary winding through VD1, and during the other current goes in the winding through VD4.
Therefore, the current waveform is as this of the secondary voltage — sinusoidal and with the same phase.
Consequently, also the current through the primary winding (from the AC source) i, is sinusoidal one
in phase with the voltage u,. In accordance with the stated in the first chart in this chapter, the single-
phase full-wave rectifier with active load has theoretically a power factor equal to 1, on assumption of
ideality of the elements.

As it has been clarified, the aim is the ripple factor of the output voltage to be decreased. For this
purpose, smoothing filters are used. More often they contain passive elements — capacitors and induc-
tances, and they are connected to the output of the rectifiers.

The simplest smoothing filters, but also the most widely used, contain only one capacitor or only
one inductance. The capacitor is connected in parallel to the active resistance R, in the output of the
rectifier, while the inductance — in series with the resistance. The filter connection changes the type of
the processes in the rectifier, thereby, in these cases it is accepted to be talked about active-capacitive
and active-inductive loads of the rectifiers.
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Figure 7. Electrical schematic and waveforms of a single-phase half-wave rectifier with active-capacitive
load
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Forbetterunderstanding, firstthe operation ofa single-phase half-wave rectifier with active-capacitive
load will be examined. It is shown in Figure 7. Its implementation is limited in practice.

At first, when the capacitor voltage is 0V, the diode begins to conduct as soon as the voltage ap-
plied to its anode becomes positive. The capacitor begins to charge. When the capacitor voltage is 0V,
higher charging current flows through the diode. With the increase of the capacitor voltage, the current
decreases. When the capacitor voltage becomes equal to the maximum value of the secondary voltage,
the current through the diode stops flowing; the charge of the capacitor is terminated. During the rest
of the half-period of the source voltage, the secondary voltage decreases. At the beginning of the next
half-period, to the anode of the diode is applied negative voltage. The diode is blocked.

When the diode is blocked, the capacitor discharges through the load R, and its voltage decreases. If
the capacitance of the capacitor C and the load R, are small, the capacitor discharges fast and the load
current stops flowing before the above explained process starts again. If the capacitance of the capaci-
tor C and the load R, are high enough, the capacitor discharges slowly. Therefore, at the beginning of
the next positive half-period, its voltage is higher than OV. As a result, the anode of the diode is more
negative than its cathode and the diode remains blocked.

Therefore, the current through the secondary winding of the transformer i,, respectively the source
current i, flows only during one of the half-periods of the source voltage — half-wave rectifier. This
feature is typical for all half-wave rectifiers and it causes low values of the power factor. Besides this
feature, due to the waveform of the current, particularly to its DC component, the operation of the sup-
ply transformer worsens.

The above features basically define the limited practical implementation of the half-wave rectifiers.
Their implementation is in low powers. Because of that, comparatively little attention is paid to them
in this book.
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The diode of the rectifier shown in Figure 7 begins to conduct after the secondary voltage has become
higher than the capacitor voltage. Therefore, the current through the diode flows less than one fourth
of the period. The time duration of the current flowing is equal to angle 26. In practice, the discharge
time constant of the capacitor 7, = C'- R, is chosen to be much higher than the period of the source
voltage T. Also, the charge time constant of the capacitor 7, = C'- R, is chosen to be much smaller
than 0.25T, where in R, is the inner resistance of the conducting diode. That is why the current through

the diode flows during the following time 2- 6 = <0.1 - 0.2) -T.

The above explained process is repeated continuously. It is obvious that the capacitor causes two ef-
fects in the output voltage — the increase of the DC output voltage U, and the decrease of the ripples of
the output voltage in comparison with the active load case. The higher the capacitor is and the smaller
the load current is, the higher the two effects in the output voltage are. The frequency of the ripples of
the output voltage is equal to the source frequency - m = 1 - a half-wave rectifier.

If the load misses (12, = o0), the charged capacitor will not discharge and its voltage will be:

UCM = \/5U2 = U?M ) (421)

The reverse voltage of the diode is:

U (4.22)

pr = Upy TU, =20,
One of the disadvantages of the single-phase half-wave rectifier circuit is the higher reverse diode
voltage.
Figure 8 depicts the operation of a single-phase bridge rectifier, known from Figure 6, but with
active-capacitive load. Knowing the operation of the rectifier shown in Figure 7, the following features
should be mentioned. The current i, charging the capacitor C, flows only during 2.6 angle in both

half-periods around the maximum of the secondary voltage u,. The ratio % dependent on the power
is from 0.08 to 0.2.

During the same intervals 2.0, current i, with different direction in both half-periods, flows through
the secondary winding. Waveforms of the current and voltage of the primary winding have the same
shape as those of the secondary winding. The current waveform shown is characterized by a wide fre-
quency spectrum and a significantly increased third harmonic. Possible values of the ratio of the higher
harmonics to the fundamental harmonic are shown in Table 1(Mohan, 1995).

The worse harmonic content is the basic reason for lower power factor of the rectifier in respect to
the supply network. Typical values dependent on the power are from 0.55 to 0.65. The attention paid to
the low power factor is connected with the wide propagation of the rectifier. It is included in the supply

Table. 1. Values of the ratio of the higher harmonics to the fundamental harmonic

n 3 5 7 9 1 13 15 17
73.2 36.6 8.1 5.7 4.1 2.9 0.8 0.4

1
=%
1

1
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Figure 8. Electrical schematic and typical waveforms of a single-phase bridge rectifier with active-
capacitive load
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blocks of the audio and video equipment, communicational devices, personal computers and computers
systems, electronic ballast for lightning, etc.

In particular seldom met cases, the single-phase full-wave rectifier can be implemented by the use
of two diodes and by a middle point of the secondary winding of the supply transformer. The electrical
schematic and waveforms of the rectifier with active-capacitive load are shown in Figure 9.

The waveforms of the voltages of the two halves of the secondary winding u,, and u,, are drawn in
accordance with the middle point potential, which is assumed to be zero. During the positive half-period
of u, ,, the current 7, flows coming out from the beginning of the upper half of the secondary winding;
during the positive half-period of u,, the current i , flows coming out from the end of the lower half of
the secondary winding.

Therefore, the current i, has the same waveform as in the single-phase bridge rectifier and all about
its power factor is valid here, too. To obtain the output voltage with a value U, equal to the value of the
single-phase bridge rectifier, the voltage of each half of the secondary winding is necessary to be equal
to the secondary voltage of the bridge rectifier. When a diode shown in Figure 9 conducts, the voltage
applied across the other diode (that does not conduct) is equal to the voltage of the whole secondary
winding. Therefore, in comparison to the voltage of the bridge rectifier, here the reverse diode voltage is
twice higher. This, as well as the middle point of the transformer, makes this rectifier less propagated.

Another filter used to decrease the ripples of the load voltage is an inductance connected in series
with the load. As it has already been mentioned, in this case it is said that the rectifier operates with
active-inductive type of load. In particular cases, the load itself can have its own inductance.
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Figure 9. Electrical schematic and waveforms of a single-phase full-wave rectifier with a middle point
of the transformer

Figure 10 displays power schema of a single-phase bridge uncontrolled rectifier and a double-phase
half-wave uncontrolled rectifier, both are with active-inductive load. Figure 11 depicts the current and
voltage typical waveforms for the in the studied schemas.

The load has equal parameters for both schemas. The equality of the secondary transformer voltage
of the bridge rectifier to each voltage of the secondary half-winding of the transformer of the double
-phase half-wave rectifier results in equal output voltages for the two rectifiers.

The shape of the voltage u, waveform is identical to this of the rectifier with active load — Figure 6.
Therefore, the average value of the load voltage is:

g 22U, 2h
7T s

d

U, (4.23)

Because of the inductance L , the waveform of the current i, is not the same as the output voltage
u,. As it appears in Figure 11 from the i, and u, waveforms, the current has a DC component /,, also,
because of the smoothing inductance, the ripples of the output current are lower than those of the output
voltage. Flowing through the load resistance R, this current will produce a voltage drop across it. The
voltage drop will have lower ripples compared to these of the output voltage. This is the smoothing ef-
fect that the inductive filter causes.

If the value of the load inductance is infinitive large, the load current is almost constant and its value
is /, - the dotted line in Figure 11.
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The last diagram in Figure 11 shows the waveform of the primary current. The waveform differs
from the sinusoidal one, which leads to decrease of the power factor.

Three-Phase Uncontrolled Rectifiers

Three-phase half-wave rectifiers have found very limited implementation in practice, thereby they are
not examined in this chart.

Figure 12 displays electrical schematic and waveforms of a three-phase bridge rectifier with active
load. This type of load is comparatively seldom met but its study is made to facilitate the understanding
of operation of the further down stated three-phase rectifiers — uncontrolled and controlled.

The circuit in Figure 12 contains two groups of diodes —anode (VD4, VD6, VD2) and cathode (VD1,
VD3, VD5). At each moment one of the diodes of the anode group, whose cathode is the most negative,
with one of the diodes of the cathode group, whose anode is the most positive, conduct. A change in
the conducting pair of the diodes happens at a point of natural commutation, when the phase voltages
become equal to each other— points a, b, ¢, etc. Furthermore, assuming that the diodes are ideal, at each
moment one of the right ends of a secondary windings of the transformer is connected to point A, and
a right end of one of the rest windings is connected to point B. Thus, the phase-to-phase voltage for a
pair of phases is applied across the load. Therefore, the waveform of the output voltage u, has the shape
depicted in Figure 12 with the assumption made that the potential of point B is zero. The subsymbols

Figure 10. Electrical schematics of single-phase full-wave rectifiers with active-inductive load
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Figure 11. Waveforms for single-phase rectifiers with active-inductive load
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of the switches conducting during all intervals are also marked. For example, if VD1 and VD6 conduct,
the phase-to-phase voltage u, is applied across the load.

The DC component of the output voltage is equal to the average value. For convenience the beginning
of the coordinate system is moved in the maximum of the phase-to-phase voltage. Thus, the following
equation is derived:

™

B
v,=9 [N6.u, cos v.av = 8 J60, sin T ~ 2340, = 2340,
T @ 6 , (4.24)
6
where in U, and U, are the effective values of the phase voltages of the primary and secondary wind-
ings, and # is the turns ratio.
The shape of the waveform of the load current is identical to the shape of the output voltage, and its
average value is:

U
] =4
TR (4.25)
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Figure 12. Electrical schematic and waveforms of a three-phase bridge rectifier with active load
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For this rectifier in accordance with (4.16) m = 6 because p = 3, [ = 2. This also can be seen in
Figure 12 where the number of the ripples of the output voltage within a period of the source frequency
is 6. Therefore, the frequency of the first harmonic of the output voltage is 6 times higher than this of
the source voltage.

Consequently, from (4.19) the ripple factor is S, = 2 ~ 5.7%. It is considerably smaller than that

of the single-phase full-wave rectifiers. The smaller ripple factor is a significant advantage.

The last waveform shown in Figure 12 is the source current for phase R — i ,. It differs from the
sinusoidal one and in contrast to the single-phase rectifier shown in Figure 6, nevertheless, the active
type of load the power factor of the three-phase rectifier is less than 1.

As the operation of the three-phase bridge rectifier with active type of load is already known, it
is easy to understand also the operation of the same rectifier with active-capacitive type of load. The
electrical schematic and waveforms for this case are depicted in Figure 13. It has to be mentioned that
this rectifier is widely spread in practice. Taking also in consideration the operation of the single-phase
rectifiers with active-capacitive load, it is obvious that pairs of diodes conduct only around the maxi-
mums of the phase-to-phase voltages. The current i, consists of unipolar pulses and flows during those
intervals. During the remaining time the capacitor discharges through the load. From a comparison of
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the waveforms of the output voltages shown in Figure 12 and Figure 13, it is seen that the value of the
first harmonic, and correspondingly the ripple factor, are smaller in the case of active-inductive load than
in the case of active load. The influence of the capacitor as a smoothing filter explains the difference of
the ripple factors. The average value of the output voltage is higher than the value defined with (4.24).
The difference between the two values depends on the values of C and R,.

The last waveform in Figure 13 shows the shape of the consumed current for one of the phases - R.
Here the problem with the smaller than 1 power factor also exists.

Figure 14 displays electrical schematic and waveforms of a three-phase bridge rectifier with active-
inductive load. As it is already known from the similar case in the single-phase rectifiers, the inductance
is a smoothing filter. In contrast to Figure 11, here the inductance is assumed to be indefinitely high,
to be able to see its influence over the ripple factor. With this assumption made, the load current i, has
only a DC component /,. As a consequence, the voltage across the resistor R, is an ideal DC voltage
without ripples.

From the waveform of the output voltage u, it appears that this voltage is the same as that in the case
of active load — Figure 12. Therefore, its average value is defined with (4.24).

Figure 13. Electrical schematic and typical waveforms of a three-phase bridge rectifier with active-
capacitive load
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Figure 14. Electrical schematic and waveforms of a three-phase bridge rectifier with active-inductive
load
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The source current is non-sinusoidal (see the lowermost waveform in Figure 14) and it consists of series
of square pulses. Its first harmonic Z'Zl » 1s in phase with the source voltage. Therefore cos ¢ = 1. However,
the current contains higher harmonics and in accordance with the stated in the beginning of this chapter
and (4.6), the power factor of the rectifier is less than 1.

SINGLE-PHASE AND THREE-PHASE CONTROLLED RECTIFIERS
Single-Phase Controlled Rectifiers

The controlled rectifiers are characterized by the use of controlled power devices — most often thyris-
tors. As it is described further down, the use of transistors with a purpose to improve energy indicators
is possible. To switch on thyristors, it is necessary not only to apply forward voltage to them, but also to
deliver a firing pulse to their third electrode — control electrode or gate. Once a thyristor of a standard
type is switched on, it is impossible the thyristor to be switched off by the use of the control electrode.
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Switching off happens when the current through the devices becomes less than so called “holding cur-
rent”, which is one of the parameters of the thyristor. Gate turn-off thyristors are thyristors turning on
and off using the gate electrode. They also find place in the controlled rectifiers (Skvarenina, 2002).
The controlled rectifiers are characterized by the possibility to change the effective value of their output
voltage by the change in respect to the rectifier input supply AC voltages of the moment at which the
firing pulses are passed to the thyristors.

The firing pulses are supplied from the rectifier control system. Their displacement in respect to the
moment of natural commutation — the moment when the diodes begin to conduct in the uncontrolled
rectifiers, is called firing angle and is marked as « .

Additionally, to the already known types of rectifiers, in the controlled rectifiers another classification
exists — symmetrical and asymmetrical rectifiers. The symmetrical rectifiers contain only thyristors, and
the asymmetrical rectifiers — both thyristors and diodes. More often the controlled rectifiers operate with
active-inductive type of load, by that reason their study is made with this type of load. The inductance
is assumed to be infinitive high.

Figure 15. Electrical schematic and waveforms of a single-phase full-wave controlled rectifier with a
middle point of the transformer with active-inductive load
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Figure 15 and Figure 16 display circuits of double-phase half-wave rectifiers with a middle point of
the source transformers without and with a commutating diode, respectively.

The firing pulses are passed to the thyristors at delay angle o - firing delay angle. The delay is in
respect to the moment at which the source voltage crosses 0. The currents through the power devices are
also shown. For example, the thyristors of the rectifiers shown in Figure 15 continue to conduct during
part of the next half-period because of the stored energy in the load inductance. As a result, the output
voltage contains sections below the X-axis. Let see Figure 16, at the moment, in which the source volt-
age crosses 0, the commutating diode begins to conduct. Thus, the stored energy in the load inductance
is delivered through it to the output. During the time of energy transfer, the output voltage is OV. The
lower waveforms in both figures show the current consumed by the rectifiers from the mains. The cur-
rent has non-sinusoidal waveform and its first harmonic is displaced at angle ¢ to the source voltage.
The displacement causes the effect of loading the mains with reactive power, and also causes the emis-
sion of higher current harmonics on the grid. These harmonics are connected with distortion power. To
eliminate them, active power filters are connected in several cases in UPS. The higher the angle ¢ is,

Figure 16. Electrical schematic and waveforms of a single-phase full-wave controlled rectifier with a
middle point of the transformer, a commutating diode and active-inductive load
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the higher the reactive power is. So, the circuit shown in Figure 16 has higher power factor and better
indicators in respect to the network than this in Figure 15.

Control characteristic is the relationship between the average value of the output voltage U, and
the firing delay angle. For the rectifier schema of Figure 15 is valid the following equation:

242

U,=—"U,cosa=U,.cosa (4.26)

do T
where U, is the effective value of the secondary winding voltage, U — the value of the output voltage

of the uncontrolled rectifier (if a=0). Therefore, the maximum firing delay angle at which the output
voltage becomes equal to 0 is . The schema shown in Figure 16 has maximum firing delay angle

2
equals to 7, and the control characteristic as follows:

14 cosa
v, =U, +T (4.27)
Asingle-phase symmetrical rectifier (fully-controlled rectifier) (see Figure 17) has four thyristors. The
output voltage has the same waveform as this of the output voltage of Figure 15. As it has been already
mentioned in the chart of uncontrolled rectifiers, the voltage of each half of the secondary winding of the
double-phase half-wave rectifier is necessary to be equal to the secondary voltage of the bridge rectifier
to produce output voltage with a value U, in both cases. For a single-phase symmetrical rectifier, the

maximum firing delay angle is g , and the control characteristic is (4.26).

Sometimes, an asymmetrical rectifier is used because of its better power factor in respect to the mains,
as well as because of easier implementation of the control of its two thyristors, which have common
cathodes.

Figure 18 displays a schema and waveforms explaining the operation of a single-phase bridge asym-
metrical rectifier (half-controlled rectifier), containing diodes in its anode group, and thyristors in its
cathode group.

It is obvious from the waveforms that during the intervals in which the output voltage is 0V, the
stored energy in the load inductance dissipates via the devices connected in one leg, for example, VS1,
VD2 or VS2, VDI. The source current diagram is the same as this of the rectifier from Figure 16. The
displacement angle between the source voltage and the first current harmonic is equal to the half of the
firing delay angle. The equation for the control characteristic of the single-phase asymmetrical controlled
rectifier is (4.27).

Three-Phase Controlled Rectifiers

Figure 19 displays the most widespread schema of a three-phase rectifier — three-phase bridge sym-
metrical controlled rectifier whose output voltage may contain pauses (values equal to 0) depending on
the load characteristic, the firing delay angle, presence or absence of the commutating diode. The recti-
fier consists of two groups of thyristors — anode group (VS2, VS4, VS6) and cathode group (VS1, VS3,
VS5). Each of the thyristors connected to one of the phases of one of the groups can conduct together
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Figure 17. Electrical schematic and waveforms of a single-phase symmetrical controlled rectifier with
active-inductive load
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with a thyristors of the other group connected to the other two phases. The value of the firing delay angle,
whose further increase leads to appearance of pauses, is so called crucial angle. For this rectifier the

T
crucial angle is 3 For angles smaller than the crucial angle, the waveform of the output voltage does

not depend on the load type and on the presence of the commutating diode (see Figure 20b and Figure
20c). When the load is pure active load, after the crucial angle pauses appear in the waveform of the
output voltage, also, the current through the load is discontinuous Figure 20d. When the load includes
an inductance, the waveform of the output voltage contains also negative values because of the stored
energy in this inductance which maintains the current trough the conducting thyristors higher than the
holding current after the change of the sign of the corresponding phase-to-phase voltage — Figure 20e.
If a commutating diode and active-inductive type of load are available, the stored energy is dissipated
in the load through the commutating diode, and the conducting thyristors switch off after the change of
the sign of the corresponding phase-to-phase voltage — Figure 20f. The output voltage contains pauses,
and also, the current through the load is discontinuous.
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Figure 18. Electrical schematic and waveforms of a single-phase asymmetrical controlled rectifier with
active-inductive load
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Figure 20g displays the waveform of the voltage across the first thyristor. The shape of the voltage
depends on the firing delay angle. The maximum value of the reverse voltage is equal to the maximum
value of the phase-to-phase voltage.

The control characteristics are as follows:

. For pure active load and for active-inductive load with commutating diode and g <a< 2?%
3.\/6 . T . s . T

U, = TUQ 1—sin [a — E] =2.34.U,.|1—sin [oz - g] =U,, |1 —sin [a - EH (4.28)

the maximum firing delay angle is equal to 2/3.when 0 < o < g

71



AC/DC Conversion

Figure 19. Electrical schematic of a three-phase symmetrical controlled rectifier with active-inductive
load

e Viah Va2

¢ et NN N | |

7 yr
I

tse 61 |12 23 ! 34 45 |
| Ud“LI—)ln

] 5\{_- :-N)ql 3{' N |F withoke ViL 4

! ]\ T l::.:u(”f
| 45 | f %
0r z%co
‘ﬁ?\‘i’j _
| with VD a

|

72



AC/DC Conversion

U, =U, cosa (4.29)

do

the maximum firing delay angle is equal to n/2, U, is the effective value of the phase voltage of the
secondary winding of the supply transformer.

. For active-inductive load without commutating diode:

The equation (4.29) is valid for the whole regulation range and maximum firing delay angle is equal

T
to o

Figure 21 displays the schema of an asymmetrical three-phase bridge rectifier, which contains diodes
in the one group, and thyristors in the other. It appears in the waveforms- Figure 22, that the output
voltage contains pauses despite of the load type — active or active-inductive types. During the pauses
the thyristor, which has been conducting till this moment, and the diode connected in the same leg are
used as a commutating diode. The diagrams shown in Figure 22 clarify which devices conduct during
the different intervals. The control characteristic is:

v, =u, Lrosa (4.30)
2

where the maximum firing delay angle is equal to . The advantage of the rectifier is the improved power
factor in respect to the supply network and the easies implementation of the control system.

Figure 23 displays the control characteristics of the examined three-phase controlled rectifiers.

Output characteristics of the rectifiers — Figure 24, show the relationship of the output voltage and
the output current. The ideal output characteristics are straight lines parallel to the X-axis. The real
characteristics declines in respect to the X-axis, and the change of the output voltage is given by the
equation:

AU, =AU

daPD

+AU, . +AU

dalLs

(4.32)

Figure 21. Electrical schematic of an asymmetrical three-phase bridge rectifier with active-inductive
load
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Figure 22.Corresponding waveforms for the rectifier schema shown in Figure 21
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is the voltage across the power devices of the rectifier, AU,
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is the voltage across

the active resistances (the transformer active resistance, the inductance active resistance, the active

resistance of the wires), AU

.. 18 so-called inductive drop voltage. The processes of the commutation

of the thyristors result of the inductive dissipation of the supply transformer Ls, which value is defined

from the equation:

AU,

.=m.f.LsI,

Figure 23. Control characteristics of three-phase rectifiers
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Figure 24. Output characteristics of controlled rectifiers

7 iy 2
U, ideal

where in f'is the frequency of the supply network voltage, m is the rate frequency of the ripples —
(4.106).

The rectifiers require a control system to their operation. The basic function of this system is to gener-
ate firing pulses for the thyristors with the possibility to change the pulse displacement in respect to the
input AC voltage of the rectifier. These pulses have to be passed to the thyristors at the moments in which
they could conduct, i.e. a distribution of the pulses is required. Additionally, the control system has also
auxiliary functions — protection against break-down regimes, indication of particular signals, regulation
of particular parameters, diagnostic of the power schema, etc. In this chart, the main attention will be paid
on implementation of the basic functions — generation, formation and distribution of the pulses.

The control systems are implemented using different elements — discreet elements, integral circuit
(digital or/and analogue), microprocessors.

The control systems of the rectifiers and AC/AC converters have similar implementation principles.
They are synchronous or asynchronous systems.

In the synchronous control systems, the phase angle, at which the following firing pulse is passed, is
determined using a particular phase of the voltage supplying the rectifier:

wt = ¢+ %(7, ~1)+6,(U,) (4.34)
where in w.t, is the angle of passing the i-th-firing pulse; ¢ - the primary angle which the delay to the
AC voltage is rendered with; ¢ - adjustable delay angle, it depends on the control parameter - here on
U,; m- rate frequency of ripples.

In the asynchronous control systems, the phase angle, at which the following firing pulse is passed,
is determined using the moment of the previous pulse:

2.
Wi, = Wi, + =40, 0.) (4.35)

The pulse is not directly connected to the parameters .t and ¢ of the AC voltage. This type of systems
can operate only in a closed system of automatic control. They are usually applied where big disturbances
and distortions of the AC voltage exist and they are rarely implemented.
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According to the way of pulse formation, the synchronous systems are single-channel Figure 25.a or
multichannel Figure 25.b systems.
The functions of the blocks are as follows:

ISC: An input synchronous circuit — it monitors the change of the AC voltage supplying the power schema
and it also synchronizes the operation of the control system to the voltage;

PRC: A phase-regulation circuit — it realizes a change in the phase of the firing pulses to a fixed angle to
the AC voltage.

PF: A pulse former — it forms the firing pulses to be of a sufficient duration to be able to fire the thyristors;

PD: A pulse distributor —it distributes the series of the firing pulses to the corresponding thyristors;

Dr: A driver — it secures the required power to fire the thyristors.

As it appears in Figure 25 in the single-channel control systems the phase-regulation circuit is common,
while in multi-channel systems each channel has its own circuit. An advantage of the single-channel circuit
is the better symmetric of the firing pulses.

The phase-regulation circuits are a specific block in the control systems, therefore, the basic principles
of their implementation is studied in the chart. There are two methods to implement the phase-regulation
circuits — horizontal Figure 26a and vertical — Figure 26b methods.

The symbols in Figue 26 are:

PRC — a phase - regulation circuit; SLVG-a saw linear voltage generator; C — a comparison device —a
comparator.

Figure 25. Structural schemas of the control systems
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Figure 26. Methods to implement the phase-regulation circuits
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In the first method, the firing pulses are formed at the moment when a sinusoidal voltage U,
crosses the zero. The phase of the sinusoidal voltage can be shifted in accordance with U.. The volt-
age U, has a particular amplitude and phase ratio to those of the AC voltage supplying the power
schema. In the vertical method, the firing pulses are formed at the moments of equality of a linear
changing voltage U, , and a control voltage U .. These moments correspond to the front edge of the
voltage U, . The comparison is made in the comparison circuit — the comparator. The beginning and

the end of the AC voltage U, , are synchronizes to the AC voltage supplying the power schema.

BIDIRECTIONAL AC/DC CONVERSION

Using power switches, which are possible to switch on and off through the control electrode (more
often IGBT), reveals new probabilities to control the flux of electrical power towards and from the
source network (Rodriquez, 2005). The basic idea is to make the control of the power system in such
a way that the power factor to stay close to 1 regardless of a regulation of the power value consumed
from or delivered on the AC mains. Therefore, the current has to be in phase with the source voltage
in the rectifer mode, and it has to be displaced with an angle 180° in inverter mode.

Figure 27 displays a single-phase converter with bidirectional transmission of energy.

The input inductance L includes also the mains inductance. Its purpose is to decrease the current
high frequency ripples produced from the switching of the transistors. The capacitor C, is used as
an element to store DC energy. The energy storage is also possible to be made in an inductance,
but the converters using inductive storage element have more limited implementation. The schema
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Figure 27. Electrical schematic of a single-phase bidirectional transistor converter

_l_.ﬂ

shown in Figure 27 allows the source current to track the preliminarily set curve by using an ap-
propriate control of the transistors. Thus, in the positive half-period of the network voltage, if the
current has to increase, transistors 7,7 turn on, and if the current has to decrease the transistors
T,,T, turn on. During the negative half-period, the first pair of transistors turns on for the current
to decrease and the second pair turns on for the current to increase. Therefore, if two adjacent
current values are compared by their absolute value, in both half-periods when T,,T;; turn on the
current increases, and when 7,7, turn on the current decreases. Thus the preliminarily set sinu-
soidal wave for the source current can be tracked while only the sinusoidal waveform value and its
displacement in accordance with the source voltage are changed. At every moment, the following
relationships are valid:

dit)
ult)=u, (t)+u,(t); u, (t)=L——, 4.36
)= () w ) -2 30
where in u. is the voltage of the converter between points A and B (see Figure 27), u, and i, are the
inductance voltage and current, respectively, and u is the network voltage.

Let assume that the network voltage is a pure sinusoidal wave. For the first harmonics the con-
verter variables the following equation is written:

U=U,+U,; U, =wLlI (4.37)

c1’

A vector diagram corresponding to (4.37) is shown in Figure 28 (Mohan, 1995). The vector of
the source voltage U is taken as a basic vector. Inductive reaction of the converter in respect to the
mains is examined. The source current lags the source voltage at angle ¢ . The displacement between
the source voltage and the first harmonic of the converter voltage U, is marked as § . According
to the shown vector diagram, the equation for active and reactive powers is written, as follows:

P =U.l .cos¢ (4.38)
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Figure 28. Vector diagram explaining the operation of the converter shown in Figure 27.

Also, from Figure 28 is clear that:
U, .cos¢p =w.Ll.cosp =U,.siné (4.39)

this leads to:

P = 5—; UU(? .sin (5} (4.40)
On the other hand:

Q=Ul.sin¢ (4.41)

since

U,.cos6 =U—U, .sin¢g =U —w.LI .sin¢g (4.42)

for the reactive power is found:

? U
Q= v 1——cosé
w.L U (4.43)
Besides from (4.35) is valid:
-V (4.44)
1
w.L

The value of the inductance L is constant. From (4.40) and (4.43) is obvious that in particular source
voltage value U, the active and reactive power can be changed by the change of the input converter
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voltage U, and its displacement to the source voltage 6 . The change of this angle leads to a movement
of the vector of the source current which leaves 0 or lags the source voltage. It appears in Figure 28, that
if the current / is required to be maintained constant during the regulation of the active and reactive pow-
ers, as well as during the change of the flux of the powers from or into the mains, the current vector point
will describe a circumference the same as the circumference which will be described by the point of the
voltage vector U,,,.

Figure 29 shows the vector diagrams in rectifier and inverter modes of operation with power factor
equal to 1. Figure 30 displays the waveforms of the voltages and currents in the schema shown in Figure
27 when the converter operates in rectifier mode with power factor equal to 1. There is a change made by
switching the power devices of the source current around the preliminarily set sinusoidal wave. The input
voltage between points A and B is equal to the value of the DC voltage U, with different sign in particular
moments. In accordance with the firing pulses passed to a transistor, either it conducts or its antiparallel
diode conducts.

Additional advantage of the converter is the possibility to maintain the DC voltage U, constant. Figure
31 displays the structural schema which has to be followed during the implementation of the control system
of the bidirectional converter. The symbols in Figure 31 are:

PIC — a proportional integral regulator; M — a multiplier; SMCC — a sliding mode current control; Dr
— drivers.

The reference current waveform is generated by multiplication of a sinusoidal waveform, in phase (in
rectifier mode operation ¢ = 0) and in displaced at angle 7 (in inverter mode operation ¢ =) to the source
voltage, by the output voltage of the PI regulator. Signal of the comparison between reference voltage U,
value and transitory voltage U, of the DC voltage values is applied to the regulator input. Furthermore,
switching signals for the power devices are generated following the above mentioned algorithm at the
continuous comparison of the reference sinusoidal waveform i to the transitory source current 7 value (for
example, using a comparator with hysteresis). Then, the drivers come. Additional so-called “dead time”
between the switching of the transistors connected in one leg is obligatory to be realized in the drivers

Principle schema of a three-phase bidirectional transistor converter is shown in Figure 32. The instan-
taneous values of the phase voltages in respect to the star center are marked as u,, u, u,. The converter

voltages in points R, S, T in respect to the same star center are marked as u u..,. The relationship

CR’ uCS’

Figure 29. Vector diagrams for the converter shown in Figure 17 in both operating modes when power
factor is equal to 1
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Figure 30. Waveforms explaining the operation of the converter shown in Figure 17 in rectifier mode
with power factor equal to 1
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among the corresponding pair of the phase voltage, converter voltage and current through the inductance
is given by (4.36). The voltages of the three-phase mains form symmetrical three-phase system:

u, = Um sin
ug = m.sin[ﬁ—Q—W]
3

2.
U, = Um.sin 9+ ?ﬂ

(4.45)

The same system is formed by the phase currents if they are displaced at angle ¢ to the voltages.
This angle is 0 in rectifier operational mode and it is 7 in inverter mode.

i, =1 sin (19 — q§>

iy = ]m.sin[ﬁ —2?71-— d)]
. . 2.
i, :Im’.sm[i?%—?—qzﬁ] (4.46)

Figure 31. Structural schema for control system of a single-phase bidirectional transistor converter

U, T Ts
. | i
i, - i~
PIC Y > DICC Dr
B s
f\_‘_,@:ﬂ_ ;

81



AC/DC Conversion

The control signals vector [r, s, f] is used. Each signal is changed using a sinusoidal law with ampli-
tude M and displacement J (see Figure 30 for single-phase converter).

r= M.sin(ﬁ—(?)

§ = M.sin[ﬁ—%r—6]

t:M.sin[ﬁ—l—z?W—é]

(4.47)
The voltages u,., u, ., u . are written as follows:
Uy = %.Ud.'r = % d.M.sin(ﬂ — (5)
Uy = %.Ud.s = %.Ud.M.sin[ﬁ — 2?71- 5]
Up,p :%.Ud.t:%.Ud.M.sin 19—1—2%—(5] (4.48)

The corresponding variables from the equations (4.45), (4.46) and (4.48) are connected with each
other by the equation (4.37). The connection is the same as in the single-phase converter.
The output current /, can be written in matrix form:

I, :[rst]- i

i (4.49)

After substituting (4.46) and (4.47) in (4.49) and several transformations, it is derived:

Figure 32. Principle schema of a three-phase bidirectional transistor converter
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I, =M.I, . cos(8—¢) (4.50)
The relationship between the output voltage and output current is linear:

U =RI (4.51)

d d

where in R is the resistance in the DC side. A conclusion is made that the value of the DC voltage depends
on the maximum value of the current, the amplitude of the control signal and the angle ¢ (considering
that ¢ =0 or ¢ = m). Therefore, the control system of the three-phase bidirectional transistor
converter is similar to the already examined system in Figure 31. It is necessary to generate three refer-
ence sinusoidal waveforms for each phase current in phase or anti phase with the corresponding phase
voltages. Tracking of each sinusoidal waveform leads to switching off the power devices connected to
the same phase. The regulator of the output voltage is common for the three phases. Using multiplier,
regulator output signal changes simultaneously the amplitudes of the three currents. It should be mentioned
that both the single-phase and the three-phase bidirectional transistor converters are boost converters
operating in condition of transmitting energy from the mains to the DC side as a result of a periodical
storage of energy in the inductances L. Energy is transmitting to the DC side during the switching off
the transistors.

The examined bidirectional transistor converters are in the basis of the power active filters — the
contemporary means to improve the efficiency of already installed equipment.

METHODS TO IMPROVE POWER EFFICIENCY IN AC/DC CONVERSION
Active Power Factor Correction Techniques in Uncontrolled Rectifiers

As it has been mentioned during the study of the uncontrolled and controlled rectifiers, they consumed
from the AC source voltage a current of a shape that differs from the sinusoidal shape and they are also
characterized with low values of the power factor. The consumed current contains higher harmonics,
which cause harmful influence to the rest of the consumers connected to the same supplying source.
There are standards specifying the contents of the harmonics when consumed current is below 16A.
These standards are of the International Electrotechnical Commission (IEC1000-3-2), as well as of the
European Organization of Standardization in Electrotechnique (EN61000-3-2). In accordance with the
standards, the equipment is divided in the following groups:

. Class A: Three-phase symmetrical equipment and all that is not included of the rest groups

. Class B: Mobile equipment (mobile devices)

. Class C: Lightening equipment

. Class D: All devices consuming a current with a specific square pulse waveform and are not in-
cluded in the upper three classes and also are not meant for electrical motors

. For each of those classes the content of the higher harmonics (odd and even) of the consumed
current is specified in tables as a maximum absolute value for class A, as a percentage of the fun-
damental harmonic for class B and as absolute value for a watt consumed power and a maximum
absolute value for class C.
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More often the converters using uncontrolled rectifiers are of one of these groups. The current con-
sumed by them does not meet the requirements of the above stated standards.

There are two methods to correct their power factor — passive and active methods. The passive
method is based on the use of LC-filters and it is effective only if the voltage and the frequency of the
supplying source and also the load of the rectifier are changed in a very narrow range. These filters
have higher volume and weight, but they cause less EMI disturbances than the active methods to cor-
rect power factor.

As abasic method for correction, the active power factor correction is imposed (Andrieu, 1996; Garsia,
2003). Its principle is described in Figure 33.

This method to correct the power factor is characterized by including a DC/DC converter between the
single-phase bridged rectifier and the load. The converter is controlled in an appropriate way securing
that the source current is of sinusoidal waveform and in phase with the source voltage (SGS — Thomson,
1995). Among all schemas of DC/DC converters — buck, boost, buck-boost, etc, the boost converter has
the widest implementation (see Chapter 3 of the current Part). The basic elements of the boost converters
are inductance L, transistor VT, diode VD and the output capacitor Cd. In contrast to the classical boost
converter in which to its input is applied DC voltage, here, the input voltage is a pulse voltage which is
a result of a full-wave rectifying in active load. The input voltage is marked as |U~|.

Basically, when the transistor VT is turned on, energy is stored in the inductance L. This energy
recharges the capacitor Cd through the diode VD when the transistor is turned off. This process of re-
charging can be controlled with a purpose to obtain the power factor close to 1. Figure 34 explains the
controlled method in the range of a half-period of the source voltage. Figure 34 shows the input volt-

age of the boost converter ‘k-U ~|, the reference sinusoidal wave for the inductance current i,, which
is made in the power factor controller, the inductance current 7,, and the source current 7 ~ during this
time period. A diagram of the control pulses for the transistors is shown in the lower position.

With the switching on of the transistor VT, the current through the inductance increases. When its value
reaches the value of the reference curve i, that fact is determined into the controller, and the transistor is
turned off. The inductance current decreases; the diode VD conducts; the capacitor Cd recharges. When
the inductance current reaches 0, which is determined in the controller with the auxiliary winding W2
(Figure 33), the transistor is turned on again. And the process continues. Figure 34b displays several time
intervals of the schema operation. Thus, the average value of the source current 7 ~ before the EMI filter

Figure 33. Principle of the active correction of the power factor
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(which removes the higher harmonics), becomes of a sinusoidal waveform and in phase with the source
voltage. The described operational principle is characterized by the inductive current fall to zero.

It should be mentioned that there are plenty of and also different integral circuits of PFC — control-
lers, but to operate in the above set method several basic signals are required.

Figure 33 displays the several basic signals required for the operation of the correction schema, which
are used in the power factor controller. They are as follows:

, required to generate the reference

. Signal 1: The input voltage of the boost converter ‘k.U ~
sinusoidal wave

. Signal 2: Signal for determining the decrease of the inductive current to 0 —%

. Signal 3: Control pulses for transistor VT ~U

. Signal 4: Signal for monitoring the transistor current, as well as the inductance current when
the transistor is turned on, for determining its reaching of the reference sinusoidal wave — /.
This signal is obtained as a voltage drop across a resistor with little value (tenths of 1Q)

Figure 34. Diagrams of the active power factor correction
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. Signal 5: Feedback of the instant value of the output voltage, which is required for its stabiliza-
tion — k.U
d

The block schema of the inner structure of a PFC-controller, containing the basic blocks used by
all companies, applying this method, is shown in Figure 35.

The symbols in the schema are:

RVS - a reference voltage source; EA — an error amplifier; AM — an analogue multiplier; C — a
comparator; Dr — a driver.

Two signals are applied to the input of the error amplifier — a voltage proportional to the value of
the output voltage — k.U and a voltage from an inner reference source with value about 2V — U,. The
error amplifier is gripped in the feedback between the output and the inverting input; the elements
in this feedback from the desired control law and the gear function of the system for the automatic
control. The instant value of the output voltage of the error amplifier is amplified by the voltage
proportional to the value of the input voltage of the boost converter —‘k.U ~‘ , and as a result, the
reference sinusoidal wave for the current /, is formed. In the comparator, the instant value of the
reference curve is compared to the voltage drop across the resistor R, -U,, which is proportional
to the inductance current /( during the interval of the conduction of the tran51st0r VT. When the two
signals become equal, a 51gnal to turn off the transistor is passed to the driver. The signal for turning
on the transistor is generated from the inductance auxiliary winding, which is used to monitor the fall
of the inductance current to 0 — i

It appears in the diagram shown in Figure 34 that this method is characterized by a variable control
frequency of the boost converter, which increases the requirements of the EMI filter to be able to
remove higher harmonics with a wider spectrum.

It is possible to modify the method and obtain constant frequency, which is used by several PFC-
controllers producers. The waveforms are shown in Figure 36a. The constant operation frequency sim-
plifies the implementation of the EMC — filter.

To be able to obtain a specified power, both methods studied up to here are characterized with a
high amplitude value of the current through the inductance and switches. This is a disadvantage of the
methods. This disadvantage in the same power can be eliminated if a monitoring of an effective value,

Figure 35. Inner block structure of PFC-controller
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which is depicted in Figure 36.b, is applied (Unitrode, 1997). The method is also used in practice and
for its realization several additional signals are required in comparison to those shown in Figure 33.

From Figure 35 is obvious that the active power factor correction allows also to stabilize the DC
voltage in the output of the converter.

A significant advantage of the topology using the effective value monitoring is the wide operational
range of the change of the AC mains voltage— for example, form 90V to 250V, and of AC voltage
frequency — for example, SO0Hz and 60Hz, i.e. the converters can operate in different countries using
different standards for the mains voltage without problems.

As it has been clarified during the study of the bidirectional converter shown in Figure 27, to obtain
the power factor very closed to 1 using an appropriate regulation and passing the energy into both di-
rections are possible. If only AC/DC conversion is required, the schema can be changed as it shown in
Figure 37.a. Only the switches in one of the groups are fully-controlled — in this case the upper ones of

Figure 36. a) Diagrams under operation with constant frequency and b) monitoring the effective
value
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the schematic. These converters are often called rectifiers with hysteresis - current control, because of
the operational principle described in Figure 38.

A sinusoidal waveform i, for the source current is formed in phase with the source network volt-
age in the control system. Transistor V71 turns on at the moment ¥ = 0. The input of the rectifier is
short-circuit connected through V71 and the anti-paralel diode of ¥'72. The mains current rises and its
velocity is limited only by the inductance L. At the moment when the current transitory value exceeds

the transitory value of the reference current Az, , the transistor ¥'71 turns off — the moment 1.

From this moment on, the diode VD1 and the anti-paralel diode of /72 conduct. The source current
i decreases and the capacitor C, charges. At the moment 12 the value of the current 7 becomes less than
the value of the reference current with difference equal to Ai, and the transistor V71 turns on again.
The process repeats during the positive half-period of the source voltage u. During its negative half-
period, transistor V72 turns on and off.

In the schematic shown in Figure 37.b, the transistor /7 turns on and off during both half-periods.

Figure 37. Electrical schematics of rectifiers with hysteresis-current control
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Figure 38. Waveforms of the rectifiers with hysteresis-current control
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The transistor operates as a bidirectional switch that can be implemented in another than the shown
way. When the transistor turns on, the diagonally connected diodes of the bridge schema conduct, and
the capacitor Cd charges.

The operational principle of the bidirectional converters clarifies that the value of the output voltage
is higher than the value of the input voltage because of the stored energy in the inductance. The value
of the output voltage can be regulated by changing the reference current i.

Figure 39 displays a structural schema to implement a control system of the rectifier with hysteresis-
current control shown in Figure 37b.

The abbreviation in the figures are:

HCCR —a hysteresis-current control rectifier; CT —a current transducer; PIC —a proportional-integral
regulator; SF — a synchronizer and filter; AM — an analogue amplifier; HC — a hysteresis comparator;
Dr — a driver.

The part of the output voltage of the rectifier kU, is compared to the set value U,. The output signal
of the comparison is passed to the proportional-integral regulator and its output signal is applied to one

Figure 39. Block schema for a control system for the rectifier shown in Figure 37b
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of the inputs of the analogue multiplier. A sinusoidal signal in phase with the input rectifier voltage u
generated from the synchronization and filtering circuit is applied to the other input of the amplifier. The
filtering is made with a purpose to get a pure sinusoidal waveform because its multiplication with the
output regulator signal gives the reference current signal i, to the output of the analogue multiplier. The
reference signal value is continuously compared to the instantaneous value of the current i gained from
the current transducer. The difference between the two currents is passed to the hysteresis comparator.
In its circuit the value of the hysteresis A, is set. The comparator output signal of the comparator has
high or low levels dependent on the sign of the comparison between the two currents. The output signal
is used to control the transistor via the driver.

In order to improve efficiency, switching losses and conduction losses in PFC —circuts should be
reduced. The conduction losses decreases with the number of semiconductor components in the line
current path — bridgeless PFC. Zero —voltage and zero-current transition are the techniques for reduction
of switching losses in conventional PWM converters. The bridgeless converter with soft-switching for
PFC is introduced (Mahdavi, 2009).

A new control method for PWM boost-type rectifier is described (Stankovic, 2009).

Methods to Improve Power Factor in Controlled Rectifiers

Switches that can be turn on and off using their control electrode to improve the power factor can also
be applied in the controlled rectifiers with active-inductive load. According to high power use of these
rectifiers, they are implemented using (gate turn off — GTO) thyristors or IGBT without a freewheeling
diode.

Figure 40 shows the basic electrical schematics of the single-phase controlled rectifiers used to improve
the power factor. The control is made following two methods — linear modulation (see Figure 41.a) and
pulse-width modulation (see Figure 41.b). The assumption that the inductance in the load is infinitely
large is made, and also, the commutation processes are neglected. In the schema shown in Figure 40.a
during the positive half-period of the source voltage VT1 is turned on, while, during the negative half
period — VT2 is turned on. Pauses of the output voltage and of the source current are provided from the
diode VD, through which the energy of the load inductance is dissipated.

Additionally, the transistors in Figure 40.b are turned on and off in different half-periods. The diodes
connected in series in one of the arms sustain the possibility to dissipate the energy stored in the load
inductance during the pauses. The number of the conducting intervals in a half-period of the source
voltage is marked as V.

The duration of the conducting interval in i-th switching in is marked as Az, the angles of turning

on and off in this interval are <, and §,, respectively. They are determined using different laws depen-
dent on the modulation type.

The regulation of the value of the output voltage U, is made by a simultaneous change of the duration
of the intervals in accordance with the following equations:

-for a linear modulation

Az = Az = -M; i=12..N
; Nl (4.52)
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Figure 40. Single-phase rectifiers with width-pulse modulation -a) with a middle point of the transformer;
b) bridge asymmetrical rectifier
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-for a sinusoidal modulation
Az = —" . M-sin|i- . i=12..N
i TN N1/ 14y (4.53)

Changing the modulation coefficient M between 0 and 1, the duration of the conducting intervals is
changed causing a change in the value of the output voltage of the rectifier. In Figure 41 for both cases
appears that the first order harmonic of the source current will remain in phase with the source voltage,
thereby the displacement factor is cos ¢ = 1. Consequently, the main influence upon the power factor
will be caused by the harmonic spectra of the source current and the distortion factor v .

Equations for the control characteristics are obtained from the relationship:

1 & s .
Ud:;';‘fu’ Um-sm¢9d9 (454)

where in o, and 3 are the angles to turn on and off, respectively, the devices in the i-th interval of the
conductivity and they are determined from the following equations:
-for linear modulation
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S S PR P T
' N+1 2
s M
= di+—|; i=12,..N 4.55
b N +1 2 ( )
-for sinusoidal modulation
s 1 s .. ™ .
=1 ——- - M -sin|i- ;o 1=12,..N
! N+1 2 N+1 [ N +1]
T 1 s T
=1 —- -M -sin|i- ;o 1=12..N 4,
b, N+1 2 N+1 [ N—i—l] (4.56)
After substituting (4.55) in (4.54) and then of (4.56) in (4.54), it is found:
-for linear modulation:
U 1 s U T
S fr— _d p—  — —— ln 7; - ——— %
", > N1 & [ N+1 +37)
-for sinusoidal modulation
U 1 s U T
S =—4 =M - —. n’li- ~ 0.7854- M
U, 2 N+1 ; [ N+1] (4.58)

Figure 41. Linear and sinusoidal pulse- width modulation for the rectifiers shown in Figure 37
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where in S, is power of regulation and it is the ratio of the output voltage to its value in the correspond-
ing uncontrolled rectifier.
One of the advantages of the rectifiers with pulse-width modulation is seen from (4.57) and (4.58) -
linear control characteristic, which facilitates the operation in the systems of automatic regulation.
The maximum value of the n-th harmonic can be determined through a harmonic analysis of the
source current from Figure 41 when the transform ratio is 1, as:

1

d 2

I 2 &
TrE ; (cos ne, — cos nﬁj) (4.59)

After substituting (4.55) and (4.56) in (4.59) the relationship of the maximum value of the n-th
harmonic (or its effective value) in relative units to Id and modulation coefficient M can be founded.
The lack of typical for the phase regulation harmonics with numbers 3, 5, 7, etc, is an advantage of the
sinusoidal modulation. Here, the main influence has the harmonics with numbers 2(N + 1) £ 1 within
the whole range of regulation. When the N is high enough, the frequencies of these harmonics are high
and their filtering is facilitated.

Three-phase controlled rectifiers are also implemented using fully controlled devices. Figure 42 dis-
plays an electrical schematic of such rectifier. Pauses in the output voltage are provided by a simultaneous
firing of the switches connected in one leg. Different modulation methods as linear, quasi sinusoidal, etc
(Weinhold, 1991; Zargari, 1999), can be applied in this schema. As in the single-phase rectifiers shown
in Figure 40, here, the control characteristic is also a straight line. Figure 43 depicts the waveforms un-
der quasi sinusoidal width-pulse modulation. The figure also describes the firing pulses for U, to U,
in the six parts during which the transistors have to be turned on. The load current flows through two
transistors connected to one and the same phase of the source voltage during the pulses shown with a
black color. The period of the source voltage of phase R is divided in six parts marked as 1, 2...6. The
operational principles in the parts are analogues to each other. For example, in part 1, when the transistors
VT1 and VT6 are turned on, the output voltage is determined by the phase-to-phase voltage u,, while
when VTS5 and V'T6 are turned on the output voltage is determined by the phase-to-phase voltage u.
The output voltage is equal to zero when V73 and V76 are turned on. Namely, if in a particular part the
output voltage is formed by two transistors of a group (top or bottom) in a combination with a transistor

Figure 42. Electrical schematic of a three-phase bridge rectifier with width-pulse modulation
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connected to the third phase but to the other group, then the firing pulses for the third transistor of the
first group make the output voltage 0.

From the shown current waveforms for the three phases is seen that the first current harmonics stay
in phase with the corresponding phase voltages, i.e. cos¢ = 1, at a change of the duration of the firing
pulses (regulation of the output voltage).

As it has been mentioned before in the text, the displacement coefficient in the examined single-
phase and three-phase rectifiers with pulse-width modulation is cos ¢ = 1. Therefore, to improve the
power factor, only the elimination of the higher harmonics of the mains current is required. The higher
harmonics frequency is determined by the number of the switchings and it is higher than those of the
conventional thyristor controlled rectifiers. The harmonic elimination is made through passive LC
-filters (Katic, 2002). An example is given in Figure 44.

Besides the filtering, the capacitors also accumulate the energy stored in the inductance of each phase
during the pauses of the output voltage, corresponding to pauses in the source current.

AC/DC converter shown in Figure 45, called a dual converter, derives its name from dual conver-
sion of energy realized in it. Often it is also called “a rectifier with thyristors in the primary side of the
supply transformer”.

Figure 43. Waveforms for the rectifier shown in Figure 42
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Figure 44. Electrical schematic of an input filter for rectifier with pulse- width modulation

Eectifer with
o O_m WM

The dual converter consists of two parts — a three-phase thyristor AC regulator (VS1 — VS6) (see
Chapter 5, Figure 12) and a three-phase bridge uncontrolled rectifier (VD1 — VD6) (see Figure 12).
Therefore, at first an AC/AC conversion is performed, and then AC/DC conversion. The operation of
the dual converter reminds of that of the three-phase bridge symmetric controlled rectifier (see Figure
19) but with a commutating diode connected in the rectifier output. The waveforms of the output volt-

Figure 45. Electrical schematic of a three-phase dual converter
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age U, are analogical to these depicted in Figure 20. The regulation characteristics are also analogical.

Y

WhenOSOéSg

U L= Ud0 Ccos & (4.60)

d

T 2
When — < a < —
3 3

U, = #UQ 1—- sin[a — %] =2340U,.]1— sin[oz — %] =U,, |1 —sin [a — %]} (4.61)
: - T 2.m : :
In the schematic shown in Figure 19, when 3 <a< 3 the energy stored into the load inductance

L, dissipates through the commutating diode VD during the pauses in the waveform of the output volt-
age. Thus, this energy does not exchange with the source network leading to the increase of the power

factor of the rectifier. In Figure 45 the whole diode bridge VD1-VD6 acts as a commutating diode.

T 2. . . . . .
When — < a < 3 the energy stored in the load inductance L, dissipates through the bridge diodes
and thus an increase in the power factor is realized also in the dual converter. Besides, into this range

of change of the firing angle « , in the schematic shown in Figure 45, the diode bridge connects also in
short-circuit the secondary side of the source transformer and thus it dissipates the energy stored in the
windings. A feature of the converter in Figure 45 is the possibility of a contactfree switching off from
the source network by turning off the firing pulses of the thyristors.
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Chapter 5
AC/AC Conversion

BASIC INDICATORS IN RESPECT TO THE SUPPLY NETWORK

The operational principle of a classical converter of AC into AC energy is described in Section 1 Chapter
3. It includes an explanation of the basic idea on which the operation of the further down studied power
electronic converters is based.

The basic indicators of a power electronic converter supplied by an AC power have been studied in
Chapter 4. The conclusions made in it according the ways of the increase of the power factor K, are also
valid in AC/AC converters. The purpose is to consume current with a waveform as close as possible to
a sine wave (with low contents of harmonics) and whose first harmonic to be in phase with the source
voltage.
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SINGLE-PHASE AND THREE-PHASE AC REGULATORS
Single-Phase AC Regulators

Figure 1 (a) depicts a base electrical schematic of a thyristor single-phase AC regulator (TSPACR)
implemented with an antiparallel connected thyristors. Figure 1.b displays the typical waveforms of the
voltages of the TSPACR.

At a positive half-period of the AC input voltage, it is applied to the thyristor VS1; thus the output
voltage is zero before the firing pulse is passed. Concerning the thyristor V52, during the same interval
the AC input voltage is a reverse for it and the thyristor is turned off. When the phase of the input voltage
is «, a firing pulse is passed via the gate electrode circuit, and the thyristor VS1 turns on. The voltage
applied across the thyristor V'S2 decreases to the value of the forward voltage of a conducting switch

U peonamas . If an ideal V-A characteristic of a thyristor is considered, the forward voltage is zero, also,
the output voltage and the input AC voltage are of the same values. The value of the current flowing
through VS1 is determined by the input voltage and load. When the transitory value of the input voltage
tends to zero, the thyristor current also decreases (in the active load case the voltage and current have

Figure 1. a) electrical schematic of a thyristor single-phase AC regulator; b) typical waveforms of the
voltages of the TSPACR
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identical shapes); then in a particular moment, when the current becomes less than the holding current
of the thyristor, it turns off. During the negative half-period, the voltage across V'S1 is a reverse voltage
equal to the input voltage before the firing of V'S2 happens, after the firing till the end of the half-period
the reverse voltage across VS1 is equal to the forward voltage of the conducting thyristor V'S2. The pro-
cesses during the negative half-period, when VS2 is turned on and it conducts, are analogous to those
during the positive half-period.

The most interesting fact from the point of view of the power delivered to the load is the effective
values of the load voltage and current.

The effective value of the load voltage is:

1 2T ,
UL—\/E[u(w-t)dwt’ 5.1)
where in
u(wt) = V2. U - sinwt (5.2)

is the transitory value of the load voltage at the intervals « +~ 7, (7 + «) + 27, etc. And wt = 0 is
the running angle.
After substituting (5.2) in (5.1) the load voltage effective value is derived as:

U =U ﬁ[z (7~ a)+sin20] (5.3)

The equations for the active and total power can be consistently found for determining the power
factor:

B 212 (7 —a)+ sin 2«
p:L.fu(g).i(g).dgzU_ ( )
2-m 4 R, 2-m 5.4)
1 7 U1
f— . e . — ‘2 . T — — . _— 1
S=U-T=U 2.77‘0[1(0) dH_RL \/2'7r |2 (7 = a) +sin20] (5.5)
So, the power factor is derived as:
2-(m— a4+ sin 2«
KPZEZ\/ (n=2) (5.6)
S 2.1

Figure 2 displays the change of the active power P, the power factor K, the displacement factor
cos ¢ and the distortion factor ¥ at the change of the firing angle «

If the two antiparallel connected thyristors in Figure 1 are replaced by a triac, the power schema and
control systems are simplified, but problems in the operation in the high powers and active-inductive
load occur.
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Figure 2. Dependence of the change of the different variables on the firing angle
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The combination of a thyristor and antiparallel diode makes asymmetrical regulation (only in one of
the half-periods) of the output voltage possible. The electrical schematic and the typical waveforms of
an asymmetrical TSFACR are presented in Figure 3. This regulator circuit has two main disadvantages.
The first is the presence of a DC component of the source current due to the asymmetric. The second
is the presence of even harmonics in the spectrum of the source current. Because in the supply systems
usually passive filters for the odd harmonics are implemented, the even harmonics will not be decreased
and they will cause a negative influence upon the waveform of the voltage supplying the rest of the
consumers connected to the same supply network.

Figure 3. Electrical schematic and typical waveforms of an asymmetrical TSFACR
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Figure 4. Circuit of TSFACR and its output voltage
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Figure 4 and Figure 5 display two more circuits of TSFACR. The regulator circuit shown in Figure
4 is implemented using thyristors and diodes connected in a bridge with a short-circuit diagonal. A thy-
ristor and diode conduct simultaneously (at one of the periods VS1 and V'S2, and at the other VS22 and
V'S1) which leads to increase of the losses in comparison to those of the circuit in Figure 1. The com-
mon point of the cathodes of the thyristors is a schema advantage, which simplifies the control system
implementation.

The regulator circuit shown in Figure 5 is implemented using a thyristor and four diodes. In the posi-
tive half-period the devices VD1, VS and the diode VS3 conduct, in the negative half-period- VD2, V.S
and V'S4. The regulator circuit is characterized with a lower efficiency coefficient in comparison with
the others studied regulators, because three devices conduct simultaneously.

Figure 5. Circuit of TSFACR and its output voltage
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A propagation of the control method applied to the circuit in Figure 1 and described in Figure 6
is also known (Shepherd, 1975). The method is known as “pulse-width regulation with lower than
the source frequency”, “integral cycling switching”, “cycling selection”. The thyristors conduct
during a particular number of whole periods (or half-periods) of the source voltage. The cycle is
repeated over a constant number of whole periods (or half-periods) of the voltage. The number of
the periods during which the thyristors conduct is N and the number of the repetition periods is 7.

The change of N regulates the load power. For waveforms in Figure 6, N=2 and 7=3 . The shapes

of the load and source currents are identical to this of the voltage but their amplitude is \/5 -1 .The
thyristors turn on when the source voltage crosses 0, for which specially designed optron circuits
are available. A primary expectation for improved indicators in respect to the source network is
available.

The main part of the source current spectrum is shown in Figure 7.

The value of the fundamental harmonic is proportional to the ratio of N to 7. The displacement
between the first harmonic and the source voltage is 0. It means tha cosgp = 1. Besides the fact that
during the conduction of the thyristors the source current has a sinusoidal waveform, yet the power
factor K, is not equal to 1 because there are intervals during which the current is 0.

The main disadvantages of the cycling selection switching method are the presence of sub and
even harmonics of the source current. The sub-harmonics are harmonic components with a frequency
lower than that of the source voltage.

The effective value of the load voltage is:

2y

U - LTJ‘Q-UQ-sinQTH-dG:U N
B 2.7 T (5.7)

The effective values of the load and source currents are derived as:

U U |N
[=] =L -~ . |—
"R, R N\T (5.8)

L

Figure 6. Description of the cycling selection method
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The active power consumed by the load P, and the active power consumed from the source P are
equal on the assumption that # = 1:

. U*> N
— . . _ — —
P=P =1I "R, BT (5.9)
Therefore, the power factor is:
N
K =.—
P T (5.10)
The distortion factor can be found as:
V= i = E (5.11)
I T '

The equation (5.11) proves that the displacement coefficient is equal to 1 (cos¢ =1).

The presence of series connected inductance in the load significantly changes the numerical
equations and the operation of the TSFACR. The accumulated energy in the inductance causes this
change. As a result of the accumulated energy an electromotive voltage of self-inductance appears
at the end of a half-period. The electromotive voltage maintains the thyristor current over the hold-
ing current, because of that it continuous to conduct during a part of the next negative half-period
(angle o0 in Figure 8). The value of the angle 0 depends on the quantity of the stored energy in the
inductance. The energy is proportional to the second power of the load current and the value of the
inductance itself.

Two operation modes dependent on the ratio of the firing angle o and the phase angle of the load

Figure 7. The source current spectrum for the circuit shown in Figure 1 controlled by the method de-
scribed in Figure 6
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Figure 8. Electrical circuit and typical waveforms of SPACR with active-inductive load, o > ¢
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¢ are possible. When « > ¢, the thyristor that has been conducting turns off before the turning on
of the next thyristor. The load current does not flow during particular intervals and it is a series of
non-sinusoidal pulses. When « < ¢, the load current is discontinuous; the load voltage is equal to
the input voltage. This is the mode of the discontinuous current in which the possibility to regulate
the output voltage is terminated.

The equation describing the process in the regulator is:

di(wt
LL-ﬁ—l—RL-i(wt):\/E'U-sin<wt) (5.12)
The solution of (5.12) is:
i(wt):A‘eZ‘i—i— \/E.U -sin(w-t) 513
\/RE-F(M-LL)Q , (5.13)
whereintgb—w'LL
90 =——-

L
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After determining the constant A from the condition for discontinuous current % (a) =—1 (w t— (/5) and
impose the requirement for the operation of continuous mode as i(«) = 0 at the moment w -t = 7 + o,
the current is found as:

wil—a

sin(w-t—¢)—sin<a—¢)'e e (5.14)

. 2.U
) U
5 2
R+ (w . L)
The waveform of the load current is presented in Figure 9. It appears from (5.14) that the load current
has two components — sinusoidal and transient ones. At the moment w - ¢ = « the sinusoidal component

has the value \/5 - -sin (a — qﬁ) , where in

I = v

Ri + (w L, )z
The transient component attenuates according to an exponential law —,:7') . The load current is negative
when w-t > (3 (see Figure 9). This means (if a thyristor turning off St this moment presences) that the
current will stop flowing. The angle 3, at which the load current is terminated, is called angle of exten-

sion (this name reflects the flowing of the current after the moment 7).
Based on (5.14), the angle of extension is determined as:

f—a

sin(ﬁ—gf))—sin(a—(ﬁ)-ei =0 (5.15)

The solution of (5.15) is depicted in Figure 10. When & = ¢, which corresponds to a boundary mode
(current of sinusoidal waveform), the equation (5.15) becomes sin ( 06— ¢) = 0. The possible result is

Figure 9. Voltage and current waveforms
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Figure 10. Dependence of values of p on the firing angle
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B = m+ ¢ . The values of 3 making the regulator to operate in accordance with a sinusoidal law are
situated ont the dotted line in Figure 10.

Figure 11 displays the control characteristics of the TSPACR when the angle ¢ = var varies. The
characteristic when ¢ corresponds to an active load and it is actual for the waveforms shown in Figure
1.b. When the firing angles ¢ = 0 are lower than the corresponding angles «, there is no change of
the effective value of the load voltage, which equals to the source voltage. Moreover, the load current
has sinusoidal waveform and lags to the voltage at the corresponding angle ¢ .

Figure 11. Control characteristics of TSPACR when ¢ =var
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Figure 12. Electrical circuit of a TTPACR with load connected in Y configuration
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Three-Phase AC Regulators

The load of a thyristor three-phase AC regulator (TTPACR) can be connected in two ways — delta con-
nection (A) and wye or star connection (Y).

Figure 12 displays a TTPACR with load connected in Y configuration. Typical waveforms for the
load voltage of phase R for several values of the firing angle @ are depicted in Figure 13. The load is
pure active one. The moments, at which the thyristors receives the firing pulses, are shown.

The firing angle « in the three-phase regulators is measured from the moment, at which the cor-
responding phase voltage crosses zero.

If the regulator operates with a taken out star center and the firing angles for the three thyristors are
of the same values, then the waveforms of the output voltage and the control characteristics for each of
the phases are identical to those of the single-phase AC regulator.

The regulator shown in Figure 12 can operate in three modes dependent on the value of the firing
angle « .

Mode 1: 0 < o < 7 / 3. Three or two thyristors conduct in the circuit. The output load voltage for a
phase is equal to the phase voltage, to the half of the phase-to-phase voltage between the phase and one
of the rest phases, or to zero. When the thyristor of a particular phase does not conduct, the load volt-
age of this phase is zero. When the three thyristors conduct, the load for this time interval appears to be
connected to a three-phase symmetrical system, therefore, the voltage across each of the load resistances
is equal to the corresponding phase voltage. When only two thyristors conduct, the voltage across each
load connected to them is equal to the corresponding phase-to-phase voltage. For example, see Figure
13.b, after the firing pulse for the thyristor ¥'S2 is passed at ¢ = 7 /2 for U,, thyristors VS1, V'S2 and

V§6 conduct. The voltage of the load in phase R is equal to U,. At § = 2% the thyristor VS6 turns off;
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Figure 13. Typical waveforms for the load voltage of phase R for several values of the firing angle &
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only the two thyristors VS1 and VS2 conduct and thus the voltage across the load in phase R is equal to
the phase-to-phase voltage U,,.

Mode 2: 7 /3 < a < 7 /2. Always two thyristors conduct in the circuit. The output voltage is
equal to the half of the phase-to-phase voltage between a particular phase and one of the rest phases or
to zero. For example, see Figure 13.c, it appears that the supply of the firing angles to turn on V’S1 and
V’S6 coincide with the turning off of V'S5.

T
Mode 3: 7 / 2 < a < — . Two thyristors conduct in the circuit or all of them are turned off. Each
thyristor is turned on by the basic and auxiliary firing pulse and the thyristor conducts twice in a pe-

riod. It appears in Figure 13.d that after the turning on of VS1 by the basic firing pulse at o = 2 , the
thyrsitors VS1 and V'S6 conduct till the decrease of the phase-to-phase voltage U, to 0. The th%lrsitor
VS1 turns on again with VS2 by the auxiliary firing pulse at § = 7 for U,, which moment corresponds

2w
to a = ? for VS2.
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Dependent on the operational mode, the relationship of the value of the output voltage for the load
connected to one of the phases in relative units in accordance with the effective value of the source volt-
age is given by one of the following equations:

U

Bin 2 z—E-oz—|—§-sir12oz when()gozgz

U T |2 4 8 3

U

Rin _ 2, z—l—g-sinQa—i—ﬁ-COSQa whenzgozﬁz

U m |4 16 16 3 2

U

B 2 5_7r_§.a+ﬁ.0052a+i-sin2a whenOSOtSz

U T |8 4 16 16 3 (5.16)

The fact that the load is a pure active one can be used in the process of deriving an equation for the
change of the power factor. Let mark the ratio of the effective value of the load voltage to the effective
value of the source voltage as a random expression A4:

B — 4 (5.17)

Because of the equality of the effective values of the source current for a phase and the load current,
total power is found as:

U 2
SR G S TR (5.18)
LR RLH

If n =1, then the active power consumed from the source network and the load active power will
be of the same values:

U2
P=F, == (5.19)

LR LR

Then from equations (5.17) and (5.18) the power factor is found:

x - L_4 (5.20)
The above made conclusion for the power factor is proved by the already found equations for TSFACR

— compare the pairs of equations (5.3), (5.6) and (5.7), (5.10) to (5.17), (5.20).
Equations (5.16) and (5.20) lead to:
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Figure 14. Electrical circuit of a TTPACR when the load is connected in delta connection
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Figure 14 displays the TTPACR when the load is connected in delta connection.

The waveforms of the voltage across one of the loads U, are depicted in Figure 15.

In this case, three modes of operation are also typical: w

Mode 1: 0 < a < 7 / 3. Three or two thyristors conduct in the circuit. The output load voltage for
a phase is equal to the phase-to-phase voltage, between two phases where the load is connected to, in
two cases: if three thyristors conduct or if the two thyristors connected to the same phases as the load
is connected to conduct. In the rest cases, two thyristors conduct, the voltage value across the studied
load is half of the one of the others two phase-to-phase voltages. For example, it appears in Figure 15.a
that at & = 7 / 6 the thyristor ¥S1 turns on and it conducts with thyristors VS5 and ¥S6, which has
been conducting till this moment. The voltage across the load R, .. is equalto U . At 0=m/3,VS5
turns off because its current decreases and reaches 0. Only VS1 and VS6 continue to conduct. Thus, the

voltage across the load R, continues to trace the same phase-to-phase voltage. At = 7 /2 V52

turns on, again three thyristors conduct, thus, the voltage across the load R, . remains equal to U, .
Justat 6 = 27 / 3 the thyrsitor V/S6 turns off while the thyristors ¥S1 and VS2 remain conducting. The
loads R .. and R, . appear to be in series. They are connected to U .. Thus, the half of this voltage
is the voltage across the load R, . .
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Figure 15. Typical waveforms for the regulator shown in Figure 14 for several value of the firing angle
@

Ly I 1 B v R ST S S |
Ve wez FEI KR4 KRS WY KRG

2o | [ I [ [ [

e
1] \H_‘ T :)_: -’l‘,-""
3 -__‘\ _—
~
5 PSL PSSl EE2 rEa g

%)

Fee V6 FRz FEEOFR4OFES VSE

Uy a | | | | | |
o u

u,/{ -7 HA4_JT e Oc:% b

— = - e
/"" PN * - 3 P IE.JT J"‘\.\
2 kg ~ -
2 Z £

7 == -

B

T
3

S
FEsOFEL Sl FRATOFSS pm4 FES
Vs Fve pez B3 KR4 KRS WA

u, I | I I | |
1 = .
“/ - u m=l ¢
/.—vz'/"-—. - dx  Smg_o——_ 2
S P _ i 73 2a |$“\
] PR I
ey - . 2
3 3~ _

~
.

PR OFSS ¥R ¥Rl OFRT ORI OFE4
VeSO PRE FRe psz FE3OFR4 VRS

u & | | | | I
=
u AT~ ix
rd -~ i o= —
,/E_,_x e A 4x  sa_--3 ¢
s N I\ 3,73 2x $s
i 7 cag T L 17
3 3TN R e
RS ~
\._‘“ _"/

Mode 2: 7/ 3 < o < 7 / 2. Always two thyristors conduct in the circuit. When two thyrsitors, con-
nected to the same phases to which the studied load is connected to, conduct, then the voltage across the
load is equal to the phase-to-phase voltage between these phases. In the rest cases, the voltage across
the studied load is equal to the half of the one of the others two phase-to-phase voltages. It appears in

Figure 15.c that at & = 7 / 2, the thyristors V’S1 and V'S6turn on making the voltage across &, equal
to U, At the moment of turning on V52, the thyristor V'S6 turns off, therefore, the voltage value across
the studied load becomes half of U,,.

5
Mode 3:7 /2 < a < 2T . The operation of the circuit is analogue to this of the mode 2. The only
difference is that there are intervals in which all the thyristors in the circuit do not conduct and the volt-
age of all loads is equal to 0. Each thyristor turns on twice in a period - by the basic and auxiliary firing

. . . . . 2
pulses. In Figure 15.d it appears that the thyristor VS1 turns on by the basic firing pulse at o = g and

5
it conducts with VS6 till 6 = >z , therefore, the voltage across R, . is U, /2. After that moment the

load voltage is 0 because all the thyristors are turned off. The thyrsitor V’S1 turns on again with V.S2 by

the auxiliary firing pulse at § = 7 and the voltage value across the load R, ,,; becomes U, /2.
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Figure 16. Electrical circuits of TPACR

Figure 16 presents different from the above described schemas of TTPACR. They are used compara-
tively rarely in practice, because they require a possibility to separate the load.

The operation of the regulation circuit shown in Figure 16.a is similar to this of the schema in Figure
12, but with a taken out star center and it requires a change of the firing angle between 0 and 7. Third
harmonic in the load current is a typical feature.

Even harmonics in the source current are typical for the circuit shown in Figure 16.c. This is a dis-
advantage of the circuit. Its advantage is the reduced number of thyristors.

The use of antiparallel connected diode-thyristor is also possible in the three-phase AC regulators
as in the TSPACR, but even harmonics in the source current are the main disadvantage. Moreover, the
second harmonic predominates.
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Figure 17. a) equivalent schema of network and load; b) and c) vector diagrams of an increase and
decrease of the reactive power, respectively

METHODS TO IMPROVE POWER EFFICIENCY IN AC/AC CONVERSION

In an AC supply network, the voltage value is necessary to be maintained in a definite range around
its nominal value. In different countries the most imposed standards determine a range of from +5%
to -10% around the nominal voltage value. Besides, the loads in the three-phases should be identical
to escape the currents with zero and reverse sequences because they cause undesirable effects such
as additional heating of the equipment. The load connected to the network varies, thus, the value of
the voltage may leave the standard range. Reactive power of the load causes the major effect on the
network because the inner resistance of the supply network (including transmission and distribu-
tion lines, transformers, generators, etc.) has an inductive character for source frequency of S0Hz
or 60Hz.

Figure 17 displays a simplified equivalent schema for one phase in which the network is as-
sumed to have entirely inductive resistance. Vector diagrams assume a lag of the total load current
I'=1 +j-1 to the voltage when the loading of the power is P + 5. and the value U of the
voltage supplying the load differs from the source voltage value U..

Figure 17.b shows an increase of the reactive power A at which the reactive component of the

current Al , has increased and the active component 1 has not changed. As a result, the input load
voltage has decreased with A U , which leads to a decreasing of the load active power. Figure 17.c
displays the same percentage of increase of the active component of the current 1 while the reactive
component has not changed. In this case the change of the input load voltage A U is smaller.

First, the static var compensators of reactive power will be examined. Their operation is close
to the one of the thyristors AC regulators thereby they are studied in this chapter. The static var
compensators are implied to improve the power factor not only of the AC regulators but also of
other loads having a worsen indicators in respect to the supply network. The static var compensators
should have the following two capabilities: 1.To accumulate reactive power in case of its excess in
the supply system because this may lead to the voltage increase; 2. To deliver reactive power in case
of its lack in the system because this may lead to decrease of the source voltage.

The first task is solved using so called thyristor-controlled inductance, and the second one — us-
ing thyristors-switched capacitors.
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Figure 18. Basic electrical schematic and typical waveform describing the operation of a thyrsitor-

controlled inductance
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Basic electrical schematic and typical waveforms describing the operation of a thyrsitor-controlled
inductance is shown in Figure 18. Using the inductance the network reactive power loading can be

changed significantly fast.
The source current has a sinusoidal waveform and lags to the source voltage at angle 7 / 2 when the

change of the firing angle is within the range of 0 < o < g . The current effective value is:

U
IL :Imzn (522)

If the firing angle of the thyristors increases then the shape of the current differs from the sinusoidal

one and effective value of its first harmonic is:

IL1:L-<2~W—2~a+sin2a> (5.23)
m-w-L
Therefore, the behavior of the circuit is as an inductance with effective value as follows:

U
L..=
BrE I (5.24)
Then, the additional reactive power for the phase, to which the circuit is connected, is:
U2
Q=U-1,= (5.25)

JA
w- LEFF
Besides the first harmonic, the source current contains also higher harmonics, whose effective value

for an n odd number is defined as;
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Figure 19. Dependence of the change of the fundamental and higher harmonics with low numbers on
the firing angle
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Figure 19 depicts the change of the fundamental and higher harmonics with low numbers when the
firing angle changes (Mohan, 1995). The most important harmonics are those of No.3, 7,9, 11 and 13
whose maximum values are reached in different firing angles. Three thyristor-controlled inductances
are usually connected in delta topology to the three-phase system thus the harmonics multiple to 3 do
not enter the system. The harmonics with numbers n = 6-k £1, &k =1,2, 3... remain. Therefore the
static var compensators usually contain also filters for the lowest of those harmonics (5%, 7%, 11% and
13™). Besides, in the electrical systems assumed to be symmetrical source voltage system, in a steady
mode others than the above-numbered harmonics can appear due to the different firing angles of the
thyristors in the two half-periods or due to the different firing angles of the thyristors connected in the
different phases.

Therefore, the maintaining of a high accuracy of the control system in dynamic and steady modes
is of a great importance. As it has been shown, the thyristor-controlled inductance is a consumer of
controlled reactive power because of that sometimes capacitor battery is also connected in parallel to
the corresponding phase. It is possible the capacitor batteries to act as filters for higher harmonics and
putting additional filter to be unnecessary.

As an additional reactive power source to secure the consumers connected to the system with quanti-
ties of reactive power bigger than those that can be and also are harmless to be supplied by the system,
capacitor batteries are used. As it has been mentioned, it is possible thyristor-switched capacitor batteries
to be used. They are usually connected in parallel to the load and they make so-called shunt compensa-
tion. The operational principle is explained with the schema and vector diagrams in Figure 20. A capaci-

tor battery is connected in parallel to the load. Before the connection, the load current was [, and the
displacement coefficient was determined by the angle ¢, . After the connection of the capacitor battery,

the current decreases with Al =1, — 1, and cos¢, > cos ¢, . Thus, the system has been unloaded
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Figure 20. Electrical circuit and vector diagrams explaining the operation of a thyristor-switched ca-
pacitor
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because of the generation of reactive power from the capacitor battery. The capacity of the battery C and

its reactive power required to increase €os @, to cos ¢, can be determined using the vector diagram.
It appears from the vector diagrams that:

I,=1,,-1,,=1,"(ts, —tgs,) (5.27)
Form (5.27) it is found:
P
U-w-C = U-(tgqﬁl — 19, ) (5.28)
or
P
C=—0: -(tg9, —t99, ) (5.29)

The battery power is determined as:

Q, =U" w-C = P-(tge, —tg9,) (5.30)

However, at a load change, pre-compensation is possible to obtain and the capacity of the battery
may appear too big; the vector of the total current will lag to the vector of the voltage, also, the capaci-
tive current in the system will increase as much as the capacity of the battery is bigger than the required
capacity. Therefore, a possibility to assume that expandable reactive power has to exist and it can be
secured through the already studied thyrsitor-controlled inductance. Besides, several capacitor batteries
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Figure 21. Usual connection of several capacitor batteries
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in accordance with the necessity of the system for bigger or lower value of the total capacitance C are
usually incorporated - see Figure 21.

The thyrsitors of a particular capacitive battery are turned on for a definite period. The moment of
turning on depends on the passing of the firing pulses. After the termination of the firing pulses to a
thyristor, it turns off at the moment its current becomes lower than its holding current. As a result of the
displacement between the current and voltage, the capacitor battery will remain charged after the turn-
ing off of the thyristors. The current through the thyristor which turns on at the next switching will be
developed in different way dependent on the value of the remaining battery voltage. Two examples of
current development are shown in Figure 22. To limit the current in the transient process, the inductances
L are connected in series in Figure 21. Also, the value of the inductances has to be correctly chosen so
the frequency of the series circuit containing one of them and the corresponding capacitor to be lower
than the lowest possible harmonic frequency of the AC system. Otherwise, appearance of a resonance
at the frequency of one of the higher harmonics in the system is risky.

The compensators of a combinational type usually contain two types of controlled reactive ele-
ments — thyristor-controlled inductances and thyristor-switched capacitors. To secure a constant control

Figure 22. Examples for the different current waverforms
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Figure 23. Compensator of a combinational type
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characteristic one inductance commensurable with the power of the capacitors is used for two to four
capacitor batteries. Figure 23 displays a compensator of a combinational type for a phase of the three-
phase system. Also, series resonant filters for 3™, 5™ 11" and 13" harmonics are put.

Special attention is paid to the system of monitoring and controlling the compensators. The contem-
porary control systems are of microprocessor type. The purpose is to maintain a firm operation not only
in the steady mode but also in the dynamic modes. The embedded regulators in the automatic control
system are obliged to secure a set quality of the dynamic processes without overloading of the elements
to be possible. For this purpose different control strategies of different companies, as Siemens, Brown-
Boveri, Wesringhouse, etc, are used.

The so-called method of phase-leveled regulation is a specific one to improve the indicators of the
AC regulator in respect to the supply network. An electrical schematic of a single-phase AC regulator
with phase-leveled regulation and its typical waveforms are shown in Figure 24.

The firing pulses is supplied to VS1 (at positive half-period) and to VS2 (at negative half-period) at
the moments of zero crossing of the source voltage. A firing pulse is passed to VS3 at § = «, it turns
on while the thyristor VS1 turns off. Analogue to the positive half-period in negative half-period of the
source voltage when the thyristor V54 turns on, the thyristor /’S2 that has been conducting till this mo-
ment turns off. It is clear, that the value of the output voltage will be minimum if the thyristors V'S2 and
V’§4 do not conduct, and it will be with maximum value if the thyristors fire at o = (. The relationship
between the effective value of the output voltage and the firing angle can be derived using the following
equation, assuming that the turn ratio of the transformeris 1 (n =1):

1

™

U =

L

(5.31)

(s'\/iU)Q‘sin29-d9+f(\/§~U)2~sin29-d0

After several transformations the ratio of the effective values of the output and source voltages is
gained as:

(5.32)
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Figure 24. Electrical schematic of a single-phase AC regulator with phase-leveled regulation and its
typical waveforms
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The equation (5.32) is the control characteristic of the single-phase AC regulator with control phase-
leveled method.

To find the equation for the change of the power factor at regulation, total and active powers from
the source have to be found:

™

1 . U’ 1
P:E.fu(e)-z(e)-dazR—L;.

U 2
S:U-I:U-—L:U—\/l-

[a B Sin22a] ) (32 B 1) i

[ sin 2«
o —

. (52 — 1) +7 (5.33)

Figure 25. Dependence of the relative effective value of the output voltage and the power factor on fir-
ing angle
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Then for the power factor it is valid:

[ sin 2«
. a J—

-(32—1)+7r

(5.34)

From the above stated it makes an impression that the equations (5.32) and (5.34) coincidence as the
corresponding equations for the single-phase AC regulator with phase control and of the three-phase
regulators. This also proves the correctness of (5.20). From (5.34) when s = 0 the equation (5.6) for
the SPACR with phase control is obtained.

The change of the relative effective value of the output voltage and the power factor is depicted in
Figure 25. The characteristic when s = 0 is the same as this of the TSPACR with phase control.

Asitis clarified by the description of the operation and by the control characteristic, using this method
the change of the load voltage can be between two values — the minimum value is when a = 7 and the
maximum value - a = 0.

There is a possibility to improve the power factor of a system with two AC regulators operating to
a common network but with different loads using integrator cycling switching (Shepherd, 1975). The
currents consumed by each regulator, as well as the total current are shown in Figure 26.

As it is appears, the common control system should secure the operation of the one of the regulators
during the pause of the other one, furthermore, a change of N, and N, is possible, as well as it is pos-
sible the load currents not to be equal. If the equations for the current is written down, the total power
factor might be derived:

=21 sin PN 42 1 sing [T (5.35)

2-m(N,+Ny,)

The equation for the effective value of the source current is derived on the basis of (5.35) and taking
also the following:

Figure 26. Consumed currents from the system of two regulators using integral cycling method control
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2 2
LML, (5.36)
T

Total power is:

I?

I’N +I’ N
S:U-\/1 1;2 2 (5.37)

The active power is the sum of the active power of the two regulators:

I -N +1 -N.
P=P +P =U - TUL R (5.38)
T
Dividing (5.38) to (5.37) leads to:
X I -N +1,-N,
P
(5.39)

JT N, +I2-N,)

The total power factor calculated using (5.39) is bigger than the power factors of each separate

regulator calculated using (5.6).
In the case of equality of the loads of the regulators then the currents are also equal I, = I, and

from (5.39) it is found:

Figure 27. Electrical circuits of AC regulators using fully-controlled switches
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N +N
K, ==t (5.40)

The equation (5.6) is derived from (5.40) for a regulator if the number N for the other regulator is 0.
If the sum of N, and N, is 7, then the power factor is 1.

If (5.39) is analyzed, it is worthy to mention that nevertheless the sum of N, and N, is T, the
power factor will be less than 1 dependent on the values of /, and /,. The reason is that the consumed
current will be of sinusoidal waveform but it will contain higher harmonics due to periodical dif-
ferences in its values.

A possibility to use fully-controlled power devices combined with the control method of pulse width
modulation exists also in the AC regulators (Kazerani, 2003; Glinka, 2005; Chen, 2008). Electrical
schematics of such single-phase and three-phase regulators are shown in Figure 27.

Power modules can be used in the schemas, for example pairs V71, VT3 and VT2, VT4 from
Figure 27.a. More often, power isolated gate bipolar transistors (IGBT) are used. The operation of the
circuit shown in Figure 27.a is as follows: the transistors V7’1, VT2 turn on simultaneously, and after
them, transistors VV7'3, VT4 conduct simultaneously. Thus the voltage of the input filter L — C2 will be
equal either to the input voltage or to zero, and the current direction will be determined by the inductance
current direction. For example, if the input voltage is positive and transistors V71 and V72 are turned
on, the current flows left to right trough the inductance, then V71 and VD1 will conduct. If the current
flows right to left through the inductance then V72 and VD1 will conduct. During the pauses the input
filter voltage is zero, and VT4, VD3 or VI'3, VD4 conduct. This is a constant frequency control. The
duty cycle of the firing pulses for the transistors V1’1, VI'2 is d and with its change the effective value
of the first harmonic of the output voltage across R, changes. The explaining diagrams of the operation
are depicted in Figure 28.

Let the input voltage of the circuit in Figure 27.a be:

u=U, -cos (wt) (5.41)

The progress of the control signal, which is a series of square pulses with a constant frequency wg
and duty cycle d, in Fourier series is:

Figure 28. Explanation of the constant frequency control used in schema shown in Figure 27
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o0

2-sin(n-d-7r)

-cos|\n-w -t
e o

The analytical equation for the input voltage of the filter L — C, is found by multiplication of (5.41)
and (5.42):

u, :u-S:d-UM-cos<w-t)+zm:

n=1

2-sin(n-d'7r)

o - COos ((n ‘w, w) . t) (5.43)

The purpose of the filter placed is to separate only the first component of the right side of (5.43). From
the addend left, the change of the output voltage at the change of the duty cycle d is seen.

If the effective value of the first harmonic of the input filter voltage is marked as U, then the first har-
monic of the input current which is also the current through the inductance L in a complex form will be:

I (RL_j'XCQ)'Ul
L1 = .
X, X, +j-R-(X, - X.) (5.44)

where in:

U, =d-U (5:45)
The equivalent circuit for the first harmonics in respect to the supply network is shown in Figure 29.
The first harmonic of the source current in a complex form will be:

I =d-1, +1, (5.46)
After substituting from (5.44) it is derived:

LR TUED AR AP A EXIP A0 AEY D o .

1
[en ( )

XL'XC2 +j'RL'(XL_XCZ)

The equation for the phase angle between the source voltage and the first harmonic of the current is
found from (5.47):

XOZ-(XL—dZ-XCI) R, (X, - X, )
—arcyg
R o(d*- X, - X, + X, X, X, (5.48)

¢ = arctg

.. 2 . . .
If the condition d~ - X ¢ > X ¢, > X, is true, then using (5.48) leads:

X, R
¢ = —arctg—= + arcg—=
R X (5.49)

L L
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Figure 29. The equivalent circuit for the first harmonics in respect to the supply network

5
—
O )
S e ifm iﬁf In
O ®

Because the input filter capacitor eliminates the higher harmonics of the inductance current, the power
factor is assumed to be determined mainly from the displacement coefficient:

K, ~cosg, (5.50)

where in ¢ is determined using (5.49) and the power factor will depend very lightly on d.

There is a category of converters from AC into AC energy which are with a possibility to change the
frequency or the number of phases of the output voltage. Also, the conversion is made with improve
indicators in respect to the supply network.

Matrix converters are included in this category and they are direct converters from AC into AC ener-
gies with a possibility to change the frequency or phases without an intermediate conversion. In general,
the conversion is from m-input to n-output phases (Clare, 2005). The converters name comes from the
fact that there are bidirectional fully-controlled switches, which are usually implemented in the way
shown in Figure 30 at each crossing point of the input and output phase wires.

Conductivity in the one direction is secured by V'T, and V'D,, and in the other —by V'T, and V'D,. The
shown combination is frequently symbolized in the power schematics as switch SW. The advantages of
the matrix converters are:

. Increased efficiency coefficient because the AC power of the supply network is not necessary to
be converted into DC power and then again into AC one with the possibility to regulate the fre-
quency and the output value of the voltage.

. Improved power factor in respect to the supply network and improved harmonic spectrum of
the source current also using an appropriate control the consumed current will be of sinusoidal

Figure 30. Implementation of a bidirectional fully-controlled switch and its schematic symbol
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waveform and in phase to the corresponding voltage of the supply network, nevertheless the regu-
lation of the converter.

The matrix converters require complex control and regulator methods realized with control systems
based on the programming logic or digital signal processors.

Figure 31 displays a single-phase matrix converter circuit, i.e. m=n=1. The possible combinations to
control power devices besides the half-period of the input voltage u, are as follows:

. Simultaneously turning on of SW,, SW, : The polarity and the transition value of the voltage
between the points P and N are determined from the polarity and the transition value of the input
voltage.

. Simultaneously turning on of SW,, SW, : The polarity and the transitory value of the voltage
between the points P and N are determined from the polarity and the transitory value of the input
voltage.

. Simultaneously turning on of SW,, SW, or/and SW,, SW, : Nevertheless the polarity and the
value of the input voltage, the value of the output voltage is 0.

The possibility of simultaneously turning on of SW,, SW, or S W,, SW, is eliminated in the ma-
trix converters. Actually it is possible in other types of converters, but one should have in mind that in
this case the input circuit of the bridge is short-circuited and the input current increases. Dependent on
the load type, it is possible after that switching to turn on a pair of diagonally connected devices and
the stored energy in the inductance to be assumed by the load. The filter L, C, eliminates the higher
disturbances produced from the switching of the power devices regarding the supply network. The state
of the power device — turned on or off, is depicted in matrix:

SW,  SW,

SW|=
SWI=lew  sw

(5.51)

Figure 31. An electrical schematic of a single-phase matrix converter
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The elements of the matrix can have values 1 or 0. The input voltage u, is presented as:
u =u, —u, (5.52)

where in ¥;; and Y, are voltages measured in respect to a conventional point with zero potential and
they are described as:

U U
u, = ?M.sinﬁ; u, = —%.sinﬂ (5.53)

Two additional voltages u, and u,, are introduced in respect to the output and also to the same con-
ventional point, therefore, the output voltage is determined as:

The circuit shown in Figure 31 can be presented as shown in Figure 32.
Vectors of the input and the output voltages can be used:

[“i] =l [uo] =\ (5.55)
i2 Uy )
The connection between them with the control matrix (5.51) is:
luy| = [SW].[u,] (5.56)
Or after substitution of (5.51.) and (5.55.):
u,| _[sw, sw|[u,
u, SW, SW,| |u, (5.57)

Figure 32. Presentation used to analyze the circuit in Figure 31
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Based on (5.54) and (5.57), it is found:
Uy = (Sw/l'un + SVVzuu) o (SVV4.UH + SVV:;'UQ) (5.58)
uo:<SVV1_SWL>'U7:1+<SM/;_5W5>'UV:2 (5.59)

It is assumed a simultaneous turning on only of diagonal connected devices. The control signals are

a series of square pulses with amplitude of 1 and duty cycle of 0.5 with frequency “s . Thus, the control
signals in Fourier series are:

(S’W1 — SW4) = %sin wg.t + %ng:?%sm (nwst)
(SVV2 — SVV3) = —%sin wg.t — %ﬂ_;?m%.sin (nwst) (5.60)

Substituting of (5.53) and (5.60) in (5.59), and after transformations, it is derived:

4 4 >, 1
u, = ;.UM.sin w.t.sin wet + ;UM sin w.t. Z gsin (nws.t) (5.61)
n=3,5,7...

Figure 33 displays the waveforms of the input u, and output u,, voltages of a matrix converter. The
output voltage waveform is determined by (5.61).

Output voltage with the shown shape can be used in electrical engineering technological uses (Antcheyv,
2007); it can be transformed through a high frequency transformer and converted into a DC one with a

desired value, etc .The frequency of the fundamental voltage harmonic alters using &g .

Multiplying both sides of (5.56) with the reverse matrix of the control matrix - [S W]il leads to the
relationship between the input and output currents:

Figure 33. Waveforms of the voltages of the single-phase matrix converter

=

128



AC/AC Conversion

1] =[sw] " [1,] (5.62)

Therefore, while the shape of the output voltage is determined in accordance with (5.56), the shape
of the input current is determined by the output one in accordance with (5.62).

It is assumed that a resonant mode between the output voltage and output current is maintained, for
example, in induction heating. Then the input current of the bridge circuit will contain uni-polar pulses
with the polarity of the half-period and with increasing amplitude towards the maximum of the sinusoidal
voltage waveform of the half-period. Using the input filter L, C, , only the current first harmonic with
a shape close to the sinusoidal one and in phase to the input voltage can be separated. Thus the power
factor in respect to the supply network can be maintained close to 1 without additional circuit stage for
power factor correction.

The operation of a three-phase matrix converter when m=n=3 is explained using Figure 34. The input
filters are shown and also all voltages and currents are marked. The converter consists of nine bidirectional
fully-controlled power devices, marked as switches with subscripts of the input and output three-phase
systems. This version is most frequently used in control and regulation of three-phase AC motors. A
simplified situation of the devices in respect to the input and output lines is illustrated in Figure 35.

The possible combinations among the switches states are 27 because each of the output lines can be
plugged in only one of the input lines. Using the 27 combinations the output voltages can be synthesized
in shape, changed their values and frequencies.

The following vectors for the input and output voltages and currents in the circuit are presented:

Uy R A A
[Ui]: Us i [[1']: I s [Uo]: Ugls [Io]: 1
U, I, U, I, (5.63)

A control matrix reflecting the states of the bidirectional devices is:

Figure 34. Schematic used to explain the operation of a three-phase matrix converter
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Figure 35. Presentation used to analyze the circuit in Figure 34

SAR SAS SAT
[S ] =55  Sps Sur
S Seg Sep (5.64)
Then the relationship of the output voltages to the input ones is:
UA SAR SAS SAT UR
Ug|=Ssr  Sps Opr|-|Us
=[]t or (U] (Ses Sen Sex | |Us (5.65)
Thus, the relationship of the output currents to the input ones is:
—1
[1] = [S] .[1 ] (5.66)

Figure 36 displays the shape of the three output phase currents (the upper waveforms) and the sys-
tem of the output phase voltages (the lower waveforms) of the three-phase matrix converter supplying
asynchronous motor (Clare, 2005). The control systems of those converters are implemented based on
a three-dimensional-vector width-pulse modulation. Other implementation of the three-phase matrix
converters is in the systems of electrical source in use of wind generators.

At the end of this chapter I am going to discuss several special features of realization of the control
systems for AC/AC converters. Similarly to the controlled thyristor rectifiers, the AC/AC converters
are supplied from the AC network and they demand the change of the firing angle « in respect to the
zero crossing of the source voltage. This change of the phase of the firing angles leads to the change of
the regulator output voltage. Namely, the requirements for this are analogues to those of the controlled
thyristor rectifiers. The control system for the thyristor AC regulators can be implemented on the basis
of the already studied principles in Chapter 4 to implement the control systems of the controlled thyris-
tor rectifiers. The possibilities to realize the phase-controlled circuits — horizontal and vertical methods,
are also analogical.
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Figure 36. Typical waveforms of the fundamental variables for the three-phase matrix converter sup-
plying an asynchronous motor . Source:(Clare, 2005)

] HH Fnlr
T

I

I

stiibn . allies | L] | i, el
BBl if

There are several special features in implementation the control system for the thyristor AC regula-
tors operating in accordance with the integral cycling control method — Figure 6 and Figure 26. Since
the change of the firing pulse phase is not required, the phase-regulation circuit from the control system
block schema is missing, as it is shown in Figure 37.

The schema is for a three-phase AC regulator and it consists of three identical channels, on which

inputs a three-phase system of a synchronizing voltages ¥, %y, %, is applied. Each of the voltages is
in phase with the corresponding source voltage of the regulator circuit. The synchronizing voltages are
galvanic separated from the power schema. By the use of the input synchronizing circuit (ISC), the mo-
ments of zero crossing of each of the phase voltages are determined. At these moments, the firing pulses
with a desired duration are formed by the pulse former (PF). Whether these pulses will be delivered to the
drivers or not is decided in the control logic by the signal for turning on or off the regulator - On/Off.

Figure 37. Block schema of a control system of the AC regulators operating in accordance with the
integral cycling control method
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Figure 38. Control of a triac using specialized optoelectronic integral circuit
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Optoelectronic integral circuits designed especially for the triac control and voltage zero crossing are
very convenient to be used in implementation of the control in the integral cycling control methods. Figure
38 displays an example. The integral circuit secures also a galvanic isolation from the control signal and
monitoring of the zero by the zero crossing circuit. Thus it combines several of the required blocks. It
also contains and inner triac, but in the figure a connection of the outer triac for a higher power loads is
shown. Waveforms of the control signals and the load voltage in the case of active and active-inductive
loads are shown. As it appears, in both cases the turning on happens at a high level of the control signal
but only just the source voltage zero crossing reaches. At a low level of the control signal, the turning
off happens when the current through the power device decreases under the holding current. In the case
of active load, it happens approximately at the moment of the source voltage zero crossing, and in case
of active-inductive load — after this moment dependent on the stored energy in the inductance.

Figure 39 shows a block schema to implement the control of an AC/AC converter operating in ac-
cordance with the pulse -width modulation method (see Figure 27).

Pulses are generated at the output of the input synchronizing circuits with a frequency equal to this of
the source AC voltage - f;. Using the phase locked loop (PLL) and the Counter as a devisor of N, pulses
with Nth times higher frequency than the source one are generated. Each of these pulses is a start pulse

Figure 39. A block schema to implement the control of an AC/AC converter operating in accordance
with the width-pulse modulation method
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for the pulse-width modulator (PWM). Subsequently, using drivers (Dr), the firing pulses are passed to
the gates of the power transistors.

The described block schema is also implemented as a basic one in the control of the matrix converters
but there are some changes connected with their operation characteristics.
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Chapter 6
DC/DC Conversion

BASIC INDICATORS

The basic idea of converting DC into DC voltages has been studied in Section 1 Chapter 3. There also
has been mentioned that to separate DC component a smoothing filter is connected between the output
of the converter and the load. The filter consists of passive elements — inductances and capacitors, and
in several cases it is included in the converters circuit (Williams, 2008). Figure 1 displays the waveform
of the output voltage as the block of the converter contains and the smoothing filter. Using the figure
the basic indicators of the converter will be defined.

Efficiency coefficient of the converter is the ratio of the output to the input powers:

_ POUT _ UOUT'[OUT
n=-—r= ; (6.1)
IN UIN' IN

This coefficient should be as high as possible.
Coefficient of the ripples of the output voltage is defined analogue to those in the rectifiers (see
Chapter 4):
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Figure 1. Schema used to define the indicators of DC/DC converters
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where in U, éUTM is the maximum value of the first harmonic of the output voltage.

The right part of the equation is obtained on the assumption that the first harmonic is a sinusoidal
function which positive amplitude coincides with the maximum value of the ripples shown in Figure 1,
and which negative amplitude coincides with the minimum value of the ripples also shown in Figure 1.
This coefficient should be as low as possible.

Output characteristics also exist in DC/DC converters like those in the rectifiers (see Chapter 4). These
characteristics give the change of the output voltage U, at the change of the output current 7, .

CONVERSION WITHOUT GALVANIC ISOLATION

The following converters without galvanic isolation are known —buck, boost, buck/boost, Cuk converter,
Single-Ended Primary Inductance Converter (SEPIC) (Billings, 1999), (Kazimierczuk, 2008).

Figure 2 shows the electrical schematic of and the waveforms explaining the operation of a buck
converter. [t may operate in two modes — discontinuous-conduction and continuous-conduction current
modes through the inductance. A fully-controlled power device able to turn on and off by a control
electrode is shown using the circuit symbol for a switch in the figure. The switch can be a power BIT,
power MOSFET or IGBT. Ratio of the pulse time (time during which the switch conducts) to the op-
eration period defines duty ratio. It is important for the converter operation and it is always less than
1. When the transistor is on, the current through the inductance increases and recharges the capacitor.
This is so-called forward motion; since during it energy is passed to the output capacitor, the converter
is frequently called forward converter.

When the transistor is off, the current through the inductance decreases flowing through the diode
VD. This is so-called reverse motion, the diode is called a commutation diode. In the case of continuous-
conduction mode, the relationship between the output and input voltages is:

Uppp =06U,, and 0 <6 <1 (6.3)
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Figure 2. Electrical schematic and waveforms of a buck converter
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In the case of discontinuous-conduction current mode through the inductance, the relationship is:

ovr — ; (6.4)

As the time of the pause is not preliminarily known, through several transformations, a more con-
venient equation can be found:

U — UIN
ouTr
. 2;L.IOUT
81U,

The maximum value of the transistor and diode voltages is equal to the value of the input voltage,
the maximum value of the current through them is determined by this of the inductance current:

(6.5)
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U U
IVTMAX = ]VDMAX = ILMAX = [L + %‘T (1 o 6) = IOUT + %‘T (1 o 6) (6.6)

As it can be seen from Figure 2, the ripples Ai, (from /, upto 7, ) of the current through the
inductance L are calculated by the second member of the right side of equation (6.6). This is so because
when the transistor is off, the output voltage is applied across the inductance for time 7' <1 -6 ) . The
frequency of the ripples is equal to the operating frequency of the converter.

The ripples of the output voltage AU, . (from the average value U, . up to the maximum value)
may be determined taking in consideration the following: In steady operational mode the average val-
ues of the currents through the inductance and the load are equal. Therefore, the average value flowing

through the capacitor is 0. Thus, the ripples of the voltage across the capacitor are determined only

by the ripples of the inductor current A, . If the balance of the electrical charges in the circuit of the
inductance and capacitor for a half-period 7" / 2 is studied, the following is clear: the charge into the

'

inductance is determined by .—, while in the capacitor itis 2.AU  .C'".
2

After the charges are made equal, an equation for the ripples of the output voltage is found:
Ai T

AU, ==L (6.7)

Due to the non-ideality of the capacitor — presence of series parasitic resistance and inductance, in
practice the ripples are higher than the above determined ones.

The electrical schematic and waveforms for both operational modes of a boost converter are shown
in Figure 3. When the transistor is on, the current through the inductance increases flowing through the
transistor - a forward motion. When the transistor is off, the current through the inductance decreases
flowing through the diode and energy is passed to the output capacitor —a reverse motion. This converter
is frequently called flyback converter.

In the case of continuous-conduction current mode through the inductance, the relationship between
the output and input voltages is:

1

Uppr = 1-5 Uy (6.8)

In the case of discontinuous-conduction current mode through the inductance, the relationship is:

As the time of the pause is not preliminarily known, the following relationship for the discontinuous-
conduction mode can be derived:
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Figure 3. Electrical schematic and waveforms of a boost converter
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The maximum value of the transistor and diode voltages is equal to the value of the output voltage;
the maximum value of the current through them is determined by this of the inductance current:

U.t U 0T
[VTMAX = IVDMAX = [LMAX = ]L + I;]LON =4z U;L (6.11)

Here, it is also seen from Figure 3, that the ripples A7, (from I, upto I, ) ofthe current through

the inductance L are calculated by the second member of the right side of equation (6.10). This is so
because when the transistor is on, the input voltage is applied across the inductance for time §.7 . The

frequency of the ripples is equal to the operating frequency of the converter.
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Figure 4. Electrical schematic and waveforms of a buck-boost converter
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The ripples of the output voltage are determined in the following way: the change of the capacitor
charge 2.AU

oup-C at turned on transistor for time §.7" happens at the influence of the output current

0TI,
I, flowing through the capacitor. Therefore, the ripples AU, are equal to _—

Figure 4 displays the electrical schematic and waveforms of a buck-boost converter in both operational
modes — continuous-conduction and discontinuous-conduction current through the inductance. As it is
seen, the converter contains the same elements as already studied ones — transistor V7, diode VD and
inductance L, but their place in the schematic is different causing new characteristics of the converter.
It has two special features. The first is that the polarity of the output voltage is the opposite to this of the
input voltage. And the second is that this converter is able to operate as buck and as boost converters.

In the continuous-conduction current mode, at the turning on of the transistor, the current through it
and through the inductance increases reaching its maximum value 7, attime?,. If the voltage drop
across the turned-on transistor is neglected during this interval, the whole input voltage is applied to
the inductance, i.e. point A. During this time the capacitor C discharges through the load. At the turning
off of the transistor V7, the diode VD begins to conduct, the current through the inductance decreases
charging the capacitor and maintaining the load current. At the end of the period 7 the inductance cur-

rent reaches its minimum value 7, . During this interval the voltage in point A is equal to the output
voltage (the voltage drop across the conducting diode is neglected). In the continuous-conducting current
mode, the following relationship between the output and input voltages is derived:
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5
U, = U (6.12)

m' IN
As it has already been mentioned the signs of the input and output voltages are contrary to each other.
Also, it is obvious from the (6.10) that when § < 0.5 the converter is a buck one and when § > 0.5 it
is a boost converter. In the discontinuous-conducting current mode, after the decrease of the inductance
current to 0 and dissipating of the stored energy in it, the voltage of point A becomes 0.
Because the input voltage is applied across the inductance when the transistor is on, the ripples of

the current through the inductance A, (from /, upto I LA
converter.

Because the change of the capacitor charge is a result of the output current flowing through it when
the transistor is on, the ripples of the output voltage is determined as it is the boost converter.

The waveforms studied in the figures are presented at neglecting the parasitic elements in the sche-
matic such as capacity of the inductance L, inductivity of the output capacitor, as well as considering
ideal switching characteristics of the transistor and diode.

Similar to the buck-boost converter, the Cuk converter, named after its inventor, provides a negative
polarity output voltage (Middlebrook, 1983). The electrical schematic and waveforms of Cuk converter
are shown in Figure 5.

The capacitor C, acts as the primary means of storing and transferring the energy from the input to

) may be calculated as it is in the boost

the output. In steady state, the average inductors voltages U, and U, are zero and the voltage across
the first capacitor U, is larger than both U, and U, . Assuming C| to be sufficiently large, in steady
state the variation in 4, from its average value U can be assumed to be negligibly low.

When the transistor is off, the inductor currents %, and i;, flow through the diode. The capacitor C,
is charged through the diode by energy from both the input and inductance L . Since U, is larger than

U, , the current %, decreases. Energy stored in L, feeds the output. Therefore, 7,, also decreases.
When the transistor is turned on, the voltage across the first capacitor reverse biased the diode. The

inductor currents 4, and ¢, flow through the transistor. The capacitor C, discharges through the switch,
transferring energy to the output and to the inductance L, because U, > U, ... Also, ;, increases. The
input feeds energy to L, causing an increase of Uy

Both inductance currents ¢;, and %;, are assumed to be continuous.
The relationship between the output and input voltages is determined by (6.12).
Assuming n = 1 gives the following relationship between the input and output currents:

Loyr = 5 Ly (6.13)

The advantage of Cuk converter is that both the input current and the current feeding the output

stage are reasonably ripple free. It is possible to simultaneously eliminate the ripples in %, and %,
completely, leading to lower external filtering requirements. The main disadvantage is the requirement
of the capacitor C with a large ripple current carrying capability.
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Figure 5. Electrical schematic and waveforms of Cuk converter
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Single - Ended Primary Inductance Converter (SEPIC) combines the abilities of two converters—boost
and buck-boost converters (Unitrode, 1993). It is convenient to be used in power factor correction in the

uncontrolled rectifiers (see Chapter 4).

Special characteristic of SEPIC operation is that its input voltage may have the waveform of a full-
wave rectification voltage without filtering. The electrical schematic of a such converter is shown in

Figure 6.

Figure 6. Electrical schematic of a SEPIC converter
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Two inductances are used. The inductance L, and the transistor switch are in a boost converter topol-
ogy; the connection place of the inductance L, is as one of a buck-boost converter. Using the capacitor
C, remaining of the Cuk converter, is a special feature. In the conventional schematic the inductances are
different, wound up at different cores. As we will see further down during description of the operational
principle of the converter, it is possible to make the inductance currents to change in the same way, i.e. it
is possible the inductances to be wind up in a common core. Furthermore, the leakage inductance appears
in series to the inductance L, and it can be use as a part of the input EMI filter. The basic advantages of
SEPIC used as a power factor correction schema in comparison with the already studied use of a boost
converter in Chapter 3 are:

e It is possible to obtain a desire value of the output voltage even less than that of the input
voltage;
. Easier protection against current overloading and short-circuit of the output.

Disadvantages of the SEPIC are:

e Higher maximum values of the voltages and currents of the elements;
. The presence of an additional capacitor increases the price and size of the converter.

The operation of the schema will be examined taking in consideration that the switching frequency
of the transistor is higher than the mains one. Thus at the period of switching the input voltage can be
consider as a DC one. Actually, its real waveform contains ripples with a frequency doubled the fre-
quency of the network voltage compared to which the switching frequency is repeatedly higher. The
capacitor C is a basic element of the electrical schema. In a steady state, its voltage is equal in value to
the input voltage. Since the capacitor value is little — usually its value is about 0.5 i.F, its voltage traces
the waveform of the rectified network voltage, i.e. it follows approximately the input voltage ripples.
To be assured in this, the circuit formed from the input voltage, L , C and L, can be studied. As in the
steady state, the average value of the voltage of each of the inductances for a period of a switching with
a high frequency has to be 0, then the average value of the capacitor of the same period has to be equal
to the input voltage. Besides, the capacitor voltage differs from the input voltage with the high ripples
put over its waveform of a low value.

If the transistor VT is turned on, the transient value of the rectified network voltage V, is applied to
the inductance L. Simultaneously, voltage of the same value as the voltage of the capacitor is applied to

L,. Therefore, the currents through both inductances increases with a speed of Vﬂ Jf L =L, = L .The

current through the transistor is the sum of the two inductance currents; the diode reverse voltage is equal
to the sum of the values of the output and input voltages. When the transistor turns off, the voltages of
the self-inductance of the two inductances change the signs of the voltages across each of them causing
turning on of the diode VD which conducts the sum of the two inductance currents. The output voltage
U, 1s applied to the inductance L,. Studying the circuit - the input voltage, L,, capacitor, conducting
diode, output voltage, it is seen that the output voltage and the capacitor voltage are equal in values but
with opposite signs, will be mutually compensated and thus the voltage across the inductance will be

equal in its value to the output voltage. Therefore, the current through both inductance will decreases
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U

with Zour . If the duty ration is again marked as the ration of the turned-on transistor time to the op-

erationa% period, the following equation is written:

U,6="0U

our* (1 - 6) ) (6.14)
and the output to input voltage ratio is founded to be (6.12).

Therefore, the output voltage can be of higher or lower values than the input voltage and they are
will the same polarity. Thus, regarding the value of the output voltage the characteristics of SEPIC are
as those of buck-boost converter. Regarding the input current, the SEPIC characteristics are as those of
the boost converter. It appears from the operational principle of SEPIC that monitoring the input current
value makes possible for the average value of the current to trace a sine wave in phase to the source
voltage — see Chapter 4.

CONVERSION WITH GALVANIC ISOLATION

The flyback converter with galvanic isolation shown in Figure 7 contains a high frequency transformer
with a core of ferromagnetic material. When the transistor VT is on, energy is stored in the primary
winding. After the turning off of the transistor, the voltage across the secondary winding changes its sign
leading to turning on of the diode VD through which the stored energy transferred to the output capacitor
C. Therefore, the duty ratio has to be less then 0.5 for the transformer to be able to demagnetize itself.
Additionally, if the turning on and off times of the transistor are considered then the duty ratio has to be
less than 0.45. The waveform of the voltage across the transistor has a special shape. When the transistor
is turned off and the diode VD conducts, the transformed output voltage as a reverse one is summed to
the input voltage across the transistor. After the secondary current decreases to 0, only the input voltage
remains across the transistor.

Because of the leakage inductance of the windings, at first a voltage peak dependent on the value of
this inductance (determined by the transformer constriction) is applied across the transistor. Incorporat-
ing additional elements, such as zener diode and diode parallel to the primary winding, decreases this
voltage. The relationship between the output and input voltages is:

v o—nly (6.15)

ouT S IN

Advantages of the flyback converter: During the time of transferring the energy towards the output,
the inductance of the secondary winding is connected in series with the diode VD and it acts as a current
source. Namely, the smoothing inductance in the secondary side is not necessary. Therefore, each output
consists only of a diode and filter capacitor. This makes the converter convenient for cheap implementa-
tions requiring multiple output voltages. The lack of the output inductance decreases the mutual influence
between the outputs — cross regulation (influence of the load change in one of the outputs).

Disadvantages: From the operation principle it is obvious that the magnetizing of the transformer is
one-directional, which makes its use more inefficient and requires a bigger size. The stored energy in
the primary inductance is:
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Figure 7. Electrical schematic and waveforms for a flyback converter
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A higher maximum current, which loads the transistor, is required for higher energy to be stored. Not
to saturate the transformer on this high current, an air chink which leads to the decrease of the inductance
is made in the core. To decrease the maximum value of the voltage across the transistor, a very good
mutual connection between the windings is required to be able to decrease the leakage inductance. Dif-
ferent methods for winding up the transformer are known. To decrease the ripples of the output voltage
at the lack of the smoothing inductance, a high capacity of the output capacitor with a little equivalent
series resistance ESR is required. The flyback converter is characterized by higher ripples of the output
voltage than the other converters. Figure 7 displays discontinuous-conduction operational mode. The
operation in the continuous-conduction mode is characterized by a lower maximum value of the current
through the transistor and the primary winding, which requires higher inductance, i.e. bigger size of the
core transformer. If the value of the voltage of the leakage inductance is neglected then the maximum
value of the voltage across the transistor in flyback converter is doubled the input voltage. The big size
of the transformer with its design characteristics, the high output capacitor and the high values of the
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currents in discontinuous-conduction mode define the implementation of the flyback converter for low
output voltages, multiple outputs and comparatively low powers (5 to 300W).

Figure 8 displays the electrical schematic and waveforms of a forward converter with galvanic isola-
tion. In the secondary side it contains a filter inductance L and an additional diode VD2. The transformer
has an additional demagnetizing winding, which number of turns is the same as those of the primary
winding. The diode VD3 is connected in series with the demagnetizing winding. The connection of the
beginnings of the three windings is representative. At the turning on of the transistor, the diode VD1 also
turns on and energy is transferred to the output, also, the current through the inductance L increases — a
forward motion. Into the core of the transformer very little energy is stored in contrast to the flyback
converter. This is energy for magnetizing connected with low magnetizing currents shown in the forth
diagram. At the turning off of the transistor, the voltages of the three windings alter their signs, the diode
VD1 turns off, also the diode VD2 turns on and through it the decreasing inductance current flows — a
reverse motion. Figure 8 depicts a continuous-conduction mode current regarding the inductance L. This
mode is most often used because of the inductance large value. Simultaneously, the diode VD3 also
turns on. Through it and the demagnetizing winding, the stored magnetizing energy in the core of the
transformer is returned to the source. Moreover, at the same time the transformer demagnetizes. No high
maximum values of the currents through the devices and low ripples of the output voltage characterize
the continuous-conduction current mode.

The relationship between the input and output voltages is:

U, =0, (6.17)

Advantages: The ripples of the output voltage are low because of the smoothing inductance and the
operation in continuous-conduction current mode. Since little energy is stored in the transformer core,
the losses in it and its size are reduced. The low magnetizing current supposes a large inductance of the
primary winding, thus, the performance of an air chink is not necessary. The standard ferromagnetic cores
without air chinks are convenient here because they have a high flux density — 0.2 to 0.3 T, magnetic
permeability 2000 to 3000. Yet it has to be mentioned that the transformer is used inefficiently because
it magnetizes only in one-direction when the transistor is on. It is obvious that to be able to demagnetize
the transformer, here, also the maximum duty ratio with the switching times considered has to be less
than 0.45 too. The low ripples of the current through the inductance require much lower output capaci-
tor in comparison with the flyback converter. The maximum voltage across the transistor in forward
converter is also doubled the input one. A rising of the voltage after the turning off of the transistor can
appear only if the connection between the primary and demagnetizing windings is not good. The bad
connection is avoided constructively by their bifilar winding up.

Disadvantages: The forward converter requires more elements for its implementation, which makes
it expansive. The transformer requires an additional winding. If there are multiple output voltages, the
influence among the outputs — cross regulation, is increased compared to the flyback converter. It can
be reduced by winding up the inductances of all outputs on a common core.

The smaller size of the transformer, no high maximum values of the currents through the elements,
the lower output capacitor and the cross regulation make the forward converter suitable for use more
frequently with one output voltage and higher output power compared to the flyback converter — from
100W to S00W.
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Figure 8. Electrical schematic and waveforms of a forward converter

Two transistor modifications of the forward and flyback converters are known. In them connection of
two transistors in series with the primary winding is performed, also during the turning off of the transis-
tors across each of them the maximum voltage applied is the input voltage(no its doubled value as it is
in the semi transistor modifications). Their disadvantage is a requirement of a galvanic isolated stage of
the control system for one of the transistors, because the switches do not have a common electrode.

For better use of the transformer, the core should operate in a symmetrical regime — to magnetize in
both directions. This would decrease the size of the transformer and also for a particular core it would
increase the power of the converter in comparison with the studied forward and flyback converters. Bidi-
rectional magnetizing demands the number of power devices in the electrical schematic of the converter
to be even. One of the probable decisions of such a converter is push-pull converter shown in Figure 9.
The primary and secondary windings are with middle points. The transistors turn on in sequence in time.
Moreover, the currents in the primary winding are with opposite directions making the magnetizing of
the transformer bidirectional. Thus, the necessity of a demagnetizing winding is eliminated. Energy is
transferred to the output when each of the transistors is turned on and in the same time the correspond-
ing diode of the secondary winding is turned on — a forward motion. At the turned-off transistors the
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current through the inductance L decreases via the turned-on diodes VD1 and VD2 — a reverse motion.
Each of the transistors can operate with a maximum duty ratio of 0.45.
The relationship between the input and output voltages is:

U,,, =2n8U, (6.18)

Advantages: Power towards the output is transferred during up to 90% of the operational period al-
lowing more fully use of the transformer and reduction of its size. The continuous current of the output
leads to low ripples and to a requirement of lower output capacitor. In this operational mode the stability
of the closed system of regulation of the output voltage is easier to be obtained as it is in the forward
converter. Both transistors have common electrodes (emitter or source) relative to which their control is
ensured without a requirement of a galvanic isolation between one another (for example, in the further
down stated half-bridge and bridge converters).

Disadvantages: Commutating diodes connected in antiparallel to each transistor are necessary. Thus
the energy stored in the leakage inductances is returned through the diodes to the supply network at first

Figure 9. Electrical schematic and waveforms of a push-pull converter

-
(=]
[
e
[
E
r

tym

T
I e 70 2 O

147



DC/DC Conversion

moment of the turning off of a transistor. This energy is a reason for an increase of the voltage across
the transistor at the moment of turning off. A very good constructive implementation of the transformer
is required to be able to maintain the symmetry and to ensure a very good connection between the two
semi-windings of the primary and secondary sides. The winding up is usually bifilar.

The maximum value of the transistor voltages is equal to the doubled input voltage because when
one of the transistors is turned on, the sum of the voltage across its corresponding primary winding and
the input voltage is applied to the other transistor.

All this makes the converter suitable to operate in low input voltages. An unpleasant probability of
lack of symmetry in the two directions of magnetizing exists in this converter. This can be a result of
asymmetry in the transformer, of differences in the times of switching of the transistors or of asym-
metry in their control. Moreover, saturation can be reached in one of the directions especially at high
input voltages.

To avoid this effect, special measures, which in some cases are only schema-technical ones, are taken.
So-called current control is very convenient in this case. At this control, during every cycle of turning
on of a transistor, the maximum current value through it is monitored and at its reach the transistor turns
off. Therefore through both transistors the current will reach the same value and the above described
undesired effect will be eliminated by the control system.

The push-pull converter is suitable to operate in lower input voltage — 12V, 24V or 48V and in power
from 200W to 800W.

The half-bridge converter shown in Figure 10 is very popular to be used in high powers. The two
capacitors C1 and C2 connected in series form a middle point of the supply source and each of them
charges to the half of the input voltage. The transistors turn on consequently applying the voltage across
one of those capacitors each time in the opposite to direction to the preceding time to the primary wind-
ing of the transformer. Thus the transformer magnetizes bidirectional and its use is better. In this way
the converter is similar to the push-pull topology but in the last one the whole supply voltage is applied
to the primary winding. It appears from the waveforms that they are identical in shapes to those of the
push-pull converter but the voltages across the transistors are twice lower. The maximum voltage value is
equal to the input voltage value and it is applied to the turned-off transistor when the other turns on. The
maximum duty ratio of each transistor is 0.45 taking in consideration the switching times of the transis-
tors and the dead time that has to be secured between the moments of the turning off of a transistor and
the moment of turning on of the other one. The dead time is required to be refrained from simultaneous
conduction of both transistors which would short-circuit the supply source.

The relationship between the output and the input voltages is:

Uypy = 18U, (6.19)

our

Advantages: They are connected to the good use of the transformer, which magnetizes bidirectional
and to the missing of the demagnetizing. Besides, in comparison with the push-pull schema, this one
has not got a middle point. The operation in the mode of continuous-conduction current through the
inductance L leads to decreased ripples of the output voltage and to necessity of lower capacitor C. Other
advantage compare to the push-pull converter is the easier elimination of the danger of asymmetry in the
magnetizing of the transformer in both directions. This is made by connection of a blocking capacitor
Cb (usually less than 10 uF), avoiding a DC component of the current through the primary winding. A
serious advantage is the twice reduced voltages across the devices.
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Figure 10. Electrical schematic and waveforms of a half-bridge converter

Disadvantages: The necessity of the capacitors C1 and C2, which are with a high capacity, increases
the size of the converter. A commutating diode, through which the stored energy in the leakage inductance
is returned to the supply source, is required for each transistor. The stored leakage inductance energy is
a reason for an increase of the voltage across the transistor at the moment of its turning off. The upper
transistor in the schematic requires a control stage galvanic isolated from this of the lower one because
the transistors lower electrodes (emitters or sources) have not got a common point as it is in the push-
pull converter. The additional capacitors and diodes increase the price of the converter.

The half-bridge converter is suitable for high input voltages because the voltage across the transistors
does not exceed the source one and for power from S00W to 1500W.

The bridge converter shown in Figure 11 contains the highest number of elements compared to all
converters studied till this moment determining its highest price. The transistors turn on in series by pairs
conducting simultaneously two by two diagonally connected devices— VT1 with VT3 and VT2 with VT4.
The whole input voltage is applied to the primary winding of the transformer, not the half of it as it is in
the half-bridge converter. Therefore, using the same transistors chosen by their currents using the bridge
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converter approximately twice higher power can be achieved. As it is seen from the waveforms they are
the same as those of the half-bridge converter. The use of the blocking capacitor Cb is also identical to
this in the half-bridge converter — to eliminate the DC component of the current in the primary winding
and thus to prevent eventual asymmetry in the magnetizing of the transformer core.

Because of the fact that the whole input voltage is applied to the primary winding, the relationship
between it and the output voltage is:

Uypy = 206U, (6.20)

our

Advantages: Using this converter the highest output power can be obtained. The two capacitors
creating a middle point miss. Regarding the secondary side the mode is as those in the half-bridge or
push-pull converters — continuous-conduction current mode, low ripples and low output capacitor.
The maximum voltage across the transistor, if the primary increase of the voltage due to the leakage
inductance is neglected, is equal to the input voltage. The value of the current through the transistors is
limiting the achievement of higher power.

Figure 11. Electrical schematic and waveforms of a bridge converter
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Disadvantages: The converter power schematic has the highest number of elements which makes its
implementation more complicated and increases its price. The upper transistors in the schematic require
galvanic isolated control stages.

The bridge converter is used in high input voltages and in power from 1000W to S000W.

Based on the boost converter shown in Figure 3, converters with galvanic isolation may be imple-
mented. Figure 12 depicts principle electrical schematic and waveforms illustrating the operation of a
full-bridge transformer isolated boost-derived converter. The indexes of the switches that conduct in each
interval are marked. When all the transistors are on, energy is accumulated in the inductance L. When a
pair of diagonally connected transistors is on, the energy accumulated is transferred towards the output
through a corresponding diode connected to the secondary winding of the transformer.

In a steady operation mode and continuous current through the inductance, the increase of the cur-
rent through the inductance in the case of all four transistors on has to be equal to its decrease during
the next interval. Therefore:

U — our

85U, =—(1-4).

6.21)

After transformation, a relationship between the input and output voltages is found:

Figure 12. Electrical schematic and waveforms of a full-bridge transformer isolated boost-derived
converter
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1
Upyyp = - 1-6 Uy (6.22)

A version of push-pull boost-derived converter (Ericson, 2001) is also available.

Figure 13 shows the way of obtaining Cuk converter with galvanic isolation starting from the schema
without galvanic isolation Figure 5. The beginning of the secondary winding is at its lower end; also, the
connection direction of the diode VD is altered. Thus, the polarity of the output voltage is as it is shown
in the figure. When the transistor V7 turns on, the input voltage U, is applied across the inductance

!
L, and the current through it increases. The voltage of the capacitor C| is applied across the primary
winding. This voltage transformed in the secondary winding leads to a turning off of the ¥’D. The current

!/
through the inductance L, increases and it flows through the capacitor C; .
At a turning off of the transistor V'T, the current through the inductance L, decreases, flowing through

!
the capacitor C| . The diode VD turns on and secures a circuit for the decreasing current through the
inductance L,. The relationship of the input and output voltage considering the turn ratio of the trans-
former is:

Figure 13. Electrical schematic of a transformer isolated Cuk converter
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o
Uypp = 1 Y U,y (6.23)

Figure 14 shows the electrical schematic of SEPIC converter with galvanic isolation. Its operation is ana-
logical to the schema shown in Figure 6 having in mind that the role of L, is played by the magnetic inductance
L, of the transformer. The voltage across this inductance is transformed with a coefficient 7 in the secondary
side. The relationship between the input and output voltages is defined by the equation (6.23).

So-called inverse SEPIC converter in variations with and without galvanic isolation is also known
(Erickson, 2001).

Specially designed integrated circuits are usually used to control DC/DC converters. Many producers
offer such circuits having different special features. Their operational principle however is based on two
control methods - voltage mode control and current mode control (Kislowski, 1985). Figure 15. depicts
a schema and waveforms describing the voltage mode control.

The schema contains the following basic blocks:

Figure 14. Electrical schematic of a transformer isolated SEPIC converter

SLVG: Generator of a linear changing voltage [/ P determining the operational period T of the DC/
DC converter;

EA: Error amplifier. Usually, inner reference voltage U from a stabilized source is applied to the non-
inverting input, and the inverting input and output are taken out as terminals of the integrated
circuit. In this way, passive circuits consisting of resistors and capacitors marked as Z, and Z,
assisting in the formation of the gear characteristic of the closed system for automatic control of
the output voltage are connected to these terminals. Part of the output voltage k.U,
to the inverting input.

PWM: Pulse-width modulator. It compares the passed voltages to its inputs and in its output pulse
signals with a changeable duty ratio 0 are generated.

Dr: Driver. It forms the firing pulses for power device (power devices).

, 1s passed

The fundamental feature of the voltage mode control is determination of the duty ratio of the firing
pulses directly from the voltage of the error amplifier. So-called soft start circuit is provided for an initial
turning on of the converter. The circuit usually contains inner generator of current / , supplied from an
inner source U,.. The current /, charges an outer connected capacitor C and its voltage U decreases
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Figure 15. Schema and waveforms describing the voltage mode control

according to a linear law. PWM is designed in such a way that the duration of the pulse 7, is determined
by the lower level of the voltage of its both inverting inputs. Therefore, at the beginning the duty ratio will
lightly increase; the soft increase of the output voltage of the converter is also gained. After the charge
of the capacitor C to its maximum value, the duty ratio is determined directly from the output voltage
of the error amplifier. For example, if a tendency of increasing the output voltage of the converter U,
above the reference voltage occurs, the output voltage of the amplifier U, , will decrease. Also, the dura-
tion of the pulses for turning on #, will decrease and this will cause a tendency of decreasing the output
voltage and of its returning to the set value.

Figure 16. Schema and waveforms describing the current mode control
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The current mode control is described in Figure 16. The schema contains the following blocks:

G: Pulse generator, determining the start of each operational cycle, and thus determining also the opera-
tional period T of the converter.

C: Comparator, comparing the signal of the output of the error amplifier to the signal proportional to the
current through the converter transistor /. The last mentioned signal can be obtained using current
transformer or resistor.

Latch: Its inputs are controlled from the generator and comparator, and in its output control pulses for
the driver are generated.

The rest two blocks — the error amplifier and driver have the same functions as those in the voltage
mode control. Pulse-width modulator is missing here.

The fundament of the operational principle of the current mode control is that the output signal of the
error amplifier determines the maximum value of the current through the transistor of the converter and
thence indirectly the duty ratio 6 . For example, if a tendency of increasing the output voltage of the con-
verter U, above the reference voltage occurs, then the output voltage of the amplifier U, , will decrease.
After the start of the next cycle, the transistor will be turned off earlier when the current through it has
reached a lower value. This means a decrease of the duty ratio and a reverse to the initial tendency — a
tendency for decreasing the output voltage, i.e. its return to the reference value.

Figure 16 does not show the soft start circuits which are also provided.

The control integrated circuits for both methods also include additional elements for protection of
over-voltages and increasing of the converter output current, as well as additional supply circuit.

The advantage of the current mode control is the faster reaction of the automatic control system at
a disturbing influence — the input voltage of the converter. For example, if the input voltage increases
the gradient of the transistor current will increase, the faster the reach of the value of the output signal
of the error amplifier will happen and the transistor will turn off earlier. Besides, in this control method,
the protection of current exceed of the converter is easier implemented. The implementation of the cur-
rent mode control is especially useful in the push-pull converters where possibilities for asymmetrical
magnetizing of the transformer core and for DC magnetizing exist at different maximum values of the
currents through the two transistors.

Control methods for DC/DC converters based on hysteresis control, as well as on sliding mode control
exist but they have found a comparatively limited implementation.

BIDIRECTIONAL DC/DC CONVERSION

Special feature of bidirectional DC/DC converters is their ability to transfer DC energy into two directions
(Tolbert, 2002: Chiu, 2006). Dependent on the voltage and current directions the converter can operate
in different quadrants. The operational principle is described in Figure 17.

The current and voltage directions are assumed to be as those shown in Figure 17. According to the
shown directions the source is u, and the consumer is u,, i.e. energy is transfer from left to right. If the
polarity of the voltages stays the same but the current directions are changed, then the energy will be
transferred from right to left. Therefore, the converter is two-quadrant regarding both right and left sides
of the schema.

Ifthere is a possibility to change also the direction of the voltage in one of the sides, then this converter
will be four-quadrant regarding this side.
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Figure 17. Principle of bidirectional converters
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Figure 18 shows an example of a two-quadrant converter regarding both sides without galvanic isola-
tion.

Itappears fromthe figurethat V71, L, VD2 areconnectedinabuck converter circuit. Also, V12, L, VD1
are connected in a boost converter circuit. Therefore, voltage U, is higher than voltage U,. Figure 18
displays also the waveforms describing the operation of the converter. In the first case, the buck converter
operates and energy is transferred from left to right sides. In the second case, the boost converter operates
and energy is transferred from right to left sides. The converter is two-quadrant one regarding both sides,
because the current directions change and the voltage directions stay unchangeable.

Circuits of bidirectional DC/DC converters with galvanic isolation exist (Zhang, 2004). An example is
given in Figure 19 based on a bridge schema of the converter. Usually, one of the two voltages — U, or U,
is higher than the other. Typical examples are 250-350V and 24-28V. Thus, the converter is boost in one
direction and it is buck in the other direction. Since the polarity of the two voltages can not be changed,
the converter is two-quadrant regarding both sides.

It is obvious, that if it is necessary to transfer energy form Ul towards U,, the transistors from V71 to
VT4 will be turned on and transistors form VTS5 to VT8 will be maintained off. The rectification at the
right side is made using the diode bridge VD5 to VDS.

Figure 18. Bidirectional two-quadrant converter
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Analogically, when energy is necessary to be transferred from right to left sides, the transistors from
VTS5 to VT8 have to be on, and the transistors from VT1 to VT4 will be maintained off. A special feature
of the control of this converter is traversing form one mode to the other which is connected to turning
on the appropriate pair of diagonally connected devices in one of the sides depending on which pair of
diagonally connected devices in the other side have been last on.

There are also other topologies of bidirectional converters with galvanic isolation, for example one
described in (Gunningham, 2007). In this bidirectional converter topology, an energy exchange is realized
among three DC lines — two low-voltage lines 14V/42V in one side and a high-voltage line 200-500V
in the other side.

METHODS TO IMPROVE POWER EFFICIENCY IN DC/DC CONVERSION

The weight and the size of the DC/DC converters are of a great importance because very often their
implementations are connected with limitations in this respect (Luo,2003). A possibility to obtain good
results for the weight and size is the use of a current-doubler rectifier instead of the full — wave rectifier
in push-pull and bridge converters (Balosh, 1997). Figure 20 shows the electrical schematic and the
waveforms of a full-wave rectifier.

Because of the similarity of the operation of this rectifier to the operation of the single-phase un-
controlled rectifier with a middle point of the transformer, studied in Chapter 4, here the operation will
not be described in details. The current through the L increases when the voltage of a half-winding of
the transformer differs form 0 and it is flowing through one of the two diodes. The current through the
L decreases when the voltage of a half-winding of the transformer is 0, during this interval both diodes
conduct. The most important conclusion which will be used further down for comparison among con-
verter topologies is that the average value of the inductance current in the full-wave rectifier is equal
to the output current /,, , and the frequency of the ripples of the inductance current is the same as the
converter operational frequency.

Figure 21 shows the electrical schematic and waveforms of a current-doubler rectifier.

Its operation has several special features and will be examined more detailed. At the positive half-period
of the voltage of the secondary winding u,, the diode VD1 conduct, while the diode VD2 is turned off.
The current through the inductance L, decreases flowing through the diode VD1 and the output capacitor.
The voltage across this inductance according to its chosen direction in Figure 21 is positive and equal to
the output voltage. This current does not flow through the secondary winding of the transformer. At the

Figure 19. Bidirectional DC/DC converter with galvanic isolation
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Figure 20. Electrical schematic and the waveforms of a full-wave rectifier
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same positive half-period of the voltage of the secondary winding, the current through the inductance L,
increases flowing through the secondary winding, diode VD1 and output capacitor. The voltage across
this inductance is positive and equal to the difference between the secondary winding and output volt-
age. Then an interval during which the voltage of the secondary winding is zero follows. Therefore the

voltage U, across the inductance L, changes its sign and becomes equal to the output voltage causing
the decrease of the current through this inductance. The state of the inductance L, stays unchanged and
its current continues to decrease. The operation at the negative half-period of the secondary winding of
the transformer is analogical, during it the diode VD2 conducts. The current through the inductance L,
continues to decrease; the output voltage is applied to it through the diode VD2 . The current through
the inductance L, begins to increase and the voltage across it changes its sign. A new pause follows.
Then the process begins again. The most important feature of the current-doubler rectifier, which arises
during the description of the operation and from the waveforms in Figure 21, is that the average value
of the current flowing through each inductance is equal to the half of the value of the output current.
This permits to reduce the total size and weight of the inductances compared to the full-wave rectifier
nevertheless the increased number of the inductances — two in comparison to 1 in the full-wave rectifier.
Also, one should have in mind that the frequency of the ripples of the current through each of the two
inductances is twice lower than the converter operational frequency. This reduces the requirements of
the magnetic material of the core of the inductance and also reduces the losses in it.
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Figure 21. Electrical schematic and waveforms of a current-doubler rectifier
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The next step of decreasing the size and weight of the DC/DC converters is connected with an
increase of their operational frequency. This will cause the possibility to reduce the size of the trans-
former. The increase of the operational frequency when the PWM method combined with the above
studied schemas is used, however, leads to increase of the commutation losses of the devices. In these
electrical schematics, the switching is called hard-switching because at the intervals of turning on and
off the current through and the voltage across the switch are simultaneously changed. Also, an increase
of power exactly at these intervals happens. That is the reason why the schemas of DC/DC converters
with resonant switching, in which a soft-switching of the devices is used, are developed. More often
these are schemas with zero voltage switching (ZVS) or/and zero current switching (ZCS). In general,
under ZVS the turning on of the transistor is at a zero voltage across it, and under ZCS the turning off
of the transistor is when the current through it decreases to 0.

At first, the operational features of load —resonant converters will be examined. A special feature
in them is the use of series oscillating circuit, as a result the voltage across the capacitor of the circuit
and the current through it are changed in accordance with harmonious curves. Thus, ZCS and/or ZCS
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of the power devices is/are obtained. For simplicity, the electrical schematics are examined by a direct
connection of an output rectifier but it may be implemented using high-frequency transformer with
the purpose to obtain an appropriate value of the output voltage and also to have a galvanic isolation
between the input and output of the converter. The load may be connected in series with the resonant
circuit, in parallel to capacitor of the circuit or as a hybrid connection. Therefore, three topologies of
load-resonant converters exist.

Figure 22 shows the electrical schematic and waveforms of a series-loaded resonant converter, which
can operate in discontinuous-conduction or continuous-conduction current modes through the inductance.
When current flows through the inductance, a pair of diagonally connected diodes of the output recti-
fier always conducts. The load appears in series with the resonant tank. The discontinuous-conduction
current mode is obtained when the switching is made with a frequency twice as lower as the resonant
frequency. The mode of the rest two cases, dependent on the ratio between the switching and resonant
frequencies, is continuous-conduction one.

In discontinuous-conduction current mode, the transistors and diodes turn on and off at a zero current.
In the second case shown, only the turning off of the transistors and the turning on of the diodes are at zero
voltage, while the turning on of the transistors and the turning off of the diodes is a hard-switching. The

Figure 22. Electrical schematic and circuit waveforms of a series-loaded resonant converter
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third case, which is at a switching frequency higher than the resonant one, is of interest. As it appears the
transistors turn on at a zero current through them and at a zero voltage across them. This happens owing
to the fact that before the conducting interval of a transistor, its antiparallel diode has been conducing.

A special characteristic of this converter is that in the discontinuous-conduction mode it operates as a
current source in respect to the load, i.e. the converter has inherent overload protection capability. Without
a transformer, the converter can operate only as a buck one.

Figure 23 displays the electrical schematic and waveforms of a parallel-loaded resonant converter. As
it is seen, the load is in series with capacitor C, of the resonant tank. The connection can also be made via
a transformer. The output inductance L is typical, therefore, the whole output circuit can be replaced
by a current source equal to the load current /) during the analysis. The voltage across the capacitor C is
rectified by the output rectifier. In the case when this voltage is equal to 0, continuous current through the
inductance L is secured by simultaneously turning on of the phase-leg diodes of the output rectifier.

The converter can also operate in two modes in respect to the current 7, of the resonant inductance
L - discontinuous-conduction current mode (first waveforms) and continuous-conduction current mode
(second and third waveforms).

In discontinuous-conduction current mode when the turning on of the next transistor happens, the
capacitor charge starts with a delay just when the inductance current increases the load current. Since
the capacitor is discharged by the load current, its voltage decreases according to a linear law after the
turning off of the diode which has been conducting. From the operational principle and waveforms, it is
clear that in this mode all devices turn on and off at ZCS.

If 0.5 w, <w,; <w,, then the inductance current and the capacitor voltage change following con-
tinuous curves. As it is seen in the second diagrams, the turning off of the transistors and turning on of
the diodes is at zero current. The turning on of the transistors and turning off of the diodes however is a
hard-switching.

When wy > w, -the third diagrams in Figure 23, the turning off of the transistors is hard, while becuase
of their antiparallel diodes have been conducting till their turning on, it is at ZCS and ZVS.

A special characteristic of this converter is the possibility to operate as a buck-boost converter without
presence of a transformer. In discontinuous-conduction mode the converter operates as a voltage source
undependable on the consumed load. In contrast to the series-loaded resonant converter, the parallel-loaded
resonant converter does not have inherent overload protection capability in no one of the modes.

Ahybrid variant also exists where in the connection of the load is in series with the part of the capacitor
of the resonant tank. Thus, the advantages of the previous two topologies can be combined.

In resonant-switch converters, elements of the resonant tank are connected in parallel to or in series
with a transistor which leads to ZCS or ZVS (Andreycak, 1997).

Let us examine buck DC/DC resonant—switch converter without galvanic isolation, which is shown in
Figure 24. The schematic is similar to this of the buck converter with hard-switching presented in Figure
2, only, here elements of the resonant tank circuit [, ,C' are connected to the transistor. Output inductance
L, is more higher than the resonant one thus the current through L may be assumed to be unchangeable
during the time of resonant processes and the circuit right from diode VD can be replaced by a current
generator with value /. Atinitial state 1} = 0, the resonance capacitor is charged to the input voltage, and
the diode is on conducting the output current. At 9 = () the transistor V7 turns on, the current through
it increases according to a linear law and at ¥} = o, the current reaches I, the diode turns off. From this
moment on, a resonant process starts in the parallel circuit containing C.,VT,L .
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Figure 23. Electrical schematic and waveforms of a parallel-loaded resonant converter
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The current through the resonant circuit reaches its maximum value higher than the output
current value at ) = o, then it decreases and at ¥ = 1J, the current reaches again the value of /..
At this moment the voltage across the capacitor C, has its maximum negative value, while the
voltage across the diode has its maximum positive value 2.U, . The current through the transistor
continue to decrease and at ¥ = ¢, it equals to 0, i.e. this is the moment of ZCS. As it is seen,
the transistor turns on and off at zero current. After the turning off of the transistor, the output
current of a constant value /, recharges the capacitor and during the interval ¥, — o,
increases according to a linear law reaching the value of the input voltage at ¥ = ¥, . At this mo-
ment the diode VD turns on and a new turning on of the transistor may happen — for example at
¥ = 4, . Output inductance L and capacitor C, separate across the load the average value of the
diode voltage — the last diagram. From it and operational principle, it is clear that a change of the
output voltage can be achieved by a change of the switching frequency but only if the duration of

its voltage

the interval ¥, — o, changes.
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Figure 24. Electrical schematic and waveforms of a ZCS resonant-switch buck converter

A disadvantage of this converter is the high maximum value of the transistor current increasing the
output current, as well as the high value of the voltage across the diode increasing twice the input volt-
age value.

Figure 25 depicts the electrical schematic and waveforms of a resonant-switch DC/DC buck converter
and ZVS.

Again, according to the abovementioned reasons, the whole circuit right from diode VD may be
replaced with a current generator of value / , which stays constant during the commutation process.

The transistor VT is on before moment ) = ( conducting output current /, and the voltage across
the diode VD is equal to the input voltage. At ¥ = 0 the transistor turns off and capacitor C, starts its
charging by current /,, according to a linear law. The charge is rather slower than the time of the turn-
ing off of the transistor. Therefore, it may be assumed that the transistor turns off at zero voltage. At
9 = 9, the voltage of the resonant capacitor reaches the value of the input voltage and the diode VD
turns on. From this moment on the current / , as well as the resonant current of the series resonant tank
C,L , flows through the diode. At Y} = v, the resonant current reaches zero, the voltage of the resonant
capacitor — its maximum value increasing the value of the input voltage. Then the current through the
resonant inductance changes its direction, the voltage across C, reduces and at ) = 4, it reaches again
the value of the input voltage. Stored energy in the inductance L continues to maintain the current
through it, the voltage of the resonant capacitor decreases and at ) = o, reaches zero. At this moment,
the antiparallel diode VD of the transistor VT turns on and a pulse for turning on the transistor may
be passed, nevertheless, it will start to conduct just at ¥ = o), when the current through its antiparallel
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diode reduces to zero. Thus the transistor turns on at ZVS and ZCS. At the interval 9, — 9, the current
through the inductance increases according to a linear law as it reaches the value of the output current
at ¥ = 9, and it is the cause of the diode VD turning off. Then new turning off of the transistor may
happens for example at ¢ = 1.

The average value of the voltage across the diode VD is separated as an output voltage across the

load using the output filter L, C,. The output voltage value can be changed by changing the switching
frequency thence the interval during which the transistor is turn on changes.

As it is seen in the waveforms, the voltage across the diode VD does not increase the input one but
the transistor voltage is higher than the input voltage with a value dependent on the output current.

There are others schematics of resonant DC/DC converters (Philips, 1991; Skvarenina, 2002) used to
avoid the disadvantage of the studied topologies such as high maximum value of currents and voltages.
The schemas and principles which have been studied till now give orientation in the field to increase
efficiency coefficient of the DC/DC converters together with reducing their sizes and volume.

From the operational principle of resonant converters a conclusion is made that to regulate the output
voltage it is not necessary to change the duty ratio as it is in the hard-switching converters with PWM
but to change the frequency. This is also seen from a block schema shown in Figure 26. It contains the
basic blocks of a controller family used to control such converters with ZVC or ZCS.

The purpose of the error amplifier EA is the same as already described in the converters with a
hard-switching. A new element is VCO — voltage controlled oscillator, whose frequency depends on
the output voltage of the error amplifier. The connected capacitor and resistors to the VCO determine

Figure 25. Electrical schematic and waveforms of a resonant-switch DC/DC buck converter and ZVS
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Figure 26. Block schema used to control resonant converters

the minimum frequency of generation and the range of the change of the frequency. A special feature is
the separated input Zero, used to monitor the current through or the voltage across the transistor of the
converter. For example, when a mode of zero voltage switching is used, the one shot generator One Shot
is programmed for a maximum time for the transistor turning off. This time can be changed by the output
signal of the comparator C. The change of the output comparator signal depends on the voltage value
across the switching device monitored by special circuits. The voltage across the transistor is compared
to a threshold voltage usually equal to 0.5V in such a way that a delay between the moments of turning
the comparator and of turning on the transistor to be guarantee.

The block schema in Figure 26 is also expanded with the characterizing blocks for the other control
methods of the DC/DC converters such as: soft-start circuit, protections, generators of inner supplying
voltages, etc.

A new method to increase energy efficiency in DC/DC converters is described from (Huang, 2007).
This method is modification of the buck regulator and it is called Hyper Light Load'. “Hyper” refers
to a very short time of a transient process under a load change, while “Light Load” refers to a high ef-
ficiency coefficient at low currents — even lower than 10mA.
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Chapter 7
DC/AC Conversion

BASIC INDICATORS

The operational principle of converters from DC into AC electrical powers, so-called inverters, is based
on the idea studied in Chapter 3. In this chapter, the autonomic or independent inverters are studied,
whose operational frequency is determined in general by their control system (Bedford, 1964). These
inverters can be separated in the following basic groups:

1.  Current-source inverters: Their special feature is a presence of an inductance with a very high
value connected in series with the DC source and thus the source become a current generator. As
a result, the current through the devices and in the non-branched part of the output circuit have
waveforms close to a square one. Voltage across the load is specified by its type and parameters.

2. Voltage-source inverters: Their name comes from the waveform of their output voltage — it has
a specific form which depends only on the control algorithm of the power devices of the inverter
circuit and on the type of the circuit at the side of the DC source. More often a capacitor with a
high value is connected in parallel to the DC source and thereby the source is a voltage generator.
Since a voltage with a specific waveform is applied to the inverter output, waveform of the inverter
output current depends on type and parameters of the load.
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3. Resonant inverters: Their common feature is the use of resonance processes to switch the power
devices. Dependent on the power device type and a topology of the power schema, switching at
zero current or zero voltage may be realized decreasing the commutation losses and making the
use of the resonant inverters in high frequency appropriate. The supplies of the resonant inverters
are more often voltage-sources. The inverter load is a part of the resonance circuit, in which reso-
nance processes develop. These processes are developed at the switching of the power devices and
thus the DC source voltage appears to be applied to a series oscillating circuit causing the currents
through the power devices and the load to have waveforms close sinusoidal.

4.  Z-source inverters: Their special feature is a presence of inductances and capacitors connected in
Z-circuit in the input circuit at the DC source side. A special control algorithm is used as a result of
which the total source voltage applied to the inverter is higher than the voltage of the DC source.

Different power devices have implementation in inverter realizations. The relative part of the devices
has been change during the time. Nowadays, thyristors are applied in the current-source inverters and
resonant inverters in comparatively high powers. Power IGBTs are the basic devices applied in the
voltage-source inverters and Z-source inverters. The IGBTs have also found a wider implementation
in resonant inverters. Power MOSFETs are applied in high frequencies in the resonant inverters. The
MOSFET implementation is more limited in the voltage-source inverters.

In general, a tendency of expanding the use of the transistors in DC/AC conversion regardless of
the inverter applied is imposed. Therefore, the main attention in this chapter is paid to the transistor
inverter circuits.

A fundamental indicator of a conversion is efficiency coefficient showing the ratio of the AC power
in the load to the DC power consumed from the source:

ZUf.If.cosqﬁK
n:—L:Kzl
P, U.1l (7.1)

a7 d

v

where in U f v f are effective values of the k-th harmonics of the load voltage and load current, respec-

tively, and ¢, - is displacement angle between them. In this definition, it is assumed that in general
both the load voltage and load current are of non-sinusoidal waveform. Applications and loads, which
allow this assumption to be made, exist. In other cases, it is important to supply the load with a voltage
whose waveform is as closed as possible to the sinusoidal one. Then only a multiplier of k=1 rest in the
numerator of (7.1). This is a characteristic mostly of the voltage-source inverters. Therefore, it is usually
necessary to separate only the fundamental harmonic from a non-sinusoidal voltage at the inverter output.
In this case, the harmonic spectrum of the output inverter voltage is important. The harmonics following
the fundamental are preferable to be of a higher possible frequency to simplify their filtering.

Additional important parameters of the inverters in particular applications may be indicators as vol-
ume, size, level of noise, electromagnetic radiations in the environment, etc.
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SINGLE-PHASE AND THREE-PHASE CONVERTERS
Single-Phase Converters
Current-Source Inverter

Electrical schematic of a single-phase bridge current-source inverter implemented by thyristors, wave-
forms describing inverter operation and vector diagram for the first harmonics of inverter currents and
voltages are presented in Figure 1. When thyristors V’S1 and VS3 conduct after the commutation, the

current flowing through them (1,5, = #,,) is equal to the current flowing through the non-branched
part of the output circuit 7. Part of this current charges the capacitor i .. and the rest of it flows through
the load i, . At the beginning of the next half-period (in our case the negative half-period) for the current
i, firing pulses are passed to turn on the thyristors V'S2 and V.S4. For a short time all four thyristors are
on; the capacitor voltage is applied as a reverse voltage to VS1 (through VS2) and to V.S3 (through V'54).
Capacitor discharging current flows through the circuit including ¥S1 and VS2 in an opposite direction
to the anode current of V'S1, causing a turning off of the last thyristor. Analogical process is developed
in the circuit including V'S3 and V'S4 leading to a turning off of V’S3. Recharging of the capacitor begins

through VS2 and V'S4 with current %,,, = %,, and to a voltage whose polarity is opposite to this of the
previous half-period. The current in the output circuit only changes its direction. It appears in Figure
1.b and Figure 1.c that the first harmonic of the output current leaves behind the output voltage at a

leading angle, 3 which determines the circuit reverse recovery time of the thyristors L (8= wt ) if
the commutation processes are neglected.

Therefore, part of the capacitor value has to compensate the inductive type of the load and the other
part to secure reactive type of the output circuit and circuit recovery time L for a pair of the diagonally
connected thyristors that has been conducting till that moment. If this time is less than the required cata-
logue time for the chosen type of the thyristors - 1,4 breakdown regime happens. In this mode the four
thyristors are on simultaneously and the inverter is a short - circuit for the supply source. The current
through the thyristors in a steady state would be limited only by the parasitic resistance in the circuit and
thus an irresistible break of the devices takes place. The velocity of the current increase is limited by
the large value of the input inductance. To preserve the break in this breakdown mode, special methods
and protection schemas are provided.

Using vector diagram for the first harmonics of the voltages and currents in Figure 1.c, basic char-
acteristics connected with the inverter operation are derived:

pP—-p (7.2)

d L
U,I,=U,Icosp (7.3)

After transforming (7.3), it is found:

U .1 1

L —

Uu.a cos (3 (7.4)

d"d
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Figure 1. A single-phase bridge parallel current-source inverter: a) electrical circuit, b) operational
waveforms, c) vector diagram
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Figure 2. Block schemas illustrating a) independent excitation and b) load dependent excitation in
current-source inverters
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Since the current waveform in the inverter diagonal is a square one with a maximum value of /, and
1 is the effective value of its first harmonic, then using Furrier series the following equation is valid:

I 242
e

1

d

K, (7.5)

where in K| is an inverting coefficient. Its substitution in (7.3) leads to:

L I

U cos 16} (7.6)

d

UK, 1

Therefore, the output voltage can be regulated by changing either the supply voltage or the angle
3.

Two methods for excitation exist in the thyristors current-source inverters — independent excita-
tion and load dependent excitation or self-excitation. The methods are illustrated in Figure 2 by block
schemas.

In both methods, it is possible to realize stabilization of some of variables — input current /, or load
voltage U,. The type of the stabilizing variable depends on the particular purpose of the inverter. To be
able to stabilize a variable, an automatic control system (ACS) is provided. In the independent excitation
— Figure 2.a, the firing pulses are generated by a voltage controlled oscillator VCO. The control voltage
is proportional to the error € in ACS. Thus, the output parameter is inverter operational frequency w,
and a consequence from it is the angle [, the input current and the load voltage, which of course also
depend on load parameters and power inverter circuit. In self-excitation — Figure 2.b, a synchronization
to the load voltage (more rare to the current through the bridge diagonal) is required. The firing pulses
are generated by so-called time set circuits, which assistance determines the angle 3, which is an output
parameter. The operational frequency w, the input current and the load voltage that also depend on the
load parameters and the power schema are consequences of the angle 3 . Pulse distributors to separate
the series of the pulses in different channels for simultaneously turning on of the thyristors, as well as

171



DC/AC Conversion

drivers used to form the required power of the firing pulses so the thyristors to be able to turn on,
are needed in both methods. It is worthy to be mentioned, that the control systems with independent
excitation have higher inertia which at a sharp change of the load may lead to break of the inverter
operation and to turning on of the protection systems. The control systems with self-excitation are
characterized with faster operation but with significantly more complex schema and technology.
Special interest in them is the possibility to regulate and stabilize the load voltage within some range,
without a need of regulation of the controlled rectifier to change the supply voltage U, of the inverter,
by regulation and stabilization of the angle 3 because of the equation (7.6).

Resonant Inverter

The electrical schematic of a resonant inverter is shown in Figure 3. The value of the input induc-
tance L . is lower than this in the current inverter. Here, the thyristors of the pairs of the diagonally
connected devices VS1,VS3 or VS2,VS4 are simultaneously turned on to conduct. The control

system secures the switching with a control frequency &, . The self-resonance frequency of the load

L 1 . . .
circuit is w, =~ \/7 . Dependent on the ratio between the two frequencies, the inverter operates

in resonance - ¥, £ @, , inductive mode w, < w, or capacitive mode - &, > w; . The load circuit
is presented by different equivalent schematic in the different operational modes. Regardless the
pair of the conducting thyristors, a resonance circuit of L ., C .. and the equivalent load circuit is con-
nected to the supply voltage. Let us mark the elements of this series formed circuit as L, C and R.
The parameters of this circuit should satisfy the following equation for the condition of a oscillation
mode to be valid:

R<2-\/g (7.7)

Figure 3. Electrical schematic of a bridge resonant inverter loaded with parallel resonance circuit
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Figure 4 displays the waveforms illustrating the inverter operation in capacitive (Figure 4.a) and induc-
tive (Figure 4.b) modes of the parallel load circuit.

Input current i, with average value /, is formed of the thyristor currents %, = &¢, and g = g, .

The duration of each current pulse is — , w, = [L _ §?, after a pulse, a pause follows till the fir-

L.
ing of the next thyristor pair. Therefore" the dlstanceretween the beginnings of the current pulses is

— . The second waveform is the current through the bridge diagonal i , feeding the parallel oscillating

cuiJICcuit. Dotted line presents its first harmonic. An assumption for a sinusoidal waveform of the current
pulses through the thyristors is usually made. Thus, the voltage across the series connected capacitor
U,
maximum value U €, max during the pauses. The waveform of the load voltage is illustrated at the fourth
diagrams. In capacitive mode it lags in phase to the first harmonic of the load current (Figure 4.a) and
in the inductive mode it goes ahead of the first harmonic (Chapter 4, Figure 6).

The waveform of the thyristors in both modes is of interest. A special feature of series resonance

changes according to a cosinusoidal law during the conduction intervals and it stays DC with its

circuit load is the change of the voltage across the power devices during the pauses ¢, =0, and 0, 0, .
This happens because the load voltage changes at these moments. It appears in Figure 4 that in capacitive
mode the transitory value of the load voltage at 6, is negative, while in inductive mode it may become

positive. Therefore, in inductive mode, the voltage across the thyristhor, when a reverse voltage is ap-

Figure 4. Waveforms illustrating the inverter operation in two modes. a) capacitive mode; b) inductive
mode
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plied, is lower and also a possibility the voltage to become positive during the interval 0, < 6, exists.
This worse case is shown in Figure 4.b. Thus, the angle Hqc and the reverse recovery time 1, are reduced.
In capacitive mode, the reverse recovery time increases but the thyristor voltages also increases, which
is not appreciated because a possibility of break arises.

Voltage-Source Inverters

Different schemas of single-phase voltage-source inverters, as well as different algorithms for control-
ling the power devices and forming a waveform of the output voltage exist. They may be controlled and
uncontrolled inverters dependent on the permission of the used algorithm to change the effective value
of the load voltage. Several of the most widely spread voltage-source inverters are:

. Single-phase inverters with a square form of the output voltage;

. Single-phase inverters with sinusoidal pulse-width modulation of the output voltage;

. Single-phase inverters with selective elimination of harmonics in the waveform of the output
voltage;

. Single-phase inverters with multi-leveled modulation of the output voltage — multilevel
inverters;

. Resonant DC-link single-phase inverter.

The last mentioned inverters have not found a wide implementation and thereby they are not exam-
ined in this chapter.

Figure 5 displays a bridge electrical schematic of a single-phase voltage-source inverter, where Z,
is the impedance of the load. It may be of different type but it is more often of active-inductive type
as it is additionally shown in Figure 5. This is because between points A and B, where the output volt-
age is obtained, a primary winding of a transformer or input of a smoothing filter to remove the higher
harmonics of the output voltage are usually connected. Each pair of lower and upper transistors forms
so-called phase-leg transistors and it is offered by the producer companies in a common body. Some-
times all four transistors are produced in a common body. The legs are marked as leg A and leg B. The
transistor symbols include subscript of the leg to which it belongs and upperscript “+” or “-” indicating
whether the transistor has a common point with the positive or the negative source lines. The gate sig-
nals to the transistors in a leg are inverted to one another because the two phase-leg transistors can not
be on simultaneously. This would be a break-mode represented a short - circuit through the transistors
for the supply source.

Figure 6 depicts the waveforms illustrating the schema operation in both cases — uncontrolled in-
verter Figure 6.a and controlled inverter with a waveform of the output voltage undependable on the
load Figure 6.b. At the top of the load voltage, the power switches, which conduct during the corre-
sponding intervals are marked. Now, the uncontrolled inverter will be studied. The transistors turn on
two by two and diagonally connected ones. For example, when VTI, VT, are on, the voltage at point
A regarding point B is positive and equal to the source voltage (the voltage drop across the transistors
are neglected). The current flows from left to right through the load. At ¥ = 7 control pulses to turn
off VT, VT, and to turnon VT, , VT, are delivered. VT, VT, turn off but because of the stored

energy in the load inductance V7,7, VT, do not immediately turn on. A certain time interval during
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Figure 5. Bridge schema of a single-phase voltage-source inverter

e

which the current maintain its direction is necessary. During it the diodes VD,;, VD, conduct, the load
voltage changes its sign and through the diodes the load energy is accumulated in capacitor C,. Only

when the load current decreases to 0, the transistors V7, VT begin to conduct (they have turning
on pulses since ¥ = 7 ) and the load current begins to flow from right to left. Analogical processes are
also repeated afterwards, i.e. before the next pair of the diagonally connected transistors star conduct-
ing, their antiparallel diodes conduct. The conducting intervals of the diodes depend only on the load
parameters — time constant and value of the load current. Figure 6 displays the waveform of the cur-
rent i, whose place in the inverter schema is marked in Figure 5. This current always flows from left
to right when a pair of diagonally connected transistors conducts, and it is always flows from right to
left when a diagonally connected diodes conduct. The average value of the current i, is equal to the DC
current consumed from the supply source U, Its value corresponds to the DC power from the source.
If the load is active, then the waveforms of the current and the output voltage will be identical and the
conducting intervals of the antiparallel diodes will miss. In practice, the ideal pure active load is hardly
met. It appears from the schema operation that the output voltage value regulation can not be fulfilled

in the chosen control algorithm for the power devices. The output voltage is equal either to +U, in the

positive half-period or to —U , in the negative half-period.
The effective value of the output voltage for uncontrolled inverter can be derived from the graphic
in Figure 6.a as:

1 ™
U = ’— Uldy =U
L ﬂ-‘of d d (7.8)

The effective value of the first harmonic of its output voltage is:

Ul — Ui]w — 2\/5 U 79
L \/5 T (7.9)
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Figure 6. Waveforms of a) uncontrolled inverter, b) controlled inverter
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Single-phase uncontrolled inverter is applicable when changes of the output voltage caused by changes
of the source voltage stay within a range, which is permitted for particular consumer. The voltage drops
across the power devices, which increase with an increase of their current, as well as the load current,
have been neglected in the already made study. Very often a range of the change of the source voltage
is wide, for example accumulation batteries, fuel cells, photovoltaics, and causes high change in the
output voltage values in a combination with a change of the load current. Thus, normal operation of the
consumer will be disturbed and because of that a regulation and stabilization of the output voltage is
required. The primary idea is to make a delay between a moment of turning off of a transistor pair and
a moment of turning on the next pair, as it is shown in Figure 7. For example, if transistors V", VT,
are turning off at ¢y = 91 then VT, VT are turning on at ) = )2 . Thus a controlled voltage-source
inverter with an output voltage waveform dependable on the load parameters is realized. As it appears,
at every turning off of transistors, which have been conducting till the moment, antiparallel diodes of
the other two transistors are turning on because of the stored energy in the load inductance. The output
voltage alters its sing and stays in that state till the load current decreases to 0. These intervals depend
only on the load parameters and in practice both harmonic spectrum and regulation are disturbed because
the pauses in the waveform of the output voltage may not appear in particular loads.
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Figure 7. Waveforms of the output variable dependent on the load
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A controlled inverter with a waveform of the output voltage undependable on the load parameters is
realized using a control algorithm for the power devices operating as it is illustrated in Figure 6.b. Dura-
tion of a pause, which is changeable to be able to implement the regulation, is marked as ¢ . As it is seen
form the figure, only one of the transistors of a diagonally conducting pair is turned off after their interval
of conductivity. The load current flows through the continuing conducting transistor and the antiparallel
diode of its neighbor in the other leg. The output voltage becomes equal to 0 and also a circuit for the load
current is secured. At the passing of pulses to turn on the other pair diagonally connected transistors, the
processes are analogical to those studied in the uncontrolled inverter.

The effective value of the output voltage may be derived from the waveform shown in Figure 6.b
as:

1 "F a
U= |=.|0dd=U,. 1——
I ,/W [ p “/ - (7.10)

The effective value of the first harmonic of its output voltage is:

Ut 2.\/5 o
Ui :ﬁ:—.(]d.cosa (7.11)

s

Two additional topologies of single-phase inverter with square form of the output voltage are shown
in Figure 8. Figure 8.a displays a half-bridge electrical schematic, and Figure 8.b depicts the schema with
a middle point of the output transformer or so-called push-pull schematic.

The half-bridge inverter schema contains only one transistor leg and the supply voltage is divided
in half by the use of two capacitors. The purpose of the antiparallel diodes is the same as this in already
studied bridge schematic. The transistors are turned on in sequence to form each of the half-period of the
output voltage. In active-inductive load, when a control pulse to turn on a transistor is passed, its antipar-
allel diode conducts at first securing a return of the part of the reactive load energy on the corresponding
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Figure 8. Schema topologies of single-phase voltage-source inverters: a) half-bridge and b) push-pull
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input capacitor. Only when the current decreases to 0, the transistor begins to conduct and the load current

alters its direction. When an upper device VTA+ or VD;r is on, the voltage of the upper capacitor C, is
applied to the load with the positive terminal at the right end of the load. When a lower device VT or
VD, is on, the voltage of the lower capacitor C',, is applied to the load with the negative terminal at the
right end of the load. The effective value of the output voltage and its first harmonic are:

> (7.12)

(7.13)

In this schema a regulation of the form of the output voltage dependent on the load parameters can be
realized. Also, a regulation undependable on the load parameters can be implemented if a bidirectional
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controlled device is connected in parallel to the load. The controlled device is turned on when a main
transistor turns off and it maintains the same load current direction and zero voltage across it. In practice,
the already studied bridge schematic is preferable.

The output transformer with a middle point is a special feature of the push-pull inverter schematic
— Figure 8.b. The transistors turn on in sequence and thus the supply voltage is applied to each half of
the primary winding. Therefore, the secondary voltage alters its sign each time and changes its value
according to the corresponding transform ratio n. The effective value of the output voltage and its first
harmonic are:

U, = ’%f(nUdf AV =nU, (7.14)
0

:UiM:2\/§n
— =

V2

The purpose of the antiparallel diodes is analogical to this in the already studied schematics. The
diodes begin to conduct at the moments when control pulses for turning on the transistors are delivered.
The transistors turn on only when the current through the antiparallel diodes decreases to 0. The above
written about the regulation of the half-bridge schema is also valid here with the only difference that
bidirectional controlled power switch has to be connected in parallel to the primary winding of the trans-
former. However, this schema is usually used to implement uncontrolled inverter. The maximum value

U, U, (7.15)

of the voltage across each power device in the push-pull schema is equal to 2.U, . For example, when
Vv T41 turns on the sum of the supply voltage and the inductive voltage of the right half of the primary
winding, also equal to the source voltage is applied to VTf .

Low-number harmonics following the fundamental one — all odd harmonics 3,5,7... characterize the
waveforms of the output voltage of the uncontrolled inverter and of the controlled inverter in ¢Gur.7.6.
This is disadvantage because the inverters require filters of a large volume and size.

A method of sinusoidal pulse-width modulation is used to eliminate the lower number harmonics and
to improve the harmonic spectra (Mohan, 1995). This method is illustrated in Figure 9 for the half-bridge
schema in Figure 8.a. Here, the modulation is bipolar because within a half-period the output voltage
changes its polarity. Turning on and off of the power switches is based on a comparison in the control
system of a control sinusoidal voltage u . with frequency equal to the frequency of the first harmonic
of the output voltage (with a period 7)) to a saw voltage g, (with a period T), as it is shown in the
figure. If the control voltage is higher than the saw one, the upper device turns on, otherwise the lower
switch turns on.

When a switch is on, the load voltage is equal to the half of the source one. The regulation of the
first harmonic value of the output voltage is obtained by changing the ratio of the amplitudes M, which

can be between 0 and 1. For this purpose, the amplitude of the control voltage U c, 1s changed. The
maximum value of the first harmonic of the output voltage is derived using Figure 9, as:

U, =M, —- (7.16)
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Figure 9. Waveforms explaining bipolar sinusoidal pulse-width modulation for the half-bridge schema
in Figure 8.a
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Therefore, the maximum value of the first harmonic of the output voltage depends on the value of
the source voltage and the voltage amplitude ratio.

An important parameter determining the harmonic spectrum is the frequency ratio M, [, which must
be an odd number in bipolar modulation. The harmonic spectrum depends on the coefficient M, and it is

[

!
\

presented in Figure 10 when M, = 0.8 . Lower number harmonics miss. It appears that with an increase
of the switching frequency of the power devices (increase of M), the harmonics shift to the direction of
higher frequencies, i.e. their filtering becomes easier.

Figure 10. Harmonic spectrum for bipolar sinusoidal pulse-width modulation
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The harmonic values change with a change of M , i.e. atregulation of the output voltage. Therefore the
shown ratios in Figure 10 are valid only when M, = 0.8 . The most influence has always the harmonic
with frequency M. In this amplitude ratio, it is almost equal to the fundamental harmonic, but in a low
values of M , it may appear higher in value than the fundamental harmonic. Bipolar sinusoidal pulse-
width modulation can be also realized in the bridge schema in Figure 5. The operational algorithm is the
following — when the control voltage is higher than the saw voltage V7, and VT, turn on, otherwise
VT, and VT, turn on. When a pair of power devices is on the whole supply voltage is applied to the
load. The maximum value of the output fundamental harmonic is:

Ul = MU, (7.17)

LM

Further improvement of the harmonic spectrum can be achieved by using uni-polar modulation ap-
plied in the bridge voltage-source inverter circuit — Figure 11. Here, the coefficient M/‘has to be an even
number. The operational algorithm is: when the control voltage is higher than the saw voltage V7T',"

Figure 11. Waveforms explaining unipolar pulse-width modulation for the bridge schema in Figure 5
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turns on, otherwise - VT~ . When the control voltage displaced at 180° is higher than the saw voltage

VTB+ turns on, otherwise - VT, . There are intervals during which the two upper or the two lower
devices are simultaneously on. These are the intervals of the pauses in the output voltage when a power
devise conducts with an antiparallel diode of the devise connected to the same pole of the source voltage
dependent on the load current direction. The equation (7.17) for the maximum value of the first harmonic
of the output voltage is also valid in this case.

Figure 12 displays the harmonic spectra for uni-polar sinusoidal PWM. It appears in Figure 12 that
the harmonics are shifted to the higher frequencies and thus their filtering is simplified. Compared to
Figure 10, a frequency bandwidth around M » 3.M ;- ete, misses.

The method of a selective elimination of harmonics will be examined for the bridge schema in Figure
5 (Chiasson, 2004). The method is designed to eliminate bad harmonic spectrum of the square wave-
form of the output voltage and high commutation losses of the sinusoidal pulse-width modulation. The
purpose of this method is to obtain comparatively good harmonic spectrum of the output voltage using
comparatively low commutations and some of lowest odd harmonics typical for the square waveform
of the output voltage to be selectively removed during this commutations — see Figure 13.

Figure 13 depicts the waveform of the load voltage. The commutation number and their angles are
chosen in such a way that specific harmonics of the waveform of the output voltage to be eliminated.
Three cuts into negative directions are made at the positive half-period — 1, 2, 3. Analogical, three cuts
are made into positive directions at negative half-period - 4, 5, 6. The fifth and seventh harmonics of the
output voltage waveform are eliminated using three cuts in a half-period. Using five cuts in a half-period
—the fifth, seventh, eleventh and thirteenth harmonics are eliminated. This method may be applied also in
three-phase inverters. As it will be clarified at the study of the three-phase inverters, the third harmonic
and harmonics divisible to three are mutually compensated and do not exist in the output voltages of the
three-phase inverter because of the properties of a symmetric three-phase system. A special ratio among
the angels ¥, ¥,, ¥, in Figure 13 has to be observed for the so-studied harmonic spectrum at regulation
of the output voltage to be kept the same. Figure 14 explains this ratio. The ratio of the maximum value
of the first harmonic to its maximum possible value is put at X-axis in Figure 14.

Figure 12. Harmonic spectrum for uni-polar sinusoidal pulse-width modulation
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Figure 13. Waveform of the load voltage in selectively harmonic elimination
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The maximum possible value of the first harmonic is:
1
U,), =1,188.U, (7.18)

Disadvantage of the method of the selective elimination of harmonics is that different ratio among the
angles (see Figure 14) is required in order to maintain the harmonic spectrum constant at every change of
the output voltage. Contemporary control systems implemented on the basis of microcontroller or program-
ming logic allow removing this disadvantage. Also, artificial neuron nets are used (Haque, 2005).

Another method to improve harmonic spectra in voltage-source inverters is modulation of the out-
put voltage in several levels (Skvarenina, 2002). The electrical schematic of a single-phase inverter
with modulation of the output voltage in several levels is shown in Figure 15. Their number is five -

U
=U,): (==5),0,—=+.,U,. Figure 16 depicts the waveform of the output voltage across Z, .

Y ?
Disadvantage 0% the method of the modulation of the output voltage in several levels is the
increased number of power devices and because of that it has not found a wide implementation in

Figure 14. Change of the output voltage dependent on angles V,,9,,9, shown is Figure 13

17 727

49,99

183



DC/AC Conversion

Figure 15. Bridge schema of a single-phase voltage-source inverter with five levels of modulation and
limiting diodes
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single-phase inverters. The implementation of the method is wider in three-phase inverter schemas
and in higher powers.

Three-Phase Converters

Figure 17 displays an electrical schematic of a three-phase voltage-source inverter containing 6 transis-
tors; their antiparallel diodes are also presented. The legs are leg R, leg S and leg T corresponding to the
common point of the two transistors. The transistor symbols are as those in the single-phase inverters
- symbols include subscript of the leg to which it belongs and upperscript “+” or “-” indicating whether
the transistor has a common point with the positive or the negative line with the source. Some producers
offer the six transistors in the same body. The control signals of the transistors are marked with low let-
ters corresponding to the leg. According to the control algorithm the following inverters can be realized
by the shown schematic:

. Three-phase voltage-source inverters with a square waveform of the output voltage;

. Three-phase voltage-source inverters with sinusoidal pulse-width modulation of the output
voltage;

. Three-phase voltage-source inverters with a space-vector pulse-width modulation of the output
voltage;
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Figure 16. The output voltage of the inverter shown in Figure 12

[

. Three-phase voltage-source inverters with hysteresis-current control;

. Using a change in the power schema or a combination of several schemas, three-phase voltage-
source inverters with modulation of the output voltage in several levels is implemented — multi-
level inverters.

Three-phase inverters with square waveform of the output voltage. Let 1, 8, t as binary variables are

the control signals for the upper transistors. When a signal is 1 than the corresponding transistor is on,

Figure 17. Electrical schematic of a three-phase voltage-source inverter
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and when a signal is 0 — the transistor is off. Since it is impossible both phase-leg connected transistors
to be simultaneously on, because this would be a break-mode represented a short-circuit through the
transistors to the supply source, > 8t are the signals for controlling the lower transistors. Of course,
the logical levels of 1 and 0 correspond to the required voltage values to turn on and to maintain the off
states of the transistors — they are usually +15V and -5V. Possible combinations of these three binary
variables are 8, but two of them are not used in the case of a square waveform of the output voltage.
These combinations are 111 — all upper transistors are on, and 000 — the three lower transistors are on.

Figure 18 depicts the six possible combinations of the control signals. Also, the first harmonics of
the corresponding phase and phase-to-phase voltages forming a symmetrical three-phase system are
shown.

It has to be mentioned that the waveforms of the phase voltages regarding point O can be monitored
only if the load is with a taken out star center, which is not available in all loads.

Figure 19 shows the equivalent connection schemas of the three-phase loads to the source voltage
corresponding to the six possible combinations of the control signals. Taking in mind that the load is
symmetrical, the values of the phase voltages in each interval are easily found from the equivalent sche-

matics. For example, in a combination 001 the voltage across Z, is 2 .U, , and the voltages across Z; and
3

Figure 18. Voltage waveforms for the schema in Figure 17
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1
Z are (—=-U,).If only a voltage across particular loads is studied consequently in all intervals, then
the corresponding waveforms in Figure 18 can be obtained. The maximum value of the first harmonic
of the phase-to-phase voltage can be derived as:

U, = LU, cosT = i.ﬁﬂd = 1,10, (7.19)

T 6 T 2

The maximum value of the phase voltage is:

2
.7.—3.Ud ==, ~0,6370, (7.20)

UROM = \/5

Based on the three phase voltages a space voltage vector can be defined. It is made by multiplying
each phase voltage by an operator giving its space orientation. The space voltage vector is:

27 Am

V() =V (t) e + Ve ® +V,,e " (721)

Figure 19. Equivalent schematics of a three-phase load for the schema in Figure 17

isr =001 tsr =010
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It is known that:

Vio = Vaw 7 Vo
Vo= Var ¥ Vo
Vio = Viy ¥ Vo (7.22)

The space voltage vector can be also defined on the basis of the three voltages in respect to the

minus of the supply source point N after substituting (7.22) in (7.21) and taking in consideration that
21 Am

e 4ed 4t =0
(7.23)

21 Am
— 0 J— J—
‘/S <t> = VRN (t)'e] + ‘/SNe ’ + VTN'e ’

The values of the space voltage vector in the possible combinations of the control signals of the up-
per transistors are put in Table 1. As it has already been mentioned the first and the last combinations
are not used in the inverters with square waveform of the output voltage. Thus, the space vector always
takes one of the set six positions and its apexes form a regular hexagon shown in Figure 20. The module

of the vector is always equal to the source voltage:
V(1) = v, (7:24)

The maximum value of each phase voltage is equal to 2 of the space vector module or it is 2 U,.
This coincides with the waveforms in Figure 18. 3

In symmetrical systems the harmonics divisible by 3 are mutually compensated, thus they are miss-
ing in Figure 21 that displays the harmonic spectrum of the phase-to-phase voltage of the three-phase
inverter with square waveform of the output voltage. The harmonic numbers in the figure are determined
in accordance with:

Figure 20. Positions of the space vector in the case of a square shape of the output voltage

17,(010) 7, (011)
7, (110) 7, (001)
V,(100) V5 (101)
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k=6n+t1,n=123.... (7.25)

The maximum and effective values of the harmonics are:

Ul
AB,,
UfBM = Uy, = 23 (7.26)

Figure 21. Harmonic spectrum in the case of a square shape of the output voltage of a three-phase
voltage inverter
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U,
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Table 1.
Control variable Basic vector Value
t S r
0 0 0 - 0
V. (000)
0 0 1 - 0
V1 (00 1) U 4 .’
0 1 0 -
V. (010) T
2 Ude 3
0 1 1 — R
V,(011) o3
d
1 0 0 -
V. (100) iz
4 Ude 3
1 0 1 = Y
V.(101) s
d
1 1 0 N .
V. (110) Ue
1 1 1 — 0
V. (111)
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The method of the sinusoidal pulse-width modulation illustrated in Figure 22 is applied to improve
the harmonic spectra of the output voltage of the electrical schematic in Figure 17. The saw voltage with
a high frequency is compared to three control voltages displaced at 120° to each other (one for a phase)
with a frequency of the first harmonic of the output voltage.

When the control voltages U,.,U ,,U,.. are higher than the saw voltage, the upper transistors of the
corresponding phase turn on and when they are lower — the lower transistors turn on. In these inverters,
the first and the last combination of the control signals are used — 000 — pulses to turn on the three lower
transistors and 111 — pulses to turn on the three upper transistors. Figure 22 also depicts the voltages in
points A and B in accordance with the minus of the supply source point N, as well as the phase-to-phase
voltage found as a difference between the two phase voltages. There are three types of conductivity of
the power devices for the three-phase inverters with a sinusoidal pulse-width modulation and active-
inductive load. The two of these types are as in the inverters with a square waveform of the output volt-
age. The first is when only transistors conduct — the current i, flows from left to right and active energy
is consumed from the supply source. The second is when antiparallel diodes conduct — the current i,
flows from right to left and reactive energy is passed back to the supply source. The third is when all
phase voltages in accordance with point N are equal to U, or 0. In this conductivity type, simultane-
ously conduct only devices connected to the positive pole of the source or only devices connected to

the negative pole of the source. Thus the current i, is 0, therefore reactive power of the load circulates
in the inverter schema.

Figure 22. Waveforms of a sinusoidal pulse-width modulation in a three-phase voltage-source in-
verter
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Figure 23. Positions of the space vector in sinusoidal pulse-width modulation of the output voltage
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Similar to the single-phase inverter with sinusoidal pulse-width modulation, here, also the coefficient
M, has to be odd and moreover divisible to 3. Therefore, the harmonic spectrum of each voltage of point
A and point B are identical to those of the single-phase inverter with bipolar pulse-width modulation —
Figure 10.

The maximum value of the first harmonic of the phase voltages in accordance with point N is:

U, U
Upy, =M, ?l and Uy, = M,. j (7.27)
The first harmonics are displaced at 120°. The effective value of the first harmonic of the phase-to-
phase voltage is:

J3 U
1 _ d
URS —_— ﬁ'MA'?
Since the switching is with a high frequency, the space vector rotates in spite of setting in one of the
fixed six positions.
Rotating, the apex of the space vector forms a circumference shown in Figure 23. In the figure the
hexagonal shape of the output voltage is also shown. The value of the space vector for the six fixed

position in square waveform of the output voltage of inverter is U, and in sinusoidal pulse-width modu-

3
lation it is U, .
Space-vector pulse-width modulation of the output voltage is realized using the basic schematic in
Figure 5 applying an appropriate control. The voltage space vector is defined by its average value in a

switching period for the power devices 7'

= 0.612.M .U, (7.28)

T (1) = Ty (2) e + T (1) 7 47 (1) (729)

— 'RN

The six vectors corresponding to the voltage space vector positions in square waveform of the output
voltage form six sectors shown in Figure 20. Also, the combination of the control variables correspond-

ing to zero vector 17;(000) =0 and 177(111) = 0 are used. See Figure 24.
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Figure 24. Explanation of the principle of the space-vector pulse-width modulation of a three-phase
voltage-source inverter
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Let us mark as M, the ratio of the period of the first harmonic of the output voltage to the switching

period:
T
M, =—
T, (7.30)

. .. 27 .. .
Then, the space vector will take positions over — rad . For a sector the positions will be over

2 rad . How to determine the module and phase of[ the space vector in each sector is explained in

6.M
Figufe 25 for sector 1.
The combinations of the control variables corresponding to the basic vectors 171 and ‘73 bordering

the sector are applied for times #.7,, and ¥-T, respectively. The combinations of the control variables
Figure 25. Explanation of determining the module and phase of the space-vector

V01)=V, e’

-
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corresponding to 17;) and 177 are applied for %-TS each. The following equation is valid:
r+y+z=1 (7.31)

The average value of the space vector for interval 7 is:

(nt)7s
= 1 = 1 - - - -
V== [ V,(t)dt ==(2T,V, +yT,V, +20) =2V, + 4.V,
T, ;£ T, ( ! ’ ) ! ’ (7.32)
After substituting the basic vectors with their values in Table 1, it is found:
I75 =V, z.e + y'ejg] (7.33)

It appears from the equations and in Figure 25 that changing z = 1 — (x + y) will change the module

of the vector and through changing the ratio 7. its phase angle O will change.
It is obvious that the space vector has a makimum value in z + y = 1. Figure 25 depicts its position

1
nr=y= 35" After substituting in (7.33) and transformation, the maximum value is found as:

v, (t)M = g.(]d (7.34)

The apex of this maximum in value space vector will trace a circumference which tangents in each
sector are the lines connected the apexes of the basic vectors of the corresponding sector. So-formed
circumference is shown in Figure 26.

This circumference is the inscribed one in the regular hexagon which apexes are the apexes of the
basic vectors or the positions of the space vector in the square waveform of the output voltage.

Figure 26. Positions of the space vector in space-vector pulse-width modulation of the output voltage
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The maximum value of each phase voltage is 2 of the value of the space vector or from (7.34) it
is found:

— 1
Veon = E'Ud (7.35)

Since the maximum value of the space vector in sinusoidal modulation is 3 U, using the space-
vector pulse-width modulation secures 15% better use of the supply voltage.

In practice values of x and y are found corresponding to a sequence of values of © . The following
equations are derived using the triangle in Figure 22:

o

.cos|O¢ +
2.0, +3]

sin©, (7.36)

=5

If a maximum value of the space vector is maintained and taking in consideration from (7.31) that it

3
referees to the value of the supply voltage of ——, then from (7.36), it is found:

T = CoS [@ ¢t Z]
i 6 (7.37)
y =sinO,

Shifting consecutively from sector into sector it is known which basic vectors corresponds to x and
y. Calculation and forming of the control signals in real time is made using appropriate software based
on digital signal processors. Therefore, it is very convenient that the component x to be identify as axis
r, s, t in series.

In the three-phase inverters with a hysteresis-current control the transistor control is realized on the
base idea explained in Figure 27 (Mohan, 1995). The purpose in this control is to obtain sinusoidal cur-
rents in the three-phases. The basic part of the control system for the transistors in phase R is shown.
The control channels for the other two phases contain the same blocks. Three sine waves forming a
symmetrical three-phase system with a frequency equal to the fundamental harmonic are passed to the

corresponding channels as reference sinusoidal waveforms. The sine wave %, is the reference one
for the channel R. It is continuously compared to the transitory value of the current i, gained through a
current sensor CS, . The comparison is made with a hysteresis and it is explained in Figure 28. If the
current has to increase in accordance with the transitory value of the reference sinusoidal wave, the upper
transistor turns on. At the reach of the upper border of the hysteresis, the lower transistor turns on because
the current should already to be reduced in accordance with the reference sine wave. The control signal
for the upper transistor is shown in Figure 28 — signal . This operational principle is realized during the
whole period also for the other two phases. The switching is with a high frequency.

Other methods to control and regulate the voltage inverters are known, for example, sliding mode
control (Carpita, 1994) and predictive current control (Abu-Ruh, 2004).
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Figure 27. Schema to realize hysteresis-current control
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Regardless the implementation and the element base — analogue, digital, based on microcontrollers,
special integrated circuits or digital signal processors, the secured functions from the control systems
connected to the voltage-source inverter operations are the same.

Figure 29 displays a general structural schema of a control system describing the required basic func-
tion. The pulses for the gates of the power transistors in the inverter schema are delivered from a driver

Figure 28. Waveforms illustrating the hysteresis-current control
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blocks securing the required levels of signals to turn on and off the device and also securing a galvanic
isolation. The electrical schemas of these blocks are many and different. Moreover, in the “intelligent
power modules” the drivers are embedded in the same body with the transistors. The basic signals con-
nected with the operation of the power schema and the load supplied by the inverter are monitored using
feedbacks — current and voltage transformers, Hall sensors, optoelectronic circuits, current and voltage
transducers, etc. Of course, their number and type are defined by the particular implementation.

The signals received from the feedbacks are processed by the regulator system including appropriate
regulators and regulators algorithms. The output signals of this system characterizing the voltage-source
inverters such as regulation of the first harmonic of the output voltage and its value regulation are con-
ventionally shown. The functions of the generator block are general. It generates pulse-width pulses,
as well as a signal with the fundamental harmonic of the output voltage but with different value in the
two half-periods. These two signals after logical operations are distributed to the transistor drivers. As
it is in each power electronic converter, here, also special measurements are provided for break-down
mode protections, as well as a suitable indication of the basis states and parameters. The last mentioned
functions are obligatory but they are not separately shown in Figure 29. Part of the protection measure-
ments are sometimes provided in the drivers.

The comparatively easiest implementation of the control system is that of the single-phase bridge
inverter in Figure 5.

Figure 30 displays a block schema, which operation is the closest to the implementation way of the
shown in Figure 8 — a comparison of a saw voltage with a high frequency to a sinusoidal waveform,
whose frequency is equal to this of the first harmonic of the output voltage. The symbols in Figure 30
are in accordance with the symbols in Figure 9.

The sinusoidal voltage generator (SVG) may be implemented using analogue integrated circuits or
combination of analogue and digital methods and it has two output signals. The first is the sinusoidal
voltage, which is passed to the non-inverting input of the comparator C, and the second — a voltage
with a saw waveform with a different sign in its two half-periods. The second signal can be obtained of
the sinusoidal voltage using a comparator with a zero threshold. A phase locked loop (PLL) circuit is
available. The pulses in its output are with frequency Mftimes higher than this of the sinusoidal voltage
because of the connected frequency devisor (FD). The saw voltage generator (Saw V) generates a voltage
of a saw waveform and it passes the voltage to the inverting input of the comparator. The operation of
SawVG is synchronized to the output pulses of PLL-circuit. At the output of the comparator, a sequence
of pulses is produced, as it is shown in Figure 30. In applications where a regulation of the output voltage

Figure 29. General structural schema of a control system
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GENERATION pulses PROCESSING DRIVERS
»DISTRIBUTION - |."
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Figure 30. Structural schema to implement a sinusoidal pulse-width modulation
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frequency is not required, the schema can be simplified and the PLL block can be removed. The neces-
sity to regulate the frequency of SVG, as well as the input signal for this regulation, is also eliminated.
When the ratio M, is very high, i.e. the frequency of the saw voltage is many times higher than this of
the sinusoidal voltage, the error of the lack of a precise synchronization does not significantly reflect
on the waveform of the output voltage and SawVG can be without a synchronization input. All these
simplifications can be made after an assessing of the requirements of the inverter load.

The shown principle is applicable also in three-phase inverters with pulse-width modulation, as it has
been described in Figure 22. In this case, SVG has to generate three sinusoidal waveforms displaced to

each other at 2,

rad. The three sine waves have to be passed to three comparators at the other inputs
of which a signal of a common SawVG should be delivered.

A possible conception at using microprocessor systems is to bring the function of generation of the
pulse-width modulation signals in a special peripheral chip to use minimum resources of the control
processor. The firm GEC Plessey has offered at the market the integrated circuit MA838 of a single-
phase generator of pulse-width modulation pulses in accordance with a sinusoidal law (GEC Plessey
Semiconductors, 1995). The IC is compatible with microprocessors and microcontrollers of Intel and
Motorola. The structural schema of the IC is shown in Figure 31. It has two outputs with TTL-levels.
They are used to control upper and lower transistor of an inverter leg via a driver. Regardless of inner
register states, both outputs are in low level when a low level signal is passed to the input T'RIP. This
input is used to protect the inverter of current overloading. At the same time at the output SETTRIP a
high level is set that indicates the prohibition of the pulses to the power transistors. This state is main-
tained till a circuit reset is performed by a low level at input RST .

MAZS38 generates pulses with a required waveform for both transistors directly from inner memory
ROM and requires influence of a control processor only to change the parameters of these signals. The
change is made through a standard 8-bit multiplexed bus for address/data SYSTEM BUS of MOTEL
type, compatible with the most widely spread microprocessors and microcontrollers. Using this bus,

signal CS and signal for interface MOTEL', the IC is programmed as a peripheral chip for the micro-
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Figure 31. Structural schema of a special integrated circuit MA838. Source: ©Gec Plessey Semiconduc-
tor 1995, Publication No DS3798 Issue No 3.1, July 1995
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processor system. The programming is made using special inner registers. There is a possibility to set
the output frequency and the modulation coefficient, minimum duration of the pulses and “dead” time,
as well as to change the carrying frequency at modulation. The accuracy of setting the output frequency
corresponds to 12-bit. The frequency can be changed to 4 kHz ; the carrying frequency can be chosen
to 24 kHz . The written data in the inner permanent memory corresponds to a bipolar sinusoidal pulse-
width modulation as one shown in Figure 8.

The contemporary microprocessors combine most of the functions to generate pulse-width modula-
tion pulses sequences through very well developed timer systems and with wide abilities of program-
ming control. This has become possible by the simultaneous increase of their fast reaction to be good
enough to obtain a required accuracy and discreet level. The series of the width modulated pulses may
be preliminarily written in the series of memory cells, as it is proposed in (Maurice, 1992).

A special feature of the three-phase voltage-source inverters with a space-vector pulse-width modu-
lation is a presence of six active vectors 171 — 176 (at which a DC voltage is applied to the load) and two
zero vectors 170, 177 (at which a DC voltage is not applied to the load). Other feature both to single-phase
and three-phase voltage-source inverters is a prohibition of simultaneously turning on of both phase-
leg devices, because of the input circuit impedance this would lead to a short-circuit for the source. A
simultaneously turning on of both phase-leg devices is allowed only in resonant DC-link inverters where
a resonance process is developed caused by the elements connected in the input.

In the Z - source inverters one additional zero vector is added to the two zero vectors. The new zero
vector corresponds to a simultaneously turning on of both phase-leg devices and no voltage is applied to
the load. This is made without a danger of breaking the power devices because of the impedance of the
inner circuit. Additionally, in this case as a result a DC supply voltage to the inverter is gained and also
the voltage is higher than the output voltage of the DC source. l.e. if the DC source voltage is low, the
medial boost high-frequency DC/DC converter or a connection of boost low-frequency transformer in the
output of the inverter is not necessary. The principle is applicable also in the single-phase inverters.
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An electrical schematic of a three-phase Z-source inverter is shown in Figure 32 (Huang, 2006). It
contains passive elements in its input- L, L,,C|,C, , which elements form so-called Z-source. The con-
nection of diode VD is obligatory in using DC voltage, which current should not change its direction,
for example fuel cell. Since the voltage in the input of the Z-source may become higher than the DC
source voltage U, . in particular intervals, the diode is connected.

If a switching period 7 is divided into two parts 7, and T,, where in T corresponds to the time dur-
ing which both phase-leg devices are on, and taking in consideration (7.28), the following equation is

found:

T, =T7+17,
T, 4
a=-"b=—
TS TS
rT+y+z=>
a+b=1 (7.38)

Equivalent schemas illustrating the operation of the inverter shown in Figure 32 are presented in
Figure 33. The first equivalent schema Figure 33.a corresponds to the third zero vector when both phase-
leg devices are on, and the second one — Figure 33.b — to the rest eight vectors.

The values of the two inductances are equal as well are the values of the two capacitors. Therefore,
they can be made in a common core also because of the inductance voltage polarities.

Using Figure 33.a the following equations can be written:

U B di,
c2 T 2 T dt
UCI = UCQ = Uc; Upy = Uy = Uy (7.39)

Figure 32. Electrical schematic of a three-phase Z-source inverter
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Figure 33. Equivalent schemas illustrating the operation of the inverter in Figure 29
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Since the DC capacitor voltages are applied to the inductances, their currents increase in accordance
with a linear law.

Using Figure 33.a for 7 is found:

u =2U,
u, =0 (7.40)
For the rest intervals included in 7, it is found from Figure 33.b:
r = Upe = U
u, =U,—u, =2U,-U,, (7.41)

Across the inductances a DC voltage is applied again and the inductance currents decrease in ac-
cordance with a linear law.

Since the voltage across each inductance during a switching period is zero, it is found:
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T,
1 _ a
1, T
UC = 1‘; _ j’; .UDC = ' UDC
-2 (7.42)

S

Using similar approach, the average value of the input inverter voltage is obtained as:

& T.O0+T.20,-U,,
U, = [u,dt =~ bg‘ oc) (7.43)
0

N

After substituting U from (7.42) in (7.43) and transformations, the following equation is derived:

d T _ T 7 DC C (744)

Therefore, the voltage of one of the capacitors can be monitored as a feedback for the value of the
input inverter voltage. Using (7.41) and (7.44), the highest value of this voltage during interval T, is
found as:

T, 1
v, =2U,-U, B = § U =KU,  =——1U

aM C DC T —T DC DC DC

b a 1_2&
- (7.45)

N

As it appears form (7.45), K > 1 and it may be called an increasing coefficient, i.e. during 7, at the
input of the inverter an increased voltage dependent on the time 7, will be applied. Therefore, a medial
high-frequency transformation of the DC source voltage is not required. During 7, a modulation to
regulate the output inverter voltage is made, and, for example, if the modulation is a sinusoidal one, the
maximum phase voltage is:

U, =MU, =M.KU,, (7.46)

ANM

It appears from (7.46) that the regulation of the output inverter voltage can be obtained by the two
coefficients K and M. But one have to take in mind that the two coefficients are mutually connected
by the equation (7.38)a +b =1,

METHODS TO IMPROVE POWER EFFICIENCY IN DC/AC CONVERSION

Use of zero voltage switching and zero current switching is also possible in inverters to reduce power
losses across the power switches and to increase the efficiency coefficient (Heumann, 1994). As an
example, transistor resonant inverter with active load shown in Figure 34 may be examined.
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Figure 34. Electrical schematic of a bridge transistor resonant inverter

Of course, other load variants are possible dependent on the inverters purpose — more often a parallel
oscillating circuit. It is also possible the use of output transformer, whose primary inductance is a part of
the inductance L. Other possibility is to connect a high-frequency rectifier at the transformer side thus
DC/DC converters with resonance switching are obtained. The load may be connected in different ways
to the resonance circuit. These converters are not a subject of examination in this chart, therefore, it is
assumed at the description of operational features of the inverter that elements connected between points
A and B are only the ones shown in the Figure 34. Figure 35 depicts waveforms of current through the
bridge diagonal i, and capacitor voltage u,. in several typical operational modes dependent on the ratio

of switching frequency of the transistors w, to resonance frequency of the series circuit w,. Devices
that conduct during different intervals are marked. It has to be mentioned that the first three modes are
realizable also in thyristor inverters with antiparallel diodes. After a decrease of a current through diagonally
connected transistors, their antiparallel connected diodes are turned on. Discontinuous-conduction current
mode with turning off at zero current both the transistors and diodes is achieved if the next transistor pair
is turned on with a delay in accordance with the decrease of diode current to 0. If the switching frequency
is half of the resonance one w, = 0.5w, - second diagrams, the switching also happens at zero current,
but the load current is continuous. In the third mode when 0.5w, < wg < w,, zero current switching is
only for the transistors, because they are turned on before the decreasing of the diode current to zero.
The forth mode is resonance mode and it is achieved only in the transistor inverters because in them a
reverse recovery time is not necessary, as it is in the thyristor inverters. The next pair of transistors is
turned on as soon as the current through the pair, which has been conducting till that moment, decreases
to zero. And in ideal case, the antiparallel diodes are not necessary. Although, since delays and inac-
curacies of the transistor switching are always possible to appear, the diodes are required. Furthermore,

202



DC/AC Conversion

the resonance mode is maintained with a specified accuracy and there is time to achieve the mode in
transient processes. The last operational mode is very interesting — switching above the resonance fre-
quency. Pulses to turn off the conducting transistor pair and to turn on the next one are passed before
the transistor current decreases to zero. At first, the antiparallel connected diodes to the transistor pair,
which has been received the on signals, begin to conduct. The transistors begin to conduct only when

the diode current decreases to zero. For example, after the turning off of V7", VT, and the passing
of turning on signals to VT,", VT, , at first, diodes VD, VD, begin to conduct and after the diode

current decreases to 0 the transistors V7, VT, begin to conduct. It is clear that a mode of turning off
at zero current is realized for the diodes and also a mode of turning on at zero voltage is realized for
the transistors because the transistor antiparallel connected diode has been conducting at the start of the
transistor conductive interval. In this mode it is possible to use as clamp elements for the devices only
capacitors in parallel to the devices because at the turning on of the transistors the capacitors will be
discharged and it is not necessary to limit their discharged current. Thus, dissipating of active power in
other elements of a clamp group is avoided.

Itis clarified from the study made and from the waveforms in Figure 35 that load power of the inverter
can be regulated using the described operational modes. For this purpose, the control pulses frequency
of the power devices in respect to the resonance frequency has to be changed using the control system.
This is so-called pulse frequency modulation (PFM) or frequency regulation.

Figure 36 describes another way to change the load power - pulse density modulation (PDM). The

voltage of the output of the inverter bridge — between points A and B u,,,, as well as load current i, are

shown in the figure - u,, . A special feature of this modulation is the appearance of an interval during
which the voltage across the resonance circuit becomes equal to 0. This interval is achieved by simultane-
ously delivering of on signals to both lower or both upper transistors in the schematic. Thus, conditions
for free fading oscillations of the load current flowing through a transistor and an antiparallel diode of
the other transistor are created in one of the half-periods, conditions for a change of the transistor and
diode of the other half-period are also secured. During the rest of the time a resonance mode is maintained
when the diagonally connected transistors are turning on. To be able to be reached and to be maintained
the resonance mode, the control frequency is required to be changed in case of a load change and also
during transient modes. Therefore, the control system should have the possibility for frequency-pulse
modulation. It is necessary to mention the difference between this mode and the mode of discontinuous
conduction current through the load examined in the first diagrams shown in Figure 35. The voltage
between the point A and B is also zero in the previously examined mode (see Figure 35) but current
through the load does not flow. At a scrutiny look upon the operation of the transistor inverter in the PDM
mode, it can be seen that since the antiparallel diode of one of the next to conduct diagonally connected
transistors has been conducting, the transistor turns on at zero voltage after the interval of zero voltage
in the bridge diagonal. This transistor is the one that has been used during the voltage pause. There are
two possibilities to regulate load power: the first is to maintain the interval of a normal operation of the
resonant inverter constant (for example, fixed period number) and to change the duration of the interval
during which the voltage of the bridge diagonal is zero; the second is to change the interval of a normal
operation of the resonant inverter constant (for example, changeable period number) and to maintain the
duration of the interval during which the voltage of the bridge diagonal is zero constant.

Use of resonance modes in voltage-source inverters is also possible. More detailed description can
be found for example in (Skwarenina, 2002; Bose, 2007).
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Figure 35. Waveforms illustrating the operation of the bridge transistor resonant inverter shown in
Figure 34
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As it has been clarified by the voltage inverter operational principle and by the output voltage wave-
form dependent on the modulation, the waveform is characterized by different harmonic spectrum. This
presumes some special features at measurement of the output active power corresponding to (7.1) and
the efficiency coefficient connected to this power, especially in the three-phase inverters. The measure-
ment of input and output powers is convenient to be made using a special digital measurement device
(Marrinan, 2007).
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Figure 36. Waveforms illustrating pulse density modulation
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Chapter 8

Conversion of Electrical
Energy in the Processes of Its
Generation and Transmission

CONVERSION IN THE PROCESS OF ELECTRICAL GENERATION

Electrical energy can be obtained by burning coal (thermal power plant), by using nuclear fuel (nuclear
power plant) or by using the power of water (hydro power plant). In these cases, the energy obtained
by the sources put a shaft of an electrical generator in motion. The generator generates electrical energy
— see Figure 1. In the installation, excitation system for the generator is used. The system turns on an
uncontrolled rectifier, thyristor-controlled rectifier or AC thyristor regulator dependent on the generator
type.

The obtained energy is transmitted using a transmission system towards consumers. The transmis-
sion yet is made mainly in high-voltage AC energy form (HVAC). In different parts of the transmission
network the voltage value may be different. There are so-called high-voltage (420 kV, 220 kV, 110 kV,
etc) and medium voltage (20 kV, 6.6 kV, etc.) systems. General consumers consume electrical energy
from so-called low-voltage systems (230V, 50Hz or 110V, 60Hz). During the transmission the type of
energy does not change, only the value of the voltage changes using transformers.

The processes of obtaining electrical energy using renewable energy sources have their features
studied in the next Chapter 9.
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Figure 1. Generation of electrical energy
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The processes, occurring in the transmission lines for AC electrical energy, are connected with the
type and the mode of operation of the consumers. Also, these processes often cause different in types
disturbances of the quality of electrical energy. Furthermore, some limitations have to be monitored.
The limitations are connected with both energy quality and capabilities of the corresponding transmis-
sion system, and they are:

. Steady-state power transfer limit

. Contingency limit

. Voltage stability limit

. Dynamic voltage limit

. Transient stability limit

. Power system oscillation damping limit
*  Inadvertent loop flow limit

. Thermal limit

. Short-circuit current limit

The benefits of control in the process of electrical energy transmission can be marked as:

*  Increase loading and more effective use of transmission corridors
. Added power flow control

. Improved power system stability

. Increased system security

. Increased system reliability

. Added flexibility in sitting new generation facilities

. Elimination or deferral of the need for new transmission lines

The achievements in the field of Power Electronics allow the use of power electronic converters in
the processes of transmission of electrical energy with a purpose to observe the mentioned limits (As-
prund, 2008). Incorporating such converters gives certain flexibility of energy transmission; therefore,
the systems using such converters are called Flexible AC Transmission Systems (FACTS).

Thus, FACTS enhance controllability and increase power transfer capability. Thoroughly, FACTS
are systems containing semiconductor converters, information and control technologies (software),
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and interconnecting conventional equipment that creates intelligence into the network by providing
enhanced-power system performance, optimization, and control (Hingorani, 2000). The advantages
of FACTS to a construction of new transmission lines are less infrastructure investment, environment
impact, and implementation time.

Name FACTS is also applicable in the thyristor use in the power electronic converters designed
for this purpose. A new class of systems — Advanced FACTS, is formed with implementation of fully
controlled transistors. Figure 2 displays a comparison among the different systems on the converters
incorporated into the systems (Tolbert, 2005).

For each problem a conventional solution, e.g. shunt reactors or shunt capacitor, is also provided, as
well as dynamic applications of FACTS in addressing problems in transient stability, dampening, post
contingency voltage control and voltage stability. FACTS devices are required when there is a need to
respond to dynamic network conditions. The conventional solutions are normally less expensive than
FACTS devices, but limited in their dynamic behavior. Moreover, usually one FACTS device can sole
several problems, which would otherwise need to be solved by several different conventional solutions.
In conclusion, FACTS devices are more flexible than most conventional solutions.

Figure 2. Comparison among different FACTS

Traditional
ol I}gfm Conve ncional Advanced
Fuhancing FACTE FACTTE
Pou&egﬂ}g?g 522 Solztions Solutions
. .
Series ('izpacimr static VAR Static Synchronous
Compensator Clompenrator
L sV
Switched Shumt e 574 TQOM
Thiristor — Contr. Usiiffed Power Flow
[ Corgegggamr Controller
Capacitor Reactor TéSC LF f =
—_— . Cont Conversible Series
] iriRfor — Loy, Clompensator
Transformer LTC Phase Shiffing %SC
Trapsjormer Y
. TCRST Static Syachronous
s . Series  Controller
Phase Shifling Inter— phase S5ar
Traunsiormer Fower flow .
Captraliar Voltage — Source
Copverter — V30T
IPA:C back to back
HYDo DC"—Iz'zsk BTE
back to back as o %pemomdﬁcﬁng
FPower flow agretic Energy
Controller Storage
SMES
.
Buaitery Energy
Starage Svetem
BESE
.
Distributed
Solutions

= SMEST D= VAR




Conversion of Electrical Energy in the Processes of Its Generation and Transmission

Figure 3. Mechanically switched capacitor and reactor
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In the following presentation, the operational principle and features of the different power electronic
converters used in FACTS are studied.

STATIC VAR COMPENSATORS (SVC)

SVCisashunt-connected static var generator or absorber whose output is adjusted to exchange capacitive
or inductive current so as to maintain or control specific parameters of the electrical power system.
SVC are mainly used in AC/AC conversion to improve power efficiency. The detailed operation
of them has been already described in the final chart of Chapter 5. The already studied SVC can be
complimented with a mechanically switched capacitors and reactors. The way they are connected to
the network is shown in Figure 3.
Using an appropriate control of SVC, the following results can be obtained:

. Damping of system swings

*  Non-linear gain — to increase response during large disturbances
. TCR winding DC current elimination

*  Negative sequence balancing

. TCR overcurrent protection

. Secondary overvotlage protection

STATIC SYNCHRONOUS COMPENSATOR (STATCOM)

Using Figure 4 the operational principle of static synchronous compensator can be illustrated. The
STATCOM consists of a coupling transformer, voltage source converter (VSC) with a control system.
DC source can be either capacitor or accumulator battery. More often capacitor is used. The control of

the converter is made in such a way that its output current / , , either leading or lagging with angle 5 to
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Figure 4. Schema used to illustrate the operational principle of STATCOM

the voltage V.. When the current leaves behind the voltage, the STATCOM appears as a reactive energy
source, while in the second case, it is a consumer of reactive energy. Here, the losses of active power in
the power devices of VSC are neglected. The displacement of the output voltage V. to V', determines
the operation mode. The voltage ¥, may be changed using the control system of VSC. Also, using the
control system of VSC, the value of reactive energy may be changed by the value of the voltage V) in
a particular operational mode (consumer or source of reactive energy).l.e. the value of reactive energy
may be changed within the range of 100% capacitive energy to 100% inductive energy using the volt-
age, which depends on the control system of VSC.

Taking in consideration the description of operational principle of the Static Var compensator and
STATCOM, the main difference is seen, namely, the output voltage of the STATCOM is undependable
of the value of the system voltage V,, while the output voltage of the SVC is determined by the system
voltage (Chen, 2008).

Another important implementation of the STATCOM in three-phase symmetrical system uses the
capability ofthe STATCOM to produce negative sequence output voltage in addition to positive sequence
output voltage by controlling independently the magnitude and phase angle of each phase output volt-
age. Thus, the negative sequence component included in AC current can be reduced by adjusting the
magnitude and the phase angle of the negative sequence component of the STATCOM output voltage,
even when negative sequence component is included in the utility system voltage.

Important feature of the STATCOM is the probability to maintain the value of its output current
constant in both operational modes — capacitive and inductive modes regarding the system voltage V,
even in significant decrease of the value of the system voltage. This is done by a change of the output
voltage V,, . using the control system of VSC.

Briefly, the STATCOM has the following features:
. Maintain its reactive current at low voltage since it has an essentially constant current character-

istic while a thyristor SVC has constant impedance
*  Reduce real estate use to about 40% of a thyristor SVCs requirement

212



Conversion of Electrical Energy in the Processes of Its Generation and Transmission

Figure 5. Schematic illustrating the operational principle of a TCSC

. Store energy, if batteries replace capacitors
. Be applied as an active filter because each step can be switched in response to a harmonic

Anovel fuzzy-PI-based direct output-voltage control strategy for STATCOM used in utility distribu-
tion system is proposed (Luo0,2009).

THYRISTOR CONTROLLED SERIES COMPENSATOR (TCSC)

The operational principle of a TCSC is based on the idea to change the line impedance above or below
its natural impedance value using electronic way.

A schematic of a TCSC is shown in Figure 5. As it is seen, the TCSC consist of a capacitor with a
constant value and thyristor controlled inductance which value depends on the firing angle @ of the
thyristors. The inductance value is:

L

X, (a)=x

s
2.1 — 2.t — sin (2.oz)} (8.1

Therefore, the value of equivalent impedance is:

. N (a).X,
rcsc X, (a) + X, (8.2)

Since the value of X, (a) is changeable from X, to oo, the value of X, .. may be changed from
X, X,
X, + X, to X, using the change of the firing angle @ from the control system of the thyristors.
The change of the impedance may be used to decrease oscillations during or after occurring of dis-
turbances.
This approach is used to suppress sub-synchronic resonance or electromechanical oscillation within
the range of 0.5-2 Hz.

213



Conversion of Electrical Energy in the Processes of Its Generation and Transmission

STATIC SYNCHRONOUS SERIES CONTROLLER (SSSC)

The operational principle of a SSSC is illustrated in Figure 6. It consists of a converter, capacitor and

transformer. The voltage is always maintained displaced with angle g to current /- the voltage either
leaves behind or lags to the current. Thus, a series compensation is made. The value of the voltage Vq
can be also regulated. Active power transmitted from Bus 1 towards Bus 2 is regulated using v,. This
is a result from the SSSC capability to injects voltage in the line regardless of the /. Namely, the reactive
drop across the line is changed.

UNIFIED POWER FLOW CONTROLLER (UPFC)

A combined connection of a STATCOM and SSSC in the DC side and a presence of a capacitor allow
bidirectional transferring of energy between the outputs of the STATCOM and SSSC.

Figure 7 depicts a schematic illustrating the operation of UPFC (Pinarrelli, 2001; Orizondo, 2006).

UPFC includes two voltage source inverters (VSI) connected to the line through transformers — the
first inverter via shunt transformer, and, the second inverter via series transformer.

Converter 2 operates in so-called “Automatic Power Flow Control Mode”. The inverter injects a
symmetrical three-phase voltage system V,, with probability to vary voltage magnitude and voltage
phase angle in series with the line to regulate reactive power and active power flows in it. Therefore,
active power P and reactive power Q are required as reference values to inverter control system.

Converter 1 operates in so-called “Automatic Voltage Control Mode”. Current I, consists of two
components — active one, which is in phase to or displaced with angle 7 to the line voltage, and reactive

™
component, which leads behind or lags with angle = to the line voltage. If the Converter 2 is required
to supply active power, then the voltage across the capacitor will be decreasing. The control system of
the Converter 1 maintains the value of the capacitor voltage stable, i.e. in this case the active component

Figure 6. Schematic illustrating the operational principle of a SSSC
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Figure 7. Schematic illustrating the operation of UPFC
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of the current [, will be in phase to the line voltage and active power will be transferred toward the
capacitor C. If the Converter 2 has to take active power, then the capacitor voltage will be increasing.

In this case the active component of the current /,, will be displaced with angle 7 to the line voltage
and active power will be transferred from the capacitor toward the line. The reactive component of the
current [, is regulated undependably and in conformity with the reference value — inductive or capaci-
tive values, to supply reactive power to or to absorb reactive power from the transmission line with a
maintenance of the voltage value.

From the above-stated it is seen that a typical operational mode for Converter2 is as a SSSC, and for
Converterl —as a STATCOM. As an additional task, the control system of Converter]l maintains also
the capacitor voltage V, unchangeable corresponding to the active power flow.

There are additional losses of active power in the system consisting of two converters, operating
according the describe method. These losses are mainly from losses in the power converter schematics
and the transformers.

INTERLINE POWER FLOW CONTROLLER (IPFC)

The idea to create an interline power flow controller has arisen from the necessity to control the flow
of energies in multilinear transmission systems — more often one major line and several branches. For
example, such a case is a compensation of several lines in a substation. Here, a possible solution is to
use separated unified power flow controller UPFC in each line. Disadvantage of this solution is that an
exchange of energy among the separate lines may happens only using the common line. Thus, control-
ling the flow of powers in one line may lead to a disturbance of the energy quality in other lines, because

SSSC in each line may inject voltage which leads behind or lags to the current with angle T

The idea of IPFC is to make possible the exchange of energy among the separate lines uging acom-
mon DC source which supplies the separate SSSC included in each line — Figure 8.

The DC voltage can be obtained through a STATCOM incorporated in the Nth line — more often the
major line. The power of Converter N is determined by maximum power of the rest converters. Thus,
the following problems may be decided:
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. Equalize both real and reactive power flow between the lines

. Reduce the burden of overloaded lines by real power transfer

. Compensate against resistive line voltage drop and the corresponding reactive power demand
. Increase the effectiveness of the overall compensating system for dynamic disturbances

Therefore, the IPFC can potentially provide a highly effective schema for power transmission man-
agement at a multi-line substation.

The development in the element base of Power Electronics — creation of power IGBT, as well as
implementation of DSP in control systems, has made possible to reach a new level in solutions con-
nected with the problems of the electrical power quality (Akagi, 2006). A new class of power electronic
converters has been invented — active power filters, which serve to realize so-called Unified Power
Quality Conditioner (UPQC).

The active power filters are in general shunt and series active power filters (Sigh, 1999; El-Habrouk,
2000).

The operational principal of a shunt active power filters is illustrated in Figure 9. The principle is
valid for both single-phase and three-phase filters. The supply network is presented as a voltage net-
work source U/ 5 and predominant inductive character - L. The consumed current from the network is

I . 1f an active power filter misses this current coincide to the load current I, . In general, the load is

Figure 8. Schematic illustrating the operational principle of an IPFC
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Figure 9. Schematic illustrating the operational principle of a shunt active power filter
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non-linear one. It is shown in Figure 9 as a most frequently met load —uncontrolled rectifier with active-
capacitive type of load. In general, the non-linear load loads the network with non-sinusoidal current (a
cause to decrease the distortion factor v and to load the network with distortion power D), whose first
harmonic is displaced to the network voltage (a cause to decrease the displacement factor cosp and to
load the network with reactive power Q). The active power filter is shown as a most frequently used
schematic — bidirectional converter supplying by a voltage source. The inductance L, is required for
the filter proper operation.

The basic idea is as follows: 1. Powers consumed by the load are continuously monitored using
different algorithms in a control system. 2. Through mathematical transformations, a reference current
waveform for the filter 7, is found. The reference waveform is calculated in such a way that if it is
generated by the filter, it will compliment the load current to a sine wave current for the network. 3.
Using an appropriate control for power switches, the reference current waveform found is monitored.
This is made in real time which ensures minimum dependence of the changes of load type and its value.
Moreover, two probabilities exist: 1. The filter corrects only the current waveform and it do not make the
current in phase to the source network. 2. The filter corrects the current waveform to a sinusoidal one in
phase to the network voltage. The second case is more often used. Here, the power factor approaches 1.
Thus, the consumed reactive and distortion powers are minimized. The system active power filter- load
has a behavior as an active resistance in respect to the supply network. Naturally, the consumed active
power by the filter is increased on the expanse of the losses in the filter, which are no more than 5% in
practice.

Let’s study the case when the filter corrects only the current waveform to a sinusoid, i.e. it compen-
sates only the distortion power. The displacement factor cosg is assumed to be approximately 1. That is
approximately valid for the load shown in Figure 9, for example. The effective value of the load current
includes fundamental and higher harmonics:
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where in K, is harmonic coefficient of the load current, and it is:

Do
K == (8.4)
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L1

The connection between K p and the distortion factor is:

I
v=—+ (8.5)
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o
e 9
H

If the active power in the filter is neglected then its current contains only higher harmonics:

I, = ,/f) I, (8.7)

Substituting (8.7) in (8.4) and taking into consideration (8.6) leads to:

1
1—0°

Total power consumed after the filter has been connected will be:

/1+K2 1
S=Ug-I, =Ug-1,- KzH:US'IF' 1 (8.9)
H

In relative units, the relationship among the load power, the harmonic coefficient of the load and the
required value of the current of single-phase and three-phase active power filters is respectively:

I =1, -

L r

(8.8)

S g 1+ K}
U, F K? (8.10)

v, "\ K 8.11)
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where in U, is effective value of the phase-to-phase voltage of the three-phase supply network, U, -
effective value of the voltage of the single-phase network, and, I, - effective value of the filter current
per phase.

The relationships (8.10) and (8.11) give the possibility to determine the effective value of the current
of single-phase and three-phase shunt active power filters, under the above made assumptions, when the
value voltages, total load power and the harmonic coefficient of the load are known. The values of S and

K, are usually determined after preliminarily made measurements, to chose an appropriate filter.

Bidirectional transistor converters, supplied by a voltage source, used to implement shunt active
power filters are found the widest spreading. Figure 10 shows principle schematics of bridge and half-
bridge single-phase topologies.

Their operational principle tracing a reference curve is studied in Chapter 4. Further down, how the
reference curve is formed in active power filters is reported.

Figure 11 depicts a connection of a three-phase shunt active power filter to a three-phase three-wire
supply voltage system, while Figure 12 depicts a connection to three-phase four-wire system.

From the above presented it is clear that due to the complicity of the tasks which have to be solved
in real time, the control of the shunt active power filters may be realize on the basis of digital signal
processors or programming logic. Two major tasks lay for implementation of the control of the shunt
active power filters. The first is that for a proper operation of the bidirectional converters, voltage across
the capacitor C, - U, has to be stabilized to a value higher than the maximum value of the network
voltage. This is usually implemented by incorporating a proportional-integral regulator influencing the
value of the reference curve. The second task is the generation of the reference curve. Different methods
for the generation exist in single-phase and three-phase active power filters. The choice of the method
is also connected with the required number and type of the sensors used for feedbacks. One of them, as
it has already been mentioned, is for voltage of the capacitor C, . The second feedback is for the supply
network voltage — its time curve and its value in single-phase networks, and, time development and
value of two or three of the voltages in a three-phase system. It appears in Figure 9 that feedbacks for
three currents may also be used, but which of the currents depends on the method used. It is clear, that
the load current (or two of the phase currents in a three-phase system) has to be monitored. Methods
with a predictive control exist which are limited their feedbacks only to the load current. However, a

Figure 10. Principle schematics of single-phase bidirectional converters used to implement shunt active
power filters
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Figure 11. Connection of a three-phase shunt active power filter to a three-phase three-wire supply
voltage system
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sensor for the filter current to be monitored in real time is used. Other probable combination is to use
feedbacks of load current and total source current, which has to be of sinusoidal waveform and in phase
to the source voltage. From the method using to control, more known are the following: pulse-width
modulation, hysteresis-current control with constant or varying frequency, sliding mode control, control
using phases — logic or neuron networks, genetic algorithms, etc. (Welsh, 2000; Antchev, 2007). One of
the most spread methods is the method using the fast Fourier transformation in real time. In it, higher
harmonics are extracted from the load current, and on their basis, the reference curve for the filter is
formed. The reference waveform is traced using an appropriate way through filter devices control. An
interesting method, in which besides the load current, the source current is monitored, is the so-called
method of “equivalent sinusoidal” (Antchev, 2007). The method is applicable in both single-phase and
three-phase filters. The Fourier transformation is avoided in this method and its nature is as follows.
Reference sinusoidal curve for the source network of the system load — shunt active power filter has to
be generated. This curve has to correspond only to active power consumed by the load when the filter
does not switch on. This sinusoid (or three sinusoids in a three-phase system) has to be traced by power
device switching. To implement the method, active power P, consumed by the load is calculated using
discreet value transformation of the waveforms of the source voltage and load current. Also, the effective
value of the source voltage U, is calculated from its discreet curve. In normal operation of the active
power filter, the power factor of the system load-filter in respect to the source network becomes up to
1, furthermore, if the losses in the filter are neglected, total power after the switching on of the filter

S, ,pp Will be only active power, equal to the active power P :
S =U,-1,=U ISJ =P
L-APF 5 T8 s \/5 L (8.12)
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Figure 12. Connection of a three-phase shunt active power filter to a three-phase four-wire supply volt-
age system
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Using the equation (8.12), the maximum value of the “equivalent sinusoid” for the source current is
calculated in real time for each period of the source voltage. Afterwards, different probabilities to trace
this sinusoid are possible — hardware or software tracing.

On the basis of this method, also, a balance of three-phase asymmetrical loads may be made. First,

active three-phase power P, , . is calculated, afterwards, the maximum value of the “equivalent sinusoid™:

is calculated as the power is divided equally in the three phases:

L3F ] ‘ISM

3 s (8.13)

A symmetrical system of supplying voltages is assumed in (8.13). From it, the three sinusoids for the
three phase currents, which have to be consumed from the system load- three-phase shunt active power
filter for the power factor to be closed to 1, may be obtained.

Different studies exist in the field of powers in the three-phase non-linear systems as well as of the
possibilities to compensate non-active power (Sasdelli, 1994).

The theory of “Akagi-Nabae”, known also as “theory of transient values” or “p-q theory” (Akagi,
1993), is more frequently used in control of three-phase shunt active power filters. In it, a three-phase
three-wire supply system — load is studied. Three-phase voltages and currents form space co-ordinates
r —s - t are transferred in 2D coordinates & — 3 using the following equations:

-2 -~ ;
. \F 2
A . w1
2 2 ’
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1_1 _1 i
20 2 21|
3 3 B
07—7 g, (8.15)

In this theory, the terms “real transient power p”” and “imaginary transient power q” are used. In ac-

cordance with the theory, the power p is defined into both co-ordinate systems, as:

p=e.i +ei +ed =e.i +e. (8.16)

The power ¢ is defined only in 2D system:

qg=e i, —ey.i (8.17)

The equations (8.16) u (8.17) may be presented as:

(8.18)

Since the power p in @ — 3 co-ordinate systems is presented as a product of voltages and currents

of the same subsymbols, it has also here unit of watt [W]. Besides the power q is a product of voltage
and current, it has a different nature from those of p, because the voltages and currents are not of the
same subsymbols. The unit of q is “imaginary watt” [IW]. Multiplication with the contrary matrix of

the voltage in the left of the both sides of (8.18) leads to:

-1

ia e, e, p

7;13 a _eﬁ « ‘ q (8 19)
The last equation may be presented as:

) —1 -1 .

Za — ea 69 X p + ea e@ . 0 — Zap + aq

Za —e, e, 0 —e, €, q /I;ﬁp i@q (8.20)
Taking in consideration (8.16) and (8.20), it is found:

pa _ eoz'la — en '/lfap + e :nq

p, €4, €y, €50, (8.21)
Therefore:

b= pn' + pﬁ = eo'iap + eﬂ 'iﬂp + ea'iaq + eﬂ'iﬁq (822)
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After substituting (8.20) in (8.21), it is derived:

2 2

€ 63 —e(y . 63 e(y . 63
b= e p+ — -p+ —~-q+ -
e + 65 e +e e +e e + eé (8.23)
The sum of the last two members is zero. Therefore:
p = 6@.@’{”) "‘ 6‘1,7.7;;3])
0=c¢, 4, + 61, (8.24)

The following conclusions are made using the last relationships:

. The first equation gives active power expressed in & — 3 co-ordinates in the three-phase.

. The second equation shows that the sum of the two written components is zero, i.e. they are mutu-
ally compensated and corresponds to the reactive power expressed in & — 3 co-ordinates in the
three-phase system.

The purpose of the Akagi - Nabae’s theory is that it shows the components U2 U5, of the currents

i+, , which the shunt active power filter has to eliminate.

The basic block-schema showing the realization of the method is given in Figure 13. The synchroniza-
tion to the source voltage system is made using one of the voltages —in this case u , via PLL schema. The
signals sin3 u cos9 are digitally generated and are required for forward and reverse Park’s transforma-

tions. The three phase load currents - ¢;,,%,,,,,, are monitored, and through them the components ipv iq

are determined. At first, using (8.15) ¢,,¢; are calculated; afterwards, forward Park’s transformation is
applied to them. Thus, the output currents of the block of the forward p-q transformation are:

i

The different harmonics of the phase currents, interacting to the phase voltages in the 2D co-ordinate
system, will give different components of powers p, g (see equation (8.18)); furthermore, taking in consid-

1—1 - iLr
2

: 2|.1;
i 5| [
0— 22| |

2 2 H

cosd sin9

—sind cos9

(8.25)

eration (8.19) and (8.25), these interactions will lead also to different components of the currents?,, 7, .
The first harmonics of the phase currents, which are in phase to the phase voltages, interacting to the
voltages will give uni-polar curves (similar to those after a full-wave rectification) with a DC component.
Therefore, the DC components of the currents in (8.25) correspond to active power of the system.
The higher harmonics of the phase-currents, interacting to the phase voltages, will give AC compo-
nents of the currents in (8.25). These are the components which have to be compensated by the active
power filter. Because of that, the two currents are filtering using high-frequency filters (usually with a

cut frequency of 10 Hz). Only AC components % _,%

.+ 1, are obtained at the filter outputs. The outline of

223



Conversion of Electrical Energy in the Processes of Its Generation and Transmission

Figure 13. Block-schema showing the realization of the control of a three-phase shunt active power filter
in conformity with the Akagi - Nabae's theory
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the stabilization of the voltage U, across the capacitor C, is additionally made. Moreover, the output

signal of the PI-regulator finally determined the component 7, _ for the next block. In it, the reverse p-q
transformation using reverse Park’s transformation with a purpose to find the reference curves of the

filter currents 4, .., ,,%,, is made regarding the relationship:

Z.FrR 9 1 \/g cosd —sind i
%R 30 2 2| |sing cos9| i
3

g 1

1 N8 (8.26)

Control signals for the filter power switches are generated from so-gained reference waveforms for
the filter currents. The generation is made more frequently using a comparison of a saw signal with a
usual frequency of 20 kHz.

The use of shunt active power filters in combination to a conventional means is probable. Figure 14
shows so-called hybrid filter — a combination of a shunt active power filter and passive filter (filters).

In this case, installation of a shunt active filter to already existed passive filter/s is possible. Moreover,
a special attention has to be paid to the passive and active filter frequency ranges.

A use of series active power filters is probable to eliminate the harmonics of load current (Sigh,
1999; El-Habrouk, 2000). However, their more frequent and typical use is to improve the quality of the
source voltage for critical consumers — elimination of voltage harmonics, disturbances, etc. Its function
is possible to be mutual to those of an uninterruptible power source system. The operational principle
of a series active power filter is illustrated by the use of the schematic shown in Figure 15. The con-
nection to the source network is made via transformer Tr. In each time moment, voltage U, is sumd to
the source voltage U, in a way that the source voltage is complimented to a pure sinusoidal waveform.
This voltage U, is a source voltage to the load. Principle schematics to realize three-phase series active
power filters are depicted in Figure 16 and Figure 17. Both schematics shown are supplied by a voltage
source which is more frequently used; besides, a use of current source is also possible. The schematic
shown in Figure 16 consists of three single-phase schematics, while this in Figure 17 is with a reduced
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Figure 14. Connection of a hybrid filter as a non-linear load
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number of power devices. The last topology is based on a three-phase bidirectional transistor converter.
In Figure 17, LC-filter is shown for each phase. The filter decreases the high-frequency components,
caused by the switching of filter power devices, of the voltages between each two of the points 1, s, t.
The voltage of each capacitor is transformed towards the side of the source network and it is summed
to the network voltage.

Unified power quality conditioner — UPQC is formed as a combined use a shunt and series active
power filter (see Figure 18). The shunt filter improves the power factor of the load in respect to the sup-
ply network and eliminates the harmonics from the consumed source current. The series filter improves
the quality of the voltage supplying the load and eliminates voltage disturbances. A model-based H_
control for PQC is described (Kwan, 2009).

The connection point of the active power filters is a task connected with a complex technical and
economical analysis. It has to be solved thoroughly by a distributor and consumer of electrical power
in conformity with the requirements of the standards.

Figure 15. Schematic illustrating the operation of a series active power filter
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Figure 16. Principle schematic of a three-phase series active power filter implemented using three
single-phase filters
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Figure 17. Principle schematic of a three-phase series active power filter implemented on the basis of
a three-phase bidirectional transistor converter
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Figure 18. Structural schematic of unified power quality conditioner
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HIGH VOLTAGE DC TRANSMISSION

The HVDC technology is used to transmit electricity over long distances by overhead transmission
lines or submarine cables (Funaki, 2006). It is also used to interconnect separate power systems, where
traditional alternating current connections cannot be used.

In HVDC transmission, two types of power electronic converters of electrical energy are used—
rectifiers and inverters (Bekink, 1994).

The rectifiers are usually implemented according the power schematic with a m =12 (see Chapter
4).

Further down, the three basic structures, which have found implementation in practice, are studied.

Monopolar HVDC is shown in Figure 19. It consists of the following:

. One high-voltage line for DC current transmission
*  Return path is via earth ground or a low-voltage conductor

. Rating of up to 1500 MW

Figure 20 depicts bipolar HVDC. It consists of the following:

Figure 19. Monopolar HVDC
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. Two DC lines with = DC voltage level for transmission
. Rating up to 3000 MW

Figure 21 shows an HVDC back-to-back station. It is normally used to create an asynchronous in-
terconnection between two AC networks, which could have the same or different frequencies. In these
installations, both the rectifier and inverter are located in the same station. These can be used to inter-
connect two different systems that have the same frequency but are not synchronized or can be used to
interconnect systems of different frequencies (50 Hz, 60 Hz).

Upgrading the nation’s electrical transmission system infrastructure using FACTS ans HVDC can
provide the following benefits:

. Increasing capacity: Increasing the real power capacity may reach up to 40%
. Enhancing reliability: FACTS can mitigate the effects of faults and make electricity supply more
secure by reducing number line trips

Figure 20. Bipolar HVDC
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. Improving controllability: These converters can control the flow of power and the regulation
voltages in the power network

. Preserving the environment: FACTS devices contain no hazardous materials and produce no
waste or pollutant

. Saving time and money: These devices help distribute electrical energy more economically
through better utilization of existing installations, thereby reducing the need for additional trans-
mission lines

The development of the methods to convert energy from the (see Chapter 9) and their use in the
distribution electrical energy generation directs the researches to improve the energy quality at the stage
of its conversion from the renewable source (Lo, 2008; Molinas, 2008).

The creation of the Distribution Automated Systems allows the integration of the means of continu-
ous power quality measurements in these systems (Munoz, 2008).

REFERENCES

Akagi, H. (2006). Modern active filters and traditional passive filters. Poland. Bulletin of Polish Acad-
emy of Science, 54(3), 255-269.

Akagi, H., Kanazawa, Y., & Nabae, A. (1993). Generalized theory of instantaneous reactive power in
three-phase circuits. In [Tokyo.Japan.]. Proceedings of International Power Electronics Conference,
93, 1375-1386.

Antchev, M. H., Petkova, M. P., & Gurgulitzov, V. T. (2007). Sliding mode control of a series active
power filter. Paper presented at the 5" IEEE Conference EUROCON 2007.

Antchev, M. H., Petkova, M. P., & Kostov, A. T. (2007). Hysteresis current control of single—phase shunt
active power filter using frequency limitation. In Proceedings of 9" IASTED PES Conference (pp.233-
238). Clearwater.USA.

Asprund, G. (2008, June). Electric transmission systems in change. Paper presented at the PESC 2008.
Rhodes. Greece.

Bekink, J. S., & Colijn, A. J. J. (1994). High voltage DC power supplies. European Power Electronics
and Drives Journal, 4(2), 11-13.

Chen, B. S., & Hsu, Y. Y. (2008). A minimal harmonic controller for a STATCOM. [EEE Transactions
on Industrial Electronics, 55(2), 655-664. doi:10.1109/TIE.2007.896266

El-Habrouk, M., Darwish, M. K., & Mehta, P. (2000). Active power filters: A review. IEEE Proceedings
B. Electric Power Applications, 147(5), 403—413. doi:10.1049/ip-epa:20000522

Funaki, T. (2006). High power electronics in Japan — backgrounds and applications. /EEE Power Elec-
tronics Society Newsletter, 18(4), 13—15.

Hingorani, L. G., & Gyugyi, L. (2000). Understanding FACTS: Concepts and technology of flexible AC
transmission systems. New York: IEEE Press.

229



Conversion of Electrical Energy in the Processes of Its Generation and Transmission

Kwan, K., Chu, Y., & So, P. (2009). Model-based H  control of a unified power quality conditioner. /[EEE
Transactions on Industrial Electronics, 56(7), 2493-2504. doi:10.1109/TIE.2009.2020705

Lo,Y.K., Lee, T. P., & Wu, K. H. (2008). Grid-connected photovoltaic system with power factor correc-
tion. /[EEE Transactions on Industrial Electronics, 55(5), 2224-2227. doi:10.1109/T1E.2008.921204

Luo, A., Tang, G., Shuai, Z., Tang, J., Xu, X., & Chen, D. (2009). Fuzzy-PI-based direct-output-voltage
control strategy for the STATCOM used in utility distribution systems. /[EEE Transactions on Industrial
Electronics, 56(7), 2401-2411. doi:10.1109/TIE.2009.2021172

Molinas, M., Suul, J. A., & Undeland, T. (2008). Low voltage ride through of wind farms with cage
generators: STATCOM versus SVC. [EEE Transactions on Power Electronics, 23(3), 104-1117.
doi:10.1109/TPEL.2008.921169

Munoz, A. M., & De La Rosa, J. G. (2008). Integrating power quality to automated meter reading. /[EEE
Industrial Electronics Magazine, 2(2), 10—-18. doi:10.1109/MIE.2008.923520

Orizondo, R., & Alves, R. (2006).UPFC simulation and control using the ATP/EMTP and Matlab/
Simulink programs. Paper presented at the IEEE PES Transmission and Distribution Conference and
Exposition Latin America. Venezuela.

Pinarrelli, A., Menitti, D., Martinis, U., & Andreotti, A. (2001, June). Modeling of unified power flow
controller into power systems using P-Spice. Paper presented at the International Conference on Power
Systems Transients (IPST) 2001. Rio de Janeiro. Brazil

Sasdelli, R., & Montanari, G. C. (1994). Compensable power for electrical systems in nonsinu-
soidal conditions. /[EEE Transactions on Instrumentation and Measurement, 43(4), 592-598.
doi:10.1109/19.310173

Sigh, B., Al-Haddad, K., & Chandra, A. (1999). Areview of active filters for power quality improvement.
IEEE Transactions on Industrial Electronics, 46(5), 960-971. doi:10.1109/41.793345

Tolbert, L. M., King, T. J., Ozpineci, B., Campbell, J. B., Muralidharan, G., Rizy, D. T., et al. (2005,
December). Power electronics for distributed energy systems and transmission and distribution applica-
tions.USA: OAK Ridge National Laboratory. Retrieved from http://www.ornl.gov.

Welsh, M., Mehta, P., & Darwish, M. K. (2000). Genetic algorithm and extended analysis optimization
techniques for switched capacitor active filters. IEEE Proceedings B. Electric Power Applications,
147(1), 21-26. doi: 10.1049/ip-epa:20000006

230



231

Chapter 9

Conversion of Electrical Power
from Renewable Energy Sources

OVERVIEW

Towards the end of the previous century, the humanity understood very clearly two facts — first, the
World supplies of fossil fuels (coal, oil, gas, uranium) are limited, and, second, industrial development
and classical generation of electrical energy seriously endanger the environment.

Renewable energy sources (sun energy, wind energy, bio fuels, etc.) are based on the use of natural
fluxes of energy (Masters,2004). That is why they are considered to be inexhaustible.

In specific cases of implementations, for example in lighting, a direct generation of electrical energy
using photovoltaics is outlined as a long-term one.

The name photovoltaic comes from the combination of two Latin words — “photos” means light and
“volt” means a measurement unit for electromotive force. The unit volt derives its name after the Ital-
ian scientist Alessandro Volta (1745-1827) who discovered battery (primary electrochemical source of
electrical energy). The photovoltaic is used to convert sun energy into electricity. The official discovery
of the photovoltaic is assumed to be made by French scientist Alexadre-Edmond Becquerel (1820-1891)
in 1839. He discovered the effect upon silver plates. First data about photovoltaic effect in solid materials
dated from 1877. Adams and Dew described variations, which they had monitored of electrical capabili-
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ties of selenium when it was left on sunlight, i.e. they discovered the photovoltaic effect in non-metals.
In 1883, Charles Fritz, an electrician from New York, designed sun cell from selenium closed in quite
high number of aspects to silicon cell used nowadays. The selenium cell consisted of a thin plaster of
selenium, covered with very thin semi-transparent level of golden filaments and it was protected from
a piece of glass. This cell was rather inefficient one.

The first solar cells had efficiency less than 1%. Nevertheless, the selenium cells began to be used
in photography. The main reason for inefficiency of these devices became known later in first decades
of XX century when physicists as Max Planck (1858-1947) developed new features in fundamental
property of materials.

The break in high-efficient solar cell use started in 1950 in Bell Laboratories in New Jersey with an
assistance of several scientists: Daryl Chapin, Calvin Fuller and Gerald Pearson. They made a research
into influence of the light upon semiconductors.

In 1953 the team Chapin-Fuller-Pearson, relying on previously made discoveries in Bell laboratories
about photovoltaic effect in silicon, created enriched silicon parts. These parts were more effective then
the previously used one for obtaining electricity from sun light. The team succeeded to increase the
efficiency of their cells up to 6%. Bell laboratories started to demonstrate the practical usage of solar
cells for supplying provincial telephone stations in the midst 50™.

In 1958 however, solar cells started to be used for a supply of little radio-transmitters in the fourth
American satellite Vanguard . After these first successful demonstrations, photovoltaic usage as energy
source turned to be universal for space ships. Fast headway in development of the photovoltaic cells
and reduction of their price and their size contribute to their entering in cosmic and electronic industry
during the last several decades. Networks of connected photovoltaic stations operate in the time being
in USA, Germany, Italy, Switzerland, Spain, Japan, Mexico, etc. Photovoltaic supply networks are used
in industry and business buildings.

The efficiency of the best silicon cell reached in laboratory environment is 24% while the efficiency
of the best photovoltaic modules, which operate and are offered nowadays is about 16%.

“Spectrolab” under financing of the government was demonstrated solar cells with an optical concentra-
tor of record-breaking efficiency of 40.7% (King, 2007). The technology is based on common structures of
sun elements, thus, it allows to be caught a wider part of sun spectrum using several levels in each element.
Each element catches a segment of sun light thus allowing more efficient conversion of energy.

There are announcements about efficiency coefticient reached 42.8% at solar energy conversion from
the research time with University of Delaware (Jacquot, 2007).

Structural schemas of electrical supply systems, using renewable sources, are determined by the
consumer’s requirements. The common thing in the more cases is the requirement to have accumulating
energy block in their structure. This requirement is imposed by the fact that the time during which energy
may be generated not always coincide to the time when energy is consumed (sun shines during the day,
but also electrical energy is necessary during the night). A presence of the accumulating block required,
however, makes possible the achievement of uninterruptible supply. Therefore, the structural schemas
used with renewable sources are compatible in general with the uninterruptible power supply systems.

Different structural (block) schematics for energy conversion using renewable sources are examined
further down. There are several indications, which are significant in their study. The first is whether they
have possibility to accumulate energy and what type is accumulated energy. The second is whether they
have connection to a distribution supply network or not (Blaabjerg, 2004; Carrasco, 2006). The third
indicator is the end electrical energy type — AC or DC power dependent on the consumer’s type.
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CONVERSION OF SOLAR ENERGY

At the period between 2002 and 2003, the total installed power of photovoltaic systems in the coun-
tries members of the International Energy Agency (IEA) increases with 36% and reaches 1.809 MW
(Teodorescu, 2005). A change of an architectural structure of home buildings is noticed. The change is
considered to tendencies of embedding photovoltaic systems in the buildings. Simultaneously, centralized
photovoltaic energy networks are also implemented — for example, in Germany and USA with power
up to SMW. In contrast to eventually generated energy using wind, the solar energy is more precisely
foreseen. It is assumed to be made with accuracy below 2% for a 5 year period. Three types of photo-
voltaic modules are mainly offered at the Market. They consist of:

. Mono-crystal Si elements
. Poly-crystal Si elements
*  Amorphous Si elements

Spectrum sensibility of the different materials is different. Figure 1 displays the spectrum character-
istics of photovoltaics made from amorphous- and mono- silicon materials.

Aphotovoltaic module is acombination of photovoltaic elements (photovoltaics), which are connected
in groups in parallel or series to be able to obtain higher voltages and higher currents.

Figure 2 shows the relationship between the open-circuit voltage Voc, i.e. no current is consumed from
the element, and the current of short-circuit - Isc for the photovoltaic. The open-circuit voltage dependent on
the material is within the range of 0.7-0.9V. The short-circuit current is within the range of 50-100 mA/sm?.

The power, which may be consumed from the photovoltaic, depends on the loading and it has maxi-
mum. Figure 3 illustrates a graphic for a change of power Psg, consumed from the photovoltaic and it
also present a photovoltaic VA characteristic. The point corresponding to the maximum power (maximum
power point) is specific one.

Figure 4 displays characteristics of power P, which is consumed from the photovoltaic module at
different intensity of solar radiance Q.

Figure 1. The spectrum characteristics of photovoltaics made from amorphous- and mono- silicon
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Figure 2. The relationship between the open-circuit voltage and the short-circuit current of a photovotlaic
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The area D corresponds to a maximum power. Figure 5 depicts volt-ampere characteristics of amodule
at different intensities of solar radiance (1000W/m?, 500 W/m?, 100 W/m?). A change of temperature
leads to a change of volt-ampere characteristic — dotted line in Figure 5. It has to be mentioned that
based on the reasons of the change at the radiance and temperature changes, different algorithms for
maximum power point tracing are provided in the control of the power electronic converters applicable
in photovoltaic installations.

Figure 3. A graphic for a change of power Psg and photovoltaic VA characteristic
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Figure 4. Characteristics of power P, which is consumed from the photovoltaic module at different
intensity of solar radiance Q
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Figure 5. Volt-ampere characteristics of a module at different intensities of solar radiance
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At first, the systems using photovoltaic modules for electrical supply for DC consumers will be
examined. Figure 6 displays the structural schema of the system without an element for energy storage.
Using DC/DC converter with appropriate characteristics, voltage of a desire value for the consumer is
produced. Since there is no element for energy storage, naturally, the generation of desired voltage value
is probable to happen at available conditions in regards to the sun shining.

To store energy is demanded in many cases of usage energy from renewable energy sources. The
choice of an appropriate storage element is connected with different reasons in respect to power, delivery
time, etc. (Holm, 2002).

Figure 7 shows the structural schema of the system with an element for energy storage. The first DC/
DC converter has appropriate characteristics to charge the energy storage element, because of that it

Figure 6. Structural schema of the system without an element for energy storage
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Figure 7. Structural schema of the system with an element for energy storage
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Figure 8. Structural schema of a system meant to supply an AC consumer
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is sometimes called charge controller. The second DC/DC converter supplies voltage of a desire value
for the consumer. This converter usually also stabilizes the voltage applied to the load within a definite
range.

Figure 8 displays the structural schema of a system with an energy storage element which is meant
to supply an AC consumer. This schema differs from this shown in Figure 7 in the second converter.
Here it is a DC/AC converter — inverter.

The role of the Power Electronics is significant in distributed generation of electrical energy (Blaab-
jerg, 2004).

The requirements to the power electronic converters (inverters) finally connected to the distribution
network are studied in connection with the usage of the RES and the development of the idea of the
distributed electrical energy generation (Enslin, 2003).

Systems to convert solar energy and designed only to transfer the generated energy on the distribu-
tion supply network exist. Their general structure is shown in Figure 9. The inverter types used in them,
as well as inverter control algorithms, may be different. Further down, a special classification of the
inverters most often applied for the purposes of conversion at usage of solar energy is given.

Systems for solar energy usage, having possibilities to supply household AC appliances and to transfer
energy on the distribution supply network, for example, are very attractive. These systems are designed
using the structural schema shown in Figure 10.

Of course, only the main blocks are shown in the figure. One has to have in mind that such a system
requires definite features regarding the inverter control. As it is seen, there is a possibility to monitor
both the consumed energy for household from the distribution network and the delivered energy on
the network. The payment may be done on these accounts. In the different countries, there are defined
corresponding prizes for buying electrical energy delivered on the distribution network from types of

Figure 9. General structure of a system meant only to convert solar energy and transfer it on the dis-
tribution supply network
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Figure 10. Systems having possibilities to supply household appliances or to transfer energy on the
distribution supply network
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system such as shown in Figure 9 and Figure 10. However, the initial implementation of the systems
requires significant investments.

Figure 11 illustrates special features of implementation of the inverter shown in Figure 9. Three
versions are shown — 1. Central inverter, 2. String inverter and 3. Module integrated inverter. Special
features of the three versions are the following:

The first version is applied in photovoltaic energy installations — more often in three-phase systems
with power higher than 10 kW. The photovoltaic modules are connected in particular configurations
—in series with or in parallel to the DC side of the inverter. Disadvantage is the dependence of the reli-
ability of the entire installation on the single inverter. Therefore, very high requirements are imposed
on the reliability and energy indicators of the inverter. In significant power (several MW), the inverter
is designed using several inverters operating in parallel, each of them having tentative single power of
100 — 250 kW.

The second version is used in small house installation with a single power 1.5 up to 5 kW. Groups of
photovoltaic modules are connected to each inverter. This allows monitoring the maximum power point
of each of these groups. This version is a very flexible system permitting the separated groups to have a
different space orientation — south, north, west, and east. The orientation depends on the possibilities of
the architecture and household. The parallel operation of several inverters, characterizing the structure,
increases the reliability.

In the third version, each photovoltaic module has its own inverter (Ho, 2005). The inverter is op-
timized to specific characteristics of its module — maximum power, temperature, etc. The operational
conditions of the inverter embedded in the module, however, are very burdensome. The necessity to
design and implement it with a certain reserve regarding these conditions does not permit optimizing
of the inverters energy indicators. These kinds of systems require complicated wiring in the AC side.
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Figure 11. Three versions for implementing the inverter shown in Figure 9
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The installation process is very complicated and that is the reason why this version is usually orientated
towards fagade photovoltaic systems with power from 50 up to 400 W.

The structure chosen as well as the elements connected with the structure determine the reliability
of the whole system. Researches into these topics are published in (Petrone, 2008).

As it is known, the inverter is converter of DC into AC electrical energies. A special classification
of power electronic converters used in the solar energy systems is shown in Figure 12 (Teodorescu,
2005). Here, the name inverter is used in a wider mean, spread recently especially among people without
a special knowledge in the field. The first mark of the classification is whether there is an interstitial
DC conversion with a separate DC/DC converter or not. The second sign is whether there is a galvanic
isolation or not. As it is seen in Figure 12, at the version without the interstitial DC conversion, the
variants are two — with or without isolation, while at the version with the interstitial DC conversion, the
variants are there — without isolation, with isolation in high-frequency side (in DC/DC converter) and
with isolation in low-frequency side (50 Hz).

The following versions with an interstitial DC conversion are quite widely spread — first, with gal-
vanic isolation — a push-pull DC/DC converter, performing also galvanic isolation in the high-frequency
side, followed by a single-phase bridge inverter; second, without galvanic isolation — a boost DC/DC
converter without galvanic isolation, followed by a single-phase bridge inverter.

In the inverters embedded in the photovoltaic modules, the variant of a flyback converter and single-
phase bridge inverter is often used. Universal inverter for connection to the grid is described (Prasad,
2008).

Recently, a quicken activity in researches in the field of solar energy usage regarding both the sche-
matic solutions of conversion and the systems and algorithms for indication and control is observed
(Aglietti, 2009).
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Figure 12. Special classification of inverters used in solar energy systems
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CONVERSION OF WIND ENERGY

The first wind turbine to generate electricity was designed in 1800. Almost a century later, about 1900,
some rural properties used small wind turbines to be distributed with electricity. These turbines contained
small generators, for example, an old auto generator.

Towards 1994 the total installed power in wind turbines is about 3500 MW. According to data from
Global Wind Energy Council, the total power has increased from 7976 MW in 2004, and nowadays it is
47317 MW (Cheng, 2006). Countries as Germany, Spanish, USA, Denmark, the Netherlands, India, etc,
have the major contribution to the increase. The wind energy is the fastest developing source of energy.
At present, the biggest wind turbine offered at the Market has diameter of its propeller 104 meters and
it generates 3.6MW electrical energy. Results from a research of General Electric into a turbine with a
diameter 140 meters and capacity to7 MW are soon expected.

The development in wind energy usage is in two directions: the first is in small wind installations for
an individual use and the second is in creation of centralized installations of turbines — wind generation
farms with a high power (Gipe,2006). Sea areas closed to the main land are used for the centralized
installations. Such an installation exists, for example, in Massachusetts, USA. It is situated on 25 square
miles. It contains 130 turbines with a probable electrical power to be delivered of 420 MW.

Figure 13 depicts a typical relationship in tentative units between power of a wind turbine and the
wind speed.

Figure 14 displays a common structural schema of wind generator of a comparatively high power
meant to deliver energy on the distribution network.

Also, so-called autonomic wind generators exist. They supply objects not connected to the distribu-
tion network. These generators have a simpler structure.

On the point of view of the operational range of wind speed, at which the wind generators may oper-
ate, there are wind generators that operate with a constant speed of the turbine and wind generators that
operate with a variable speed of the turbine.

The wind generators that operate with a variable speed of the turbine are more complicated than the
other ones, but they can generate energy at low speed of the wind (typically under 7-9 m/s). This leads to
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Figure 13. Typical relationship in tentative units between power of a wind turbine and the wind speed
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augmentation of generated power. The augmentation in a year period may be 12-18% and it is strongly
dependent on the spot of the wind generation installation.

Generally, a structural schema of wind generator contains mechanical and electrical parts. The first
part includes a turbine (rotor) and power transmission (gearbox). The second part includes an electrical
generator, power electronic converters only in part of the implementations and transformer to connect
to the distribution network (Stiebler,2008).

Wind generators that operate without a change of the speed of their turbine have found a wide imple-
mentation because of their simplicity. These generators are made using an asynchronous generator with a
short-circuit rotor and is directly connected to the electrical network using a transformer. The generator
delivers generated energy on this network. Owing to the features of the asynchronous generators used,
the speed of the rotating of generators, and from that also the speed of the wind turbines, is practically
unchangeable. The speed is determined by the frequency of the network to which the generators are
connected. These generators can not operate at low speeds of wind. At such conditions, they turn off not
to change their mode from generator to motor modes — i.e. the propeller of the turbine would be turned
not by the wind but by the generator, which would consume energy from the electrical network.

Simple asynchronous generators with a short-circuit rotor may be used also independently — as auto-
nomic ones. In such a use, they are not connected to the electrical network, but a block for self-excitation
is added. This block consists of capacitor batteries. The implementation of these generators is limited
and it is in low powers (Simoes, 2006).

The wind generators without a change of the speed of their turbine are not able to use the entire
potential of the wind. If a generator operates with a change of the speed of its turbine, the generator is

Figure 14. Common structural schema of wind generator of a comparatively high power

Mechanical energy Electrical energy
T .
Power Distribution
- .
( A ™ GEAR @)_V converter = |Transformer network
t —
;/W o rotor
energy

240



Conversion of Electrical Power from Renewable Energy Sources

able to use the entire potential of the wind and the total annual production increases with 15%. These
wind generators are more complicated ones but contemporary solutions are directed exactly to the wind
generators with a variable speed. Two generators find place in widely used turbines with a speed change:
double fed induction generator and synchronous generator (Cheng, 2006).

Figure 15 displays general blocks of the system with asynchronous generator. This system is used
in medial powers and is known as Double — Fed Induction Generator (DFIG) system. Here, the stator
windings are directly connected to the distribution electrical network via a transformer. Power electronic
block is connected between the network and the rotor windings. This block consists of two three-phase
bridge schematics with a common capacitor battery. They forms so-called back to back converters. Both
converters are bidirectional ones. This block makes possible the operation of the generator with a vari-
able speed of its turbine (Petterson, 2005).

If ng is synchronous mechanical speed at the synchronous frequency f, the resulting output power
comes from the induced voltage proportional to the relative speed difference between the electrical
synchronous rotation and the mechanical rotation within a speed slip factor range, given by:

T ©.1)

where S is the slip and 7, is the rotor speed.

If the turbine, consequently the generator, operates with low speed (positive slip), the converters give
towards the rotor electrical energy with a voltage having a frequency which complements the negative
slip to the zero slip which is determined by the frequency of the distribution network. In this case, the
direction of energy transmission using the converters is from the network to the rotor. The right converter
in the figure operates as a rectifier, and the left converter — as an inverter.

If the turbine, consequently the generator, operates with low speed (negative slip), the converters
consume energy from the rotor with a voltage having frequency which also compliments the negative
slip to the zero slip which is determined by the frequency of the distribution network. The direction of
energy transmission is from the rotor (and from the stator) to the distribution network. The left converter
in the figure operates as a rectifier, and the right converter — as an inverter.

It has to be mentioned that in this configuration the power of the power converters is lower than the
total power of the wind generator. Their power depends on the chosen range of the change of the speed

Figure 15. General blocks of the system with asynchronous generator
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of the turbine. For a change of the speed with £30% around the zero slip the power of the converters
is also about £30% of the power of the wind generator. The important is problem for reactive power in
DFIG-system (Kayikci,2007).

There is a version of the system, in which the rotor windings are connected to an uncontrolled three-
phase rectifier. The rectifier supplies a DC/DC converter. Load of the converter is a power resistance, in
which the rotor winding energy is dissipated. Using an appropriate converter control leads to a change
of the resistance of the rotor windings. Compared to the first version, this one has decreased energy
efficiency.

The next three systems use synchronous electrical generators. In the three versions, power electronic
converters between the generator and the network have to be designed for the total power of the wind
generator.

The first version is with synchronous generator with a power transmission (gearbox) — Figure 16. The
generator voltage is rectified and then it is inverted. The system contains also an additional converter
with a lower power to control the excitation flux.

Figure 17 displays a version with a multipolar synchronous generator with @ power transmission
(gearbox) and without a control of excitation flux.

In the last version — Figure 18, a multipolar synchronous generator with @ power transmission (gear-
box) is also used but it is with an excitation using constant magnets.

Figure 16. Wind generator system with synchronous generator with a transmission housing
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Figure 18. A multipolar synchronous generator with a transmission housing (gear) and with an excita-
tion using constant magnets
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A special feature of all systems with synchronous generators is the probability for a quick control
of active and reactive power because of the presence of the inverter connected to the network. Power
management in wind/photovoltaic/fuel cell system is investigated (Caisheng, 2008).

The researches in the field of the systems using wind energy on one hand are connected with an
improvement of the characteristics of electrical machinery used and also to creation of new machines
particularly for this purpose. On the other hand, the researches are connected with an improvement of
the characteristics of the power electronic converters based on novel power devices and appropriate
algorithms for their control. Researches are made in turbine farms situated closed to the main land for
an integration of electrical power produced from wind and electrical power produced from water. Other
tendency is the usage of wind energy for a hydrogen generation.

A version using photovoltaic generator and inverter to transfer electrical energy on the distribution
network is shown in Figure 19.

Figure 19. Version using photovoltaic generator and inverter to transfer electrical energy on the dis-
tribution network
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Figure 20. Distributed structure of an electrical energy supplying system
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One of the channels in Figure 19 repeats the structure shown in Figure 9. The modules in the second
channels are of a great interest. The generated DC energy from the photovoltaic is used to supply a
electrolyze module and then to produce hydrogen. I.e. this is a solar installation for a hydrogen genera-
tion. The hydrogen is a basic source for the next usage. Using fuel cells, electrical energy is generated.
As it is seen, in this structure also heat energy is generated. Moreover, mechanical energy is generated
using motor supplied by gas.

Figure 20 shows another system structure. This system allows different AC consumers preliminarily
separated into groups to be supplied. This is assumed to be made via the switches in the output.

The energy source may also be air with a boosted pressure. An example of its usage in a structure
of double conversion UPS is shown in Figure 21. The system is interesting because here harmful waste
products do not exist. One of the channels uses compressed air as a source for energy storage. In this
channel, bidirectional conversion of mechanical into pneumatic energy exists. Also, heat energy con-
nected with the processes of compression and expansion of air may be used. At the presence of supply
source, energy is transferred from DC wire into both directions — towards kinetic battery and towards
turbine, which motions a compressor used to accumulate compressed air into the reservoirs.

Bidirectional power electronic converters are included in both channels. It is obvious, that at a drop
of a voltage of the supply network, kinetic energy from the battery or energy from compressed air may
be used to supply the consumers.

In 2008 the ideas of distributed electrical energy generation and ecological use of energy sources uni-
fied the researchers in Future Renewable Electric Energy Delivery and Management (FREDM) System
Center. The center research program purposes are orientated towards Energy Internet (Huang, 2008).
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Figure 21. Usage of air as an energy source
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CONVERSION OF WATER ENERGY

Different trends in the study and practical applications of the use of water energy exist. The use of the
potential energy of the water at big Hydro Power Plants is the most widespread. Other researches are
connected with the use of the energy of the waves, of the high and low tides, etc. At the current part,
only the implementation of power electronic converters in small Hydro Power Plants that use energy
of water sources of small volume will be studied. Such an implementation is of interest for a future
stage development according to the distributed and ecological electrical energy generation. The general
requirements towards the electrical energy converters are mainly connected with the decrease of the
volume and weight, which are a precondition for mobility, and also with an increase of reliability and
stability to climate influences. The system for energy conversion may be with or without galvanic isola-
tion from the public electrical network.

Figure 22 displays different implementations using microturbines putting into motion electrical
generators. The version shown in Figure 22.a is without galvanic isolation and that is its disadvantage.
Its advantages are connected with the decrease of the number of the power electronic converters — a
rectifier and inverter. The energy indicators of the rectifier, such as power factor and harmonic spectrum
of the input current, are of great importance for the power of the electrical machine to be more fully
used. Rectifiers with transistors and input current modulation according to a certain law (see Chapter
4) are appropriate.

The next two versions use a high frequency transformer to make a galvanic isolation and to reduce
the size and weight. The borderline version of the connection of low frequency transformer between the
output of the inverter and the network is also possible, but it is not shown and therefore it is not studied
here. The requirements for the rectifier converting the energy of the electrical machine remain for the
topology shown in Figure 22.b. This version uses DC/DC with galvanic isolation — see Chapter 6.
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Figure 22. Structural schemas of conversion of microturbine energy
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The version shown in Figure 22.c is of interest. A matrix converter (see Chapter 5), combining the
functions of a rectifier and inverter and having a possibility to obtain high power factor in respect to the
source of the AC energy, is used. This version may be advanced with connection of a matrix conversion
of single-phase to three-phase voltage also in the secondary side.

REFERENCES

Aglietti, G., Redi, S., Tatnal, A., & Markvart, T. (2009). Harnessing high altitude solar power. /[EEE
Transactions on Energy Conversion, 24(2), 442—451. doi:10.1109/TEC.2009.2016026

Blaabjerg, F., Chen, Z., & Kjaer, S. B. (2004). Power electronics as efficient interface in dispersed
power generation systems. [EEE Transactions on Power Electronics, 19(5), 1184—1194. doi:10.1109/
TPEL.2004.833453

Caisheng, W., & Nehrir, M. (2008). Power Management of a Stand-Alone Wind/Photovoltaic/
Fuel Cell Energy System. [EEE Transactions on Energy Conversion, 23(3), 957-967. doi:10.1109/
TEC.2007.914200

Carrasco, J. M., Franquelo, L. G., Bialasiewicz, J. T., Galvan, E., Guisado, R. C. P., & Prats, M. A. M.
(2006). Power — Electronic systems for the grid integration of renewable energy sources: A survey. [EEE
Transactions on Industrial Electronics, 53(4), 1002-1016. doi:10.1109/TIE.2006.878356

Cheng, Z., & Blaabjerg, F. (2006). Wind energy —The world’s fastest growing energy source. /[EEE
Power Electronics Society Newsletter, 18(3), 15-19.

246



Conversion of Electrical Power from Renewable Energy Sources

Enslin, J. H. R. (2003). Interconnection of distributed power inverters with the distribution network.
IEEE Power Electronics Newsletter, 15(4), 7-10.

Gipe, P. (20006). Wind power: Renewable energy for home, farm and business. Chelsea Green Publish-
ing.
Ho, B. M. T., & Chung, H. S. H. (2005). An integrated inverter with maximum power tracking for

grid — connected PV systems. IEEE Transactions on Power Electronics, 20(4), 953-962. doi:10.1109/
TPEL.2005.850906

Holm, R., Polinder, H., Ferreira, J. A., Van Gelder, P., & Dill, R. (2002, February). A comparison on
energy storage technologies as energy buffer in renewable energy sources with respect to power ca-
pability. Paper presented at the IEEE Young Researchers Symposium in electrical Power Engineering.
Leuven. Belgium.

Huang, A., Heydt, G., Dale, S., Zheng, J., & Crou, M. (2008). Energy Internet — Future renewable elec-
tric energy delivery and management (FREEDM) systems. /[EEE Power Electronics Society Newsletter,
20(4), 8-9.

Jacquot, J. E. (2007). 42.8% efficiency: A new record for solar cells. Retrieved from http://www.tree-
huger.com

Kayikci, M., & Milanovic, J. (2007). Reactive power control strategies for DFIG-based plants. /EEE
Transactions on Energy Conversion, 22(2), 389-396. doi:10.1109/TEC.2006.874215

King, R. R., Law, D. C., & Edmontson, K. M. fetzer, C.M., Kinsey, G.S., Yoon, H., Krut, D.D., Ermer,
J.H., Sherif, R.A., & Raram, N.H. (2007). Advances in high — efficiency II1I-V multijunction solar cell.
Advanced in Optoelectronics.Vol.207, Article ID 29523. Hundawi Publishing Corporation.

Masters, G. (2004). Renewable and Efficient Electric Power Systems. John Wiley & Sons.

Petrone, G., Spagnuolo, G., Teodorescu, R., Veerachary, M., & Vitelli, M. (2008). Reliability issues in
photovoltaic power processing systems. IEEE Transactions on Industrial Electronics, 55(7),2569-2580.
doi:10.1109/TIE.2008.924016

Petterson, A., Harneforst, L., & Thiringer, T. (2005). Evaluation of current control methods for wind tur-
bines using doubly — fed induction machines. /EEE Transactions on Power Electronics, 20(1), 227-235.
doi:10.1109/TPEL.2004.839785

Prasad, B., Jain, S., & Agarwal, V. (2008). Universal single-state grid-connected inverter. /[EEE Transac-
tions on Energy Conversion, 23(1), 128—137. doi:10.1109/TEC.2007.905066

Simoes, M. G., Chakraborty, S., & Wood, R. (2006). Induction generators for small wind energy systems.
IEEE Power Electronics Society Newsletter, 18(3), 19-23.

Stiebler, M. (2008). Wind energy systems for electric power generation. Springet.

Teodorescu, R., & Blaaberg, F. (2005). Photovoltaic systems are with power electronics. /[EEE Power
Electronics Society Newsletter, 17(4), 10-13.

247



248

Chapter 10

Uninterruptible Power
Supply Systems

INTRODUCTION

Recently, there has been a sharp increase in a number of so-called critical equipment of electrical power.
Both separated units and complex objects, whose normal operation is strongly influenced by the param-
eters of electrical power, are included in this equipment.

The critical equipment includes the following objects:

. Personal computers (PC) and computer systems

. Electrical equipment for continuous technological processes
. Hospitals and other medical objects with modern furnishing
. Communicational system and equipment

. Security services and alarm systems

. Land aircraft equipment

. Fire-security

. Military objects

DOI: 10.4018/978-1-61520-647-6.ch010
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Uninterruptible Power Supply Systems

At contemporary practice, the normal operation of critical equipment is secured by separated parts
of equipment or whole systems. This equipment is fed by electrical energy delivered from public dis-
tribution electrical systems with a common level of power quality and with special methods and means
for improving the electrical supply quality to a level required for a the normal operation of the critical
equipment. These special methods and means applied in devices are received popularity as “UPS”
(Uninterruptible Power Supplies).

This name is originally connected only with a definite structure of the supplies, but along with the
UPS development it is enhanced - Uninterruptible Power Supply Systems (Griffith, 1989: Emadi, 2005:
Gurrero, 2007).

Users more often associate the installation of UPS to a necessity to secure an operation of a respon-
sible consumer at a drop off of the source voltage. Different changes in the quality of the source voltage
are possible in practice. More often these changes are:

1. Adrop off for a long time — Figure 1.

2. A drop off for a half-period or period of the source voltage — Figure 2.

3. A decrease of the source voltage value below a permissible one — Figure 3.
4.  Anincrease of the source voltage value above a permissible one — Figure 4.
5. Achange of the source frequency — Figure 5.

6. Transient overvoltages — Figure 6.

Figure 1. A drop off of the source voltage for a long period of time

Figure 2. A drop off of the source voltage for a half- period or a period
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Figure 3. A decrease of the source voltage value below a permissible one
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Figure 4. An increase of the source voltage value above a permissible one
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Transient decrease of the voltage value — Figure 7
Non-periodical disturbances put over the source voltage waveform — Figure 8.

An increase of non-sinusoidal coefficient of the voltage waveform above the permissible one —
Figure 9.

Figure 5. A change of the source frequency

Figure 6. Transient overvoltages
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Uninterruptible Power Supply Systems

Of course, no all of the abovementioned disturbances in the quality of the source voltage affects
in the same way different consumers (Rasmussen, 2003). The affects depends on the consumer type
- whether it uses directly AC electrical power or power is preliminarily transferred into DC one in a
separated source block (as it is in PCs), also, whether this transmission is connected also with a stabiliz-
ing of output voltages of this block, etc. Besides, it is worthy to be known that there are also other ways
to protect the consumer from a part of these changes. For example, stabilizers of AC voltages exist to
eliminate number 3 and 4; some companies produce filters protecting the consumer to avoid distributions
with number 6, 7, 8 and 9. It has not to look at UPS as a universal means to protects a consumer from
all possible changes because it will be clarified further down that the protection possibilities depends on
the structure and the way of implementing the UPS itself. Some of the systems secure supply at a drop
off of the electrical source but they do not resist other changes. Uninterruptible power supplies, whose
output voltage has a square waveform (more often of a low power to supply PC), are yet offered at the
Market.

Figure 7. Transient decrease of the voltage value

a

Figure 8. Non-periodical disturbances put over the source voltage waveform

e

Figure 9. An increase of non-sinusoidal coefficient of the waveform above the permissible one
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Figure 10. Centralized topology (Source: Powerware. Easy UPS solutions for IT systems.pp.4 —5)
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And yet, structures to implement systems capable of eliminating all changes in the quality of the
source voltage, which would be unpleasantly affects a responsible consumer, exist.

When itis necessary to secure uninterruptible power supply for a separated responsible consumer, UPS
intended only for this consumer and with technical data compatible with the specialty of the consumer
is used. Such cases are, for example, these of electrical supply of a PC or separated telecommunication
station.

Uninterruptible power supply for several different consumers may be secured in three ways — cen-
tralized, distributed or combined ways. Figure 10 shows the centralized topology for an uninterruptible
power supply. A special feature for this version is that all servers are supplied from a single UPS, as well
as all computers, for example, at marketing room are secured also from a single UPS. Here, reliability
is lower than in the other topologies but the system price is also lower.

Figure 11 illustrates the distributed topology of uninterruptible power supply. In it, each server and
each computer in the marketing and selling rooms are supplied from a separated UPS-system. This
topology is characterized by a higher reliability but also very often by a higher price.

The third topology of mixed solution for uninterruptible power supply is shown in Figure 12. Regard-
ing the servers this topology is centralized one and regarding the computers — distributed one. Of course,
the opposite variant is also possible — the servers — distributed, and the computers — centralized. From
the point of view of reliability and price this topology is at the middle of the previous two.

Figure 11. Distributed topology (Source: Powerware. Easy UPS solutions for IT systems.pp.4 — 5)
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Figure 12. Mixed topology (Source: Powerware. Easy UPS solutions for IT systems.pp.4 — 5)
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Based on data provided by (Powerware, 2008), the following shares are seen in the already installed
UPS in IT: 45% - central topology; 35% - distributed topology and 25% - mixed one.

The question about uninterruptible power supply of individual homes is very often put in practice.
Proprietors, designers and design performers are usually considered the aspect of UPS after all the work
upon the electrical installations of the building has been finished. In the author’s opinion based also in
his experience, settling of this issue has to be a part of an initial design for the electrical installation to
be designed in an appropriate way and also to be located rooms or spaces for the elements of the supply.
An idea about UPS for an individual home is shown in Figure 13.

As it is seen, all the electrical power consumers at the home are separated in three circuits, and also,
their tentative powers are shown.

In the first and the most responsible circuits, for example, the following equipment is connected:
lightening, security system, audio and video systems, computer, and other informational and communi-
cational systems. Thus, the requirements for the parameters of UPS1 are considered to this equipment.

Figure 13. An idea about uninterruptible power supply for an individual home
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For example, the longest duration of operation may be required after a drop off of the source voltage, also
zero switching time and thoroughly separation of the disturbances in the source voltage may be required.
The first system of UPS may be of double conversion type, which will be examined further down.

In the second circuit all household appliances may be connected, such as fridge, cooker, laundry, etc.
Obviously, the requirements for UPS2 may be lowered. UPS may be of another type. After a voltage
drop off, the household appliances continue to operate till completion of their functions — for example,
food preparation, etc.

Heating and air-conditioning are included in the third circuit. It is initially supplied from the source
voltage and after the drop off of the voltage the circuit may stop to operate for a short time. After this
time, a reserve electrical supply has to be switched on — diesel aggregate, and then sing the source transfer
switch 3, the heating and air-conditioning to be supplied again.

Using the source transfer switches 1 and 2, the supply of the other two circuits can also be passed
to the diesel aggregate at the condition that the source voltage is yet missing and the capabilities of the
two UPS are exhausted.

Control of all elements of the supply of the home is using a common microcomputer system and with
parameters, which are set and may change by the proprietor.

Topics about different energy sources, others than the network, are examined in Chapter 9.

BASIC SCHEMAS AND THEIR INDICATORS

According to the accumulator and the means of energy conversions, the systems of uninterruptible power
supplies are in general classified as (Karve, 2005; Cottuli, 2008):

. Static ones
. Dynamical ones

In static UPS, accumulation of energy is made in electrochemical accumulators (secondary sources)
and also the required conversions of electrical power are performed by semi-conduction converters,
which do not contain moving parts and are classified as static ones.

Dynamic UPS are realized using converters with moving parts. Energy in them is stored for a short
time as kinetic energy into moving flywheels. The required energy conversions are performed in electri-
cal machine. Long-term operation of the dynamic UPS at the drop off of the electrical supply is secured
by motors with inner combustion.

Technical solutions of implementation of UPS have been developing together with the development
of the consumers requiring such a supply. From the beginning of 1970, so-called on-line UPS shown in
Figure 14 have found implementation in securing big calculation machines.

Here, the inverter is fed by the rectifier with DC energy and operates continuously feeding the load.
The rectifier secures also energy to charge the battery. Static bypass may transfer the supply of the
consumer directly to the AC input (to the supply network) without an interrupt in the case of failure in
the main channel or in the processes of initial switching on of the consumer, when it consumes a high
current. It is seen that the structure does not exactly correspond to its name. Therefore, some authors
make more precise the terminology of on-line as inverter, which feeds continuously the load and con-
nected in series with the network.
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Figure 14. Structure of on-line UPS
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At the beginning of 1980, so-called off-line UPS shown in Figure 15 have been developed in op-
position to on-line ones.

The term off-line is used rather as an opposite one to on-line name of the previous topology because
here the term off-line should be understood it as parallel connection of the inverter to the network. The
inverter does not operate continuously, yet it is in a standby mode. The consumer feeds from the in-
verter only in the case when the voltage of the AC input leaves the permission range in particular when

Figure 15. Off-line UPS topology
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it misses. Functions of the block marked as filter include not only filtering but also, in some systems,
stabilizing the value of the voltage passed to the load. Here, the term off-line also does not reflect the
nature of the UPS system.

Development of mini and micro computers, as well as telecommunication systems, has leaded to in-
vention of new schematic solutions in the systems securing their uninterruptible supply. The new standard
of International Electrotechnical Commission IEC 62040-3 and its European equivalent ENV 50091-3
currently define three topologies of UPS — systems (Karve, 2000; Solter, 2002; Beaudet, 2005):

. Passive standby
. Line interactive
. Double conversion

The passive standby version shown in Figure 16 reminds a lot of off-line topology. Its features are
as follows:

Mode when the source voltage presences: Load is continuously fed by the AC network through a
filter, which may have also stabilizing functions. The standard does not completely clarify the
stabilizing functions of the block but it mentions that a ferro-resonant stabilizer may be included
in it. The inverter is in passive-standby mode. The battery is in charging mode.

Mode when the source voltage misses: When the source voltage leaves the permissible limits, the
consumer is switched to the supply of the inverter output. The switching has to be performed in
less than 10ms using a switch. This mode continues either to the moment of battery discharge to
a permissible level or to the moment of the appearance of the source voltage within the defined
limits.

Figure 16. Passive stand-by topology

Mode at a presence of
the source voltage

——————————————————————— +
AC input uPs consumer
- switch
filter
———
|
~ inverter — |
I
— ~ |
I
- _ |
rectifier |
battery charge

—|— [ Mode at an absence of
the source voltage

256



Uninterruptible Power Supply Systems

Figure 17. Line interactive topology
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Advantages of this topology are: simplified structure, low price, small volume and weight. Disad-
vantages are: dependence of the voltage supplying the load in normal mode on the disturbances of the
source network; sometimes the switching time appears to be long for the consumer; frequency of the
source voltage supplying the consumer can not be regulated. The topology is applied in low powers
below 2kVA. It can not be used as a frequency converter for transition between networks with different
voltage standards.

Presence of bidirectional converter is typical for line interactive configuration shown in Figure 17.

The standard defines three possible modes of operation for this topology, as follows:

Mode at a presence of the source voltage: The consumer feeds from the source voltage, while the
battery is charged through the bidirectional converter operating as AC/DC converter;

Mode at an absence of the source voltage: When the source voltage leaves its permissible limits, the
consumer feeds from the battery using the converter operating as DC/AC converter. The static
switch breaks off the connection to the network to isolate the converter output from it.

Bypass mode: Some systems of this type can be provided with a possibility for a manual transferring
of the supply of the consumer directly only to the source network in case of a system failure.

Advantages of the line interactive configurations are: approximately the same price as this of the
second topology and lower than the first topology price. Disadvantages are: there is no thorough isola-
tion of the consumer from the source network and the consumer is affected by the disturbances of the
source voltage; there is no possibility to regulate the frequency of the voltage supplying the consumer.
This topology implementations are in average power consumers to 10 kVA, which do not require source
voltage with frequency different from the source one.
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A special feature of double conversion topology shown in Figure18 is the supplying of the consumer
always from the inverter output.
For double conversion topology, the standard defines three modes of operation:

Mode at a presence of the source voltage: The consumer is continuously fed from the inverter output
using a conversion of AC source voltage first time into DC by the rectifier and second time into
AC. The battery is in charging mode.

Mode at an absence of the source voltage: When the source voltage leaves its permissible limits, the
consumer feeds again from the output of the inverter receiving energy from the battery.

Bypass mode: This mode is secured automatically by the static switch in several cases. The first is in
the case of failure in the main channel, the second case is in transient increase of the consumer
current (initial turning on or overloading during operation), the third case is in depletion of battery
capacity.

Almost each system of this type is provided with a possibility for a manual bypass in the case of a
failure in the rest part of the system.

Advantages of the double conversion are: complete isolation of the load from the disturbances in the
source voltage in normal mode; wide range of a change of the source voltage by a precise stabilizing
of the supply voltage to the consumer; precise regulation of the frequency of the output voltage and a
possibility to use the topology as a frequency converter; there are no transient processes at switching
from the network supply to the inverter supply or in contrary. Disadvantages are: high price, in some
cases reduced efficiency coefficient due to the double conversion of energy. The UPS, implemented
using this topology, are almost every time used in high powers above 10kVA up to several MVA and at
the need of frequency conversion.

Figure 18. Double conversion topology
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After the examination of the standard three topologies has been made, it appears that in some of
them elements and functions of the sooner used terms on-line and off-line may be found. Nevertheless,
these terms are not recommended to be used because they are considered not to reflect the nature of the
performed functions and capabilities of the corresponding system.

Besides these basic blocks determining the name of the topology, UPS systems also contain: systems
for control, regulation and diagnostic of the converters, systems for an appropriate temperature mode,
interface and software, system to communicate with the staff performing prevention measurements or
repairing, systems and software for telecommunicational connections with the producer. So, as a whole,
the UPS system is a complex device that is usually distinguished with a very high reliability. In spite of
all, failures are possible in the system, which implies the necessity to take additional measurements in
extremely responsible consumers, such as hospitals and hospital rooms, control of vehicles, etc.

Figure 19 displays a dynamic UPS where DC motor 6 motions electrical generator 5. DC voltage to
supply the motor is generated from the source network by rectifier 8. When the source voltage drops off, the
DC voltage is maintained by the battery 7, which is charged from the source network 1 using rectifier 8.

When the source voltage drops off, consumers 9 will continue to receive supply from the generator
without an interrupt. In this mode switch 2 is also provided. The switch turns off when the drop off of
the source voltage appears not to pass energy to other consumers. Manual bypass is also shown in the
figure with non-marked circuit-breaker. It is used when service procedures or prevention measurement
of the UPS are taken.

Choosing an appropriate uninterruptible power supply for a consumer, technical data and parameters
given at the producers manuals and datasheets have to be known very well. This knowledge is necessary
for one to be able to choose the most appropriate system for ones purpose without unnecessary given
more money and also to avoid some misunderstandings and conflicts. The technical data are usually
divided into groups.

Figure 19. Dynamic UPS system
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Technical data concerning the output:

Output power: It is desirable that the producer shows two values of this parameter — active power
in Watts and total power in VA. For example, active power 24k W, total power 30kVA. Load power
factor is also usually shown and the type of load — more often load power factor from 1 to 0.8 and
inductive type of load.

Output voltage: If the system is a three-phase system, both phase-to-phase and phase voltage
values are indicated. For example, 380/220V, 400/230V, 415/240V. Sometimes, only the value of
phase-to-phase value may be shown — for example, 380/400/415V. Some producers make their
configurations according to the client’s choice. Whether a neutral wire is taken out or not has to
be also indicated.

Accuracy of maintaining the output voltage: It is usually shown in static mode — for example,
+1.5%, and the mode is indicated. Sometimes a dynamic parameter may be shown — transient
voltage stability — for example, < 10% under a 100% change of load. The best producers indicate
also transient time — for example, transient time 2 mS.

Accuracy of maintaining the phase angle among the three voltages: It is given only by several
companies — for example, phase angle accuracy + 3°.

Total harmonic distortion THD of the output voltage: It is desirable to be indicated also in
what type of load the THD is listed. For example, THD < 2% in linear load case and THD <5%
in non-linear load.

Frequency of the output voltage: It is usually 50/60 Hz with probability to choose. Some pro-
ducers also indicates whether a synchronization to the mains exists.

Accuracy of maintaining the output frequency: A value under a full loading of the output is
obligatory to be indicated — for example, £0.5 Hz or in percentages — for example, +1%. Also, the
value in free running may be shown — for example, + 0.05%.

Output overloading possibility: This datum is not given by all producers but it is good for the
consumer to take it in mind when choosing the system regarding its load. For example, possible
overload of 150% for 30 seconds, 125% for 10 minutes and 110% for 1 hour.

Possibility for parallel operation of the output with other systems: It is given very rarely by
single producers and it is mentioned the kind of other systems with which parallel operation is
possible.

Technical data concerning the input:

Value of the input voltage: In three-phase system, both phase-to-phase and phase voltages are
shown — 380/220V, 400/230V, 415/240V. Only the phase-to-phase voltage may be indicated —
380/400/415 V. The type of the source network is obligatory to be shown — three wired (three-
phase) system or four wired (three phase and a neutral one) system.

Range of change of the input voltage: It may be shown for the phase-to-phase voltage in val-
ues — for example, 340 — 440 V. It may be indicated in percentage — for example, + 20% from the
value of the input voltage.

Frequency of the source voltage: It may be given in two ways — as a value of the frequency and
as a percentage of its change (for example, 50 Hz £10% or 60 Hz £5%) or as a range of it change
(for example 48-62 Hz).

260



Uninterruptible Power Supply Systems

. Power factor: It is extremely important parameter, which determines the behavior of the whole
uninterruptible power system in respect to the source network (Blooming, 2008). This parameter
however is not shown by all producers. Its minimum value is usually indicated — for example, >
0.96. Some companies show lower value, for example, 0.7, and they offer additional purchase of
an active power filter to correct this value up to 0.99.

. Total harmonic distortion of input current THDI: It is shown by very few producers, for ex-
ample, THDI < 3%.

e Technical data for batteries:

*  Battery type: It is shown by almost all producers.

. Expiring period of the batteries: It is usually 5 or 10 years with a possibility to be chosen.

. Recovery battery time after a discharge: It is usually given in dependence on the discharge time
— for example, 10 times of the discharged time.

. Number of cycles charge/discharge: For example, 500 cycles. Not all producers indicate this
parameter.

Common technical data for the whole system:

. Type of the system of uninterruptible power supply (technical decision): Above examined
topologies, as double conversion, etc., are had in mind. This parameter also is not indicated by all
companies.

. Transient time at a drop off or at an appearance of the source voltage: It is usually less than
10ms — for example, 2ms. In some technical decisions, the experts know that this time is 0 — for
example, in double conversion topology, therefore, if the producer is shown the type of the system
at the manual he is not obliged to specify also and this time.

. Backup time: This is an extremely important parameter for the user. It is given in dependence
on the battery type — 5 or 10 year expiring period. Almost all producers indicate a value under a
100% loading of the output, for example, 10-12 minutes and 10 year battery. Only few producers
specify the load type — linear or non-linear and its power factor.

. Common efficiency coefficient: It is usually shown in full loading of the output — for example,
93%. Several values dependent on the output loading may be given in very few occasions.

. Level of acoustical noise of the system: The distance may also be shown — for example, 60 dB
at 1 m. It is usually given for a full loading of the output, but it also may be shown as a range
dependant on the loading — for example, 50 — 65 dB.

. Ambient temperature: Almost all producers give it as a range — for example, 0 — 45 ° C.

e Air humidity of the environment: For example, 15 - 80% usually without condensation.

. Size and weight: The three sizes and the common weight are usually indicated. They may also be
given as separate data for the battery cabinet if it is separated.

. Correspondence to international standards: The standard numbers, in accordance with which
the experiments have been performed and to which the correspondence is found, are obligatory
to be shown. Usually, these are two types of standards — regarding the technical safeness and the
electromagnetic compatibility.
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. Technical data concerning communication and software: Types of communicational interfaces
are given — for example, RS 232, also data and possibilities of the software are shown. Usually
this is specialized production software. It advantages for the user are listed, also its possibility to
operates with different operational systems, etc.

As it is seen, summary analysis of all technical data, comparison among different producers and
the decision of the choice are a complex topic, which is very often impossible to be resolved without
a consultation to a specialist in the field of Power Electronics. Besides, not all data presented in the
advertising production materials and additional queries and specifying are necessary. In all cases, the
possibilities service measurements are also analyzed — presence of an official distributor, time of remov-
ing the failure, warranty, etc. The producers almost never show data concerning reliability parameters
such as average time to failure, etc. It is possible to make an additional analysis and comparison of data
for already installed and operating systems at other users for a particular company. Here, the subjects of
price and other economical indicators are not discussed, but additionally to the technical data they are
also important at taking a final decision.

Each of the above described technical parameters is connected to a particular technical device (basic
block) from the UPS system and additional data for some of the parameters are given further down at
the description of the specialties of the separated blocks.

The contemporary researched in the field of UPS systems are orientated towards the following di-
rections:

1. Structure and power schematic, for example, (Kamran, 1998; Vazquez, 2002; Ming, 2003).
2. Control and regulation, for example, (Mattaveli, 2005; Pai, 2006).
3. The energy source, for example, (Tao, 2008).

METHODS TO INCREASE THE RELIABILITY
Source transfer switch (STS) is a device, which switches critical AC consumer between two independent

sources on one another in dependence on their transient state or on a command passed by the user. The two
sources are very often two undependable UPS systems — see Figure 20 (MGE UPS Systems, 2008).

Figure 20. Increase of the reliability using two UPS and STS. Source: MGE UPS Systems. Pulsar STS.
Source transfer switch.
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The two systems and the consumer have a connection by STS both regarding the source voltage
and the data exchange. At failure in one of the systems, the supply is automatically passed to the other
system and the necessary information for the failure state is passed. Besides the nominal current, which
the STS may switch, a basic parameter is transient time. For example, STS produced by MGE France,
so-called Pulsar STS, guarantee currents of 10, 15 and 16 A at transient time of 6ms.

Important function of the control system is to monitor the transient values of the voltages of both
sources, which are usually non-synchronized and to choose the most appropriate moment for switching,
which has to happen at minimum time and minimum disturbance in the waveform of the supply voltage
for the consumer. The best moment to perform the switching is at the moments when the load current
decreases to 0, thus the turning off of the finally conducting triac is guaranteed, see Figure 21.

Since sometimes STS are offered undependably from UPS system, it is necessary to know switch
parameters and characteristics.

Technical data concerning the input:

. Input voltage: More often this is an output voltage of two undependable one from other UPS sys-
tems. They usually guarantee high stability of the voltage value, besides, for this switch parameter
higher range is permissible — for example, 220/230/240 V £10%.

. Frequency of the input voltage: It is usually 50/60 Hz

. Number of the inputs and wire standards: For example, 2 corresponding to IEC 320 C13.

. Nominal input current: For example 16A.

Technical data concerning the output:

. Number of the outputs and wire standards: For example, 6 corresponding to IEC 320 C13

. Nominal output current: For example 10A.

. Transient switching time: It is obligatory to be lower than the value of the half-period of the in-
put voltage. The period of 60Hz is 8.33ms. The producer may be shown 10ms, for example. Thus,

Figure 21. Contact-free switching between two sources using triacs
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an analysis has to be made whether the consumer supplying by this switch may carry a drop off
of the source voltage for this time.

Common technical data:

. Sizes and weight: The three sizes and weight are indicated - for example, 400x60x100 mm and
10 kg.

. Correspondence to international standards: The standards numbers are obligatory to be given.
They are usually regarding the technical safeness and the electromagnetic compatibility — for
example, regarding the electromagnetic compatibility [EC 1000-4, and regarding the technical
safeness EN 50091-1.

Different schematic versions are often provided to increase the reliability. The first version is depicted
in Figure 22. The main requirement to both separated UPS systems is their capability of parallel opera-
tion and also each of them has to be capable of delivering the total power required by the load.

In anormal state the power is divided between the two systems, and when a failure occurs in one of them,
the power is delivered only by the other. The possibility of so-called centralized bypass is also provided.

In high power some producers design the UPS system itself according to a module principle with
possibility for parallel operation of the separate modules and centralized bypass. Figure 23 depicts this
version. A possibility for automatic turning on and off of particular modules dependent on the power
loading and the module states is often existed in this version.

Another version to increase the reliability is shown in Figure 24. It is for two UPS systems. The
system contains STS.

Figure 22. First schematic version to increase the reliability
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Figure 23. Module principle of UPS applied to increase the reliability
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Figure 24. Version to increase the reliability for two UPS systems
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At each moment only one of the systems operates, the other is in standby mode. In failure in one of
the systems the supply of the load is passed to the other one, and the passing is made through the STS.
Advantage of the version is the fact that the two systems are not loaded simultaneously. It has to be
mentioned that this version may be extended for a boosted number of systems and loads using different
combinations among them and using several STS.

In all versions examined till now, the time during which the load will be supplied at a drop off of the
source voltage depends on two factors. On one hand, it is the state of the battery — charge degree and
capacity; on the other hand, it is power which the load consumed at that moment. It is clear that this time
is limited by these two factors. For example, if the load consumes power equal to the nominal one of the
UPS system and the battery is fully charged, the time during which supply for the load can be maintained
after the drop off of the source voltage varies in different producers and it is often in the range of 5-20
minutes. If this does not meet the requirements of the consumer, he may use another UPS system with
higher power than his load will consumed consulting the producer what will be the increase of the time
in this case, of course, on the account of a higher price. Another option is the consumer to ask for an
installation of another battery with an appropriate capacity for the case, of course, if the producer gives
this opportunity, which is cheaper than the previous version.

At very responsible loads a group motor- generator supplied by a liquid fuel (so-called reserve sup-
ply) is added to the blocks of UPS systems described up to here. In this case the supply for the load
relies on from the battery using DC/AC converter for a comparatively short time during which the
motor-generator group begins to operate after the source voltage drops off and if there is no yet source
voltage after the depletion of the capability of the battery then automatically the supply of the load is
transferred to the generator. Thus a reserve electrical supply is realized. An example of its structure is
shown in Figure 25.

Figure 25. A structural schema for a reserve electrical supply
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COMMUNICATION BETWEEN UPS SYSTEMS AND DIFFERENT SYSTEMS

It has been clarified at the above made study that the UPS systems are complex devices which are as-
signed responsible functions connected to the supply of critical equipment. This imposes the need of
providing special means to monitor the operation of the devices and at failure the reaction time and the
time to eliminate the failure to be as short as possible. The possibilities, which are provided in this as-
pect by the producers, very often play a significant role in the choice which the consumer may be made
among the UPS systems offered at the Market. These possibilities determine in a high degree the speed
to eliminate the failures — obligation that the producers take at the contract of warranty.

Recently, a basic share in control systems of power electronic converters used in UPS systems is
taken from digital signal processors. The processors themselves have series peripheral interfaces or/
and series communicational interfaces with possibilities of synchronous or asynchronous data exchange
and thus there embedment in hardware and software systems meant for communication is simplified.
During the design of the control systems, possibilities for self-diagnostic of the separated blocks are
provided, so, the data to be accessible to the staff. The communication means can be generally divided
into two groups:

. Means for monitoring, indication, imitation and control at the point of installation of the UPS
system
*  Means for monitoring and control from a distance

Liquid-crystal displays for indication and control used by all producers and most frequently controlled
by a common microprocessors are from the first group of the communication means. A structure of the
system with indication, which blocks operate at that moment is usually shown at the displays, as also
different functional buttons to draw in or out data at the display are provided.

This permits:

. Indication of the currently operating blocks by lightening their symbols at the block schema at
the display

. Indication of voltage, current and frequency of input/output/battery

. Indication of all alarms for operational disturbance and their history

*  Indication of remaining operational time at an absence of the source voltage dependent on the
state of the battery, transient load and temperature

*  Indication of remaining time of use of the battery dependent on its usage history

*  Enable or disable of sound indication

. Configuration of the above mentioned function dependent on the requirements of the consumer —
language, indicated parameters, date, time during which the battery is tested, etc.

The consumer also has access to the display. So-called remote mimic and control panel is additionally
installed. This panel is a coupling for connection to a special service PC used by the service engineers

and signals of “dry contact” type are brought on the panel, as follows:

. Inverter load
. Overloading
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. Test for damaged battery

*  Network load

e Failure turned off inverter

. Coming stop

. Turned off rectifier

. Turned off battery charge

. Damage in the bypass system, etc.

These are only part of the most important signals, which allow to service engineer to make a quick
diagnostic of the failure and to take a decision how to continue its elimination.

The second group of communication means for a distance monitoring and control is realized by
specially made centers for this purpose by the producers. In these centers, a continuous flow of informa-
tion for the state of the most responsible objects arrives using the embedded modems into UPS system
through telephone cable or through Internet. This allows monitoring the parameters required for a proper
operation, passing the state of a particular system using so-called “reports” at a set period of time. Ac-
cording to the data, eventual malfunctions of the system can be foreseen and both the consumer and the
serves group to be informed preliminarily. Of course, the producers have necessary software, shaped in
separate parts with different producer names, for means of the two groups. Information about software
can be found in advertising materials of the companies.

If the UPS system is used for computer systems and nets, it has to be known that means for connec-
tion to the computers themselves are provided. Corresponding software, which may be integrated in
different operational system such as WINDOWS!, UNIX?, etc., is offered.
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Chapter 11

Other Applications of
Converters and Systems
of Converters

INDUSTRIAL APPLICATIONS

The industrial application of power electronic converters and systems of converters are varied (Motorola,
1991, 1993).

Power electronic converters of electrical energy for electrical engineering technologies have a wide
spread in industry.

Electrical engineering technology is a technology to perform a particular process using electrical
energy. The following positive effects are obtained using electrical energy in electrical engineering
technology compared to the usage of other energy sources:

. Reduce of the total expense and prime cost of used energy
. Decrease of the technology process time

. Decrease of the harmful emissions in the environment
. Improving of the conditions of work of the staff, etc.
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Metal heating with a purpose of its melting is more often made into furnaces using coal or natural
gas according to the heat exchange principle.

The high-frequency induction heating (HFIH) use is increasingly expanded with the development
of the power electronic converters. Besides at the melting, the HFIH is also used at surface hardening,
welding, forging, hot printing, etc.

In 1831, Michael Faraday (1791 — 1867) discovered electromagnetic induction. It is used in all induc-
tion heating (IH) applied system. Electromagnetic induction refers to the phenomenon by which electrical
current is generated in a closed circuit by the fluctuation of current in another circuit placed next to it.
AC current flowing through a circuit affects the magnetic movement of a secondary circuit located near
it. This is the basic principle of the induction heating, which is an applied form of Faraday’s discovery.
Heat loss, occurring in the process of electromagnetic induction, could be turned into productive heat
energy in an electric heating system.

Absence of any physical contact to heating devices in IH excludes unpleasant electrical accidents. High
energy density is achieved by generating sufficient heat energy within a relatively short period of time.

Furthermore, induction heating is a combination of electromagnetic induction, the skin effect, and
the principle of heat transfer. Briefly, the IH refers to the generation of heat energy by the current and
eddy current created on the surface of a conductive object when it is places in the magnetic field formed
around a coil, where the AC current flows through.

The principle of the IH is illustrated in Figure 1. It shows inductor 1, where a high-frequency current
flows through, and detail 2 put inside the inductor. The system might be studied as a transformer with a
secondary winding where induction current /, flows through. The current density decreases according
to an exponential law into the inside of the detail shown in Figure 2, according the relationship:

Figure 1. lllustration of IH principle
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Figure 2. System of inductor — detail and its equivalent schematic
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T, » (11.1)
IX = Io.e /

where /) is the current density on the detail surface, /, is the current at x distance inside the detail,

d, - a constant dependent on the properties of the detail material and the current frequency (Fairchild
Semiconductor, 2000):

d =k a (11.2)
Lhw

where p is specific resistance of the material, k - coefficient, 1 - magnetic permeability of the material,
- angular frequency.

The dependence of the current density on the deepness of the penetration is shown in Figure 3.

The flowing of the current 7, through the detail is connected with active power in the detail. This
power heats the detail and transfers into heat.

The system inductor — detail has a parallel equivalent schematic shown in Figure 2 including pa-

rameters - R , X which change their values during the heating process. For example, £ may change

1.5-2.5 times; X , - 1.3-1.6 times. The change ranges are different for non-magnetic and ferromagnetic
materials.

Frequency dependent on the electrical engineering tasks of IH is required to be about from 50 Hz
to several MHz.

At earlier stage, electrical-mechanical converters have been used for the IH purposes. Nowadays,
using power electronic converters permits to make economies of electrical energy within the range of
15-40% dependent on the loading.

Figure 4 depicts basic blocks incorporated a frequency converter for [H. The converter derives its name
- “frequency converter” from the fact that the output voltage and current frequencies are higher (HFAC)
than this of the mains (LFAC). For orientation, the inverter is said to be thyristor current inverter within
the frequency range of 500 Hz to 4 kHz, thyristor resonant inverter up to 10 kHz, and transistor resonant
inverter for higher frequencies (see Chapter 7). Valve generators are used at megahertz range.

In some cases, the rectifier may be uncontrolled and thereby the regulation of output power is per-
formed using the inverter control system. I[fthe output power has to change within a wide range, controlled
rectifier is applied. Its regulation may be combined with the inverter regulation.

Figure 3. Dependence of the current density on the penetration deepness
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Figure 4. Structural schema of a frequency converter for IH
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Using of a matrix converter for HFIH purposes as it is shown in Figure 5 is also possible (Antchev,
2007). In this case, a power factor of the entire technology installation in respect to the mains very closed
to 1 may be achieved (see Chapter 5).

For a thyristor frequency converter with 1250 kW used for metal melting at furnaces to 5 tons, the
following typical data are of interest. Its operational frequency change during the process is from 0.3
kHz to 6 kHz. Also, converter efficiency coefficient is above 90% at a consumption of cooling air about
15 000 m*/h.

Electric Welding

At electric arc welding, power required for the melting is obtained producing an arc between two elec-
trodes, one of them is usually the metal detail, which has to be welded. The welding in the air atmosphere
is the most widely spread.

Volt-ampere characteristic of the process depends on the type of the welding process. Typical charac-
teristic is a strongly dropping one as it is shown in Figure 6. Before the arc creation, the voltage is equal

Figure 5. Use of high-frequency matrix converter for IH
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Figure 6. Typical volt-ampere characteristic of a welding aggregate
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Figure 7. Structural schematics with a low-frequency transformer
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to the voltage of an open - circuit U, . After the arc creation, the current is limited to the value of the
short-circuit current [, . The welding aggregates usually have a possibility to regulate this current.

Typical values of the idle motion voltage and short-circuit current are 50V and 500A. Moreover,
the fluctuations of the output current have to be of minimum value after the arc creation. Therefore, a
smoothing inductance is usually connected to the aggregate output. Furthermore, a galvanic isolation
from the mains is required to secure safeness for the staff. The isolation is made via high-frequency or
low-frequency transformers.

Figure 7 depicts structural schematics of a welding aggregate using a low-frequency transformer.
In the schema shown in Figure 7.a, an appropriate control of the thyristors of the rectifier secures the
character of the output characteristic. DC voltage from an uncontrolled rectifier is generated in Figure
7.b, and then the regulation is performed using a series transistor operating in active mode. This topol-
ogy has the lowest efficiency coefficient. The variant in Figure 7.c is implemented using a pulse buck
DC/DC converter. Its control system secures the type of the output characteristic. All topologies using
a low-frequency transformer have increased volume and sizes.

Figure 8 shows a variant using high-frequency transformer. DC/DC converter is used. It may be with
PWM or resonant type. Its efficient coefficient may reach 90% at small sizes and volume.

Figure 8. Schema using high-frequency transformer
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Converters with DC output electrical energy are more and more applied as a supply for aggregates
with electrical arc in a vacuum or in gas atmosphere. Vacuum and plasma arcs are applied in electro-
metallurgy, chemistry, etc. The application at electro-metallurgy is at welding, electro-arc cutting. At
chemistry, the application is to generate acetylene and some other compounds. The requirements for the
supplies with electro arc in a vacuum or with a plasma arc are equal in their principles. A stability of arc
burning, a possibility for slightly regulation of the current and its stabilization are required. DC source
for the electrical welding purpose has to be output short-circuit proved, because the short-circuiting
of the output is a normal operational mode in the process of arc lightening. The output voltages of the
equipment for plasma welding are within the range of 100-200V with output currents up to 1500A. Also,
equipment for micro welding exists whose output current does not exceed 1A.

The devices for plasma welding and cutting have several advantages over the aggregates for electrical
arc welding. The plasma arc, burning in the atmosphere of specially fanned gas, is more stable and also
has less section than the electrical arc in the air. These advantages permit to obtain, for example, smooth
surface at welding and more precise accuracy at cutting. These properties are extremely important at
micro-welding. A block schema of aggregate for plasma welding is shown in Figure 9.

The symbols in the figures are as follows:

1 - cathode, 2 - anode, 3 — controlled rectifier, 4 — control regulation system, 5 — current transformer,
6 — auxiliary high-frequency high-voltage block, 7 — detail to be operated with.

Simultaneously with the main arc, which burns between the anode and cathode and which is directed
towards the detail, an auxiliary arc, which serves to stabilize the main arc, exist. The rectifier control
system monitors the current using the current transformer. Also, the control system stabilizes the current
and limits it to a short-circuit mode. Thus, plasma welding or cutting is performed. The voltage is about
400V; the arc current is about 500A.

Vacuum Electrical Arc and Plasma Heating Furnaces

DC or three-phase AC voltage may be used to supply vacuum electrical arc and plasma heating furnaces.
At DC voltage supply, the desired arc form, as well as to perform stabilization of its burning, is easily
obtained.

A three-phase controlled rectifier is usually applied at voltages within the range 0f 400-1000V (Chap-
ter 4). If low voltages at high current values are required, the schematic shown in Figure 10 is used. It
includes a control rectifier with thyristors in the transformer primary winding.

Figure 9. Schematic of aggregate for plasma
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Figure 10. Schema for supply of arc and plasma furnaces

The symbols in the figure are as follows:

1 —three-phase supply network, 2 — three-phase thyristor AC regulator, 3 — buck transformer, 4 — un-
controlled rectifier, 5- smoothing inductance, 6 - cathode, 7 — anode. Blocks 2, 3, and 4, form so-called
rectifier with thyristors in the transformer primary winding.

Resistive Electrical Furnaces

Single-phase and three-phase thyristor AC regulators (see Chapter 5) are applicable for temperature
regulation in the resistive electrical furnaces. They are applied in the processes of drying, glass melting,
hardening, diffusion, etc. It has to be mentioned that the heat constant of such furnaces is much higher
than the period of the supply voltage. Thereby, the regulation method of continuous cycling selection
(see Chapter 5) is used. Exemplary structural schema used to regulate the temperature of a resistive
electrical furnace is shown in Figure 11.

The symbols in the figures are as follows:

1 — furnace, 2 — heater, 3 — thyristor AC regulator, 4 — temperature sensor, 5 — reference temperature,
6 — device for comparison, 7 — electron regulator, 8 — control system for the thyristor AC regulator.

The regulation is performed over a define time interval — about seconds. At a part of this interval,
the control system delivered firing pulses for the thyristors at supply voltage zero crossing, i.e. during
that subinterval the thyristors are permanently on and the whole supply voltage is applied to the heater.
During the rest of the time interval, the thyristors are permanently off. Therefore, this electron regulator
is ON-OFF type. This method is also applicable in control of a three-phase resistive electrical furnace
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Figure 11. Structural schema of resistive electrical furnace
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with a three-phase AC regulator. Regulation at different furnace areas using different AC regulators is

sometimes performed.

Electrolysis

Electrolysis is a process, which requires DC electrical energy. The electrolysis is made in electrolysis
tanks, connected in series with each other. The voltage of a tank, as well as the requirement of the volt-
age and current of the DC supply source, is different, dependent on the type of the electrolysis — see

Table 1.

Recently, controlled thyristor rectifier is used as a DC supply source. However, the requirements of
the rectifier control and regulation are specific for the electrolysis. This is conditioned of the different
character of the rectifier and group of series connected tanks output characteristics — see Figure 12.

These characteristics are as follows:

1. Rectifier output characteristic
2. Electrolysis of water and water solutions
3. Electrolysis of chlorine

Table 1.
Type of the electrolysis Working tank voltage,V Rectifier current, kKA Voltage of a series of tanks,V
Water and water solutions 1,9-2,6 to 10 160
Chlorine 4,0-4,8 to 570 510
Aluminum 4,6-5,0 to 150 800
Copper 0,2-0,4 to 30 200
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Figure 12. Output characteristics
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4.  Electrolysis of aluminum
5. Electrolysis of copper

At a specific range of current change, the slope of the characteristic for the corresponding type of
electrolysis determines the range of the rectifier output voltage change. Regulation of the output volt-
age is required to maintain an optimal value of the current through the series tanks. The current value
determines the speed and quality of the electrolysis process. At a new electrolyser, at the beginning of
its use, a voltage with lower value than the nominal one is necessary to be applied for an appropriate
forming of the tank. Moreover, an eventual increase of the tank number is provided. Thus, the range of
the rectifier output voltage regulation is extended.

As it is seen from Table 1, the electrolysis requires very high electrical energy consumption. This
determines the enhanced requirements for the rectifier efficiency coefficient, which reaches 95-98%. The
requirements of reliability and diagnostics are especially enhanced. In some cases, additional rectifier
modules may be provided. These modules connect automatically to secure the required current and not
to disturb the quality of the production in the cases of failure of the main rectifier.

A possibility for an appropriate rectifier is the rectifier with thyristors in the transformer primary side
—see blocks 2, 3, and 4 in Figure 10. This rectifier permits the regulation of the AC voltage supplying
the diode rectifier to be made using the control system of the three-phase AC regulator. The resistance
of the series tanks in the solution electrolysis changes in small ranges after the nominal voltage of the
tank is set. Thereby, a requirement for the control system after setting of nominal voltage to compensate
only the change of the supply network voltage is imposed.

Since the power is very high, a special attention is paid to the indicators in respect to the supply
network of the whole electrolysis installation.

Purifying of Waste Gases
To purify smoke and gases of hard particles and dust in cement plants, in chemical and metallurgy
industry, etc., high-voltage electro filters are used. In the filter chamber, an uniformly electrical field is

produced. The field is between an electrode, which is incorporated on the center axis of the chamber and
to which a negative voltage is applied, and an outer grounded surface. In practice, this surface consists of
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a big quantity of lamellas with a specific sizes lying at a distance from one another. In the filter chamber,
acceleration of the ions and electrons available in the air is performed at an influence of a strong field.
At an impact of the present hard particles in the waste gas with the electrons, the electrons and the hard
particles are precipitated over the chamber walls. The requirements for the filter voltage value are par-
ticular. At an increase of a permissible level, a break due to a discharge arisen is possible. Thus, a sharp
decrease of the filter voltage and an increase of the current happen. Furthermore, the flow of the gas is
not constant, i.e. to maintain the desired voltage in the chamber, a permanent regulation is required.

Figure 13 displays a structural schema of supply source for the filter.

The symbols are as follows:

Supply network

Thyristor AC regulator
Boost transformer
Uncontrolled rectifier;
Current-limited inductance
Negative electrode
Chamber

Nk

Figure 13. Supply of an electro filter
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Typical values of the chamber voltage are 25-75 kV at a current through the chamber 100mA to
4A.

Single-phase version of the supply source is usually preferred because of its lower price.

Some specific requirements are imposed to the system for control, regulation and protection. For
example, short-circuits at a short time breaks in the chamber are possible at operation, besides, the con-
verter has to maintain its efficiency. The current is limited by the inductance 5 using the control system
of the thyristor AC regulator which stops the firing pulses for the thyristors, for example, the pulses are
stopped for a period of the source voltage.

Other applications of the power electronic converters of electrical energy for electro-technological
purposes are known, such as:

Electromagnetic stirring: A system of AC regulators is used; the system operates in ultra-low fre-
quency. As a result of moving electromagnetic field an agitation, for example, of cast iron and its
purifying is performed.

Electro-resistive welding: The aggregate consists of a welding transformer in whose primary side a
thyristor AC regulator is connected. The regulator control system regulates the welding current.
At the secondary side of the welding transformer, the current reaches 10-80kA at voltage 6-10V.

TRANSPORT APPLICATIONS

The basic part of the electrical transportation uses DC power with different values of the voltage. For
example, in trams and trolley cars the voltage value is 600V, in subways — 750 or 1500V, in railway
transport — 1500 or 3000V. The energy conversion is made in so-called traction substations. Figure 14
displays a structural schema for energy conversion in such a substation.

The symbols in the figures are as follows:

High-voltage AC transmission line
Commutation AC installation

Buck transformer

Diode rectifying blocks

System for control, protection and blocking
Inductance for limiting the short-circuit current
Commutation DC installation

Transportation vehicle

XN R W=

As a rectifiers, three-phase bridge schematics with m=6 or m=12 are used because of the low ripples
of the output voltage and of the increased power factor in respect to the AC mains.
Specific requirements as follows are imposed to these converters:

. Securing of the required value of the output voltage with a permissible margin and of the desired
output power

. Working efficiency at strongly changeable loads — from idle running to maximum power includ-
ing exceeding of its permissible level. Appearance of short-circuit in the output due to a break of
the isolation of the contact network or in the transportation vehicle is sometimes possible
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Figure 14. Structural schema for conversion in a traction substation
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. High reliability and simplicity of the service. Substations operate in most of the cases without
serving staff. The time to eliminate the failure has to be minimized. Thereby reserve rectifying
modules, which should turn on at a failure event in the main modules, are usually provided in the
converter itself. The turn on should be made via system for diagnosis and control

. Very reliable commutation and protection installations. The separate protection should have se-
lective operation and a determined priority in such a way that a truly broken parts, which can be
change easily and quickly, to be turned off

The rectifiers are designed and implemented in some cases with a possibility to carry the whole
current of a short-circuit in the output for a long time, for example, till the turning on of the protection
commutation installation.

The implementation of electrical motors in the modern cars increases (Venkateswara, 2004). The
source of electrical energy is a battery, fuel cell or ultracapacitor (Lukic, 2008).

Operational features and characteristics of the fuel cells are studied in Chapter 2. System, imple-
mented on the basis of the fuel cells, contains different blocks — to store hydrogen, oxygen compressor,
for water processing, for processing of heat energy, for processing unnecessary gases and for producing
electrical energy. In this chart, the basic attention is paid to the conversion of the produced electrical
energy. Because of the specific features of producing of this energy, a necessity for its accumulation
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and storing for further use arises. For the time being, the accumulator batteries are the main mean to
accomplish this necessity. Also, researches are made into use of the ultracapacitors.

Figure 15 systemizes the principle solutions to produce electrical energy from fuel cells (Pera, 2006,
2007). In all schematics, a diode connected in series with the fuel cell group is used to prevent reverse
direction current, which may damage the cells. The first two topologies are the simplest ones.

Figure 15.a shows a supply of a DC consumer. Its supply voltage is generated from the main DC/DC
converter. A bidirectional DC/DC converter is connected to the supply voltage of the load. This converter
charges a battery during the operation of the fuel cell system. When the system does not operate, the
DC/DC converter converts the battery voltage to supply the consumer.

Figure 15.b depicts a similar case to this of Figure 15.a with the difference that the load is AC. Of
course, an inverter is included in the schematic. The supply of the inverter is generated either from the
fuel cells or from the battery. A bidirectional DC/DC converter is also required.

Figure 15. Conversion of energy from the fuel cells
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Topology shown in Figure 15.c uses an intermediate DC conversion using boost converter. The vari-
ants used for its implementations are push-pull converter, half-bridge or bridge converters, moreover,
the galvanic isolation in the converter is via a high-frequency transformer.

The topology shown in Figure 15.d is of great interest. A Z-source inverter is used in this schematic
(Peng, 2003). In this inverter, the effective value of its supply voltage is higher than the output voltage
generated from the fuel cells.

The use of different resonant DC/DC converters with ZCS or ZVS (see Chapter 6) with improved
energy indicators is possible (Fahimi, 2007).

The basic methods to charge accumulator batteries and different types of the output characteristics
of the charge sources have been studied in Chapter 2. The charge of the accumulator batteries in their
producing is usually made in a big group, where in they are connected in series with or in parallel to each
other in so-called charge stations. In this case, a DC source with a higher power and with a particular
type of its output characteristic, working under immobile conditions, is required. As such a source, a
three-phase controlled rectifier is most often used. It should have a possibility to operate as a dependable
inverter at a specific type of the accumulator batteries. During the technological process at a definite
intervals, discharge of the accumulator batteries, the energy from it is delivered on the supply network,
is also performed. Besides the desired voltage and current feedbacks used to form the output character-
istic at a charge, also, monitoring of the battery temperature is provided. The implementation, based on
microprocessors and microcontrollers, of the control and regulation system of these rectifiers permits
to set important parameters of the technologic process, such as maximum charge voltage, value of the
charge current, type of the characteristic, temperature, etc., in the dialog mode with the user.

Charge of an accumulator battery put in a transportation vehicle, which uses electrical energy for its
motion, such as trams, trolley cars, electrical railway, is very often necessary to be secured. The voltage
of the contact network is a source for this charge. The voltage is produced in the substation — Figure 14.

Figure 16. Conversion of the contact network energy for charging an accumulator battery
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Moreover, the charge converter in this case is in the transportation vehicle. The requirements for converter
constructive implementation are enhanced. A variant of such converter is shown in Figure 16.
The symbols in the figure are as follows:

DC contact network

Protection elements

DC/DC converter with galvanic isolation
High-frequency inverter;
High-frequency transformer
High-frequency rectifier

Accumulator battery

Control and regulation system

e A e

The conversion is made with galvanic isolation at a higher frequency. The purpose is to reduce the
size and volume of the converter. Half-bridge and bridge electrical schematics, studied in Chapter 6, of
DC/DC converter are used. The control and regulation system monitors the output voltage and output
current of the converter. The accumulator battery usually operates in buffer mode. A part of the converter
output current is used to supply DC consumers of the transportation vehicle.

As it has been mentioned in Chapter 2 at the study of the ultracapacitor features, they might be used
as a source of energy with a high value for a comparatively short time. For example, such energy is
required at a start of very powerful motors (16 cylinder motors), in trains, ships, etc. In this mode the
current value reaches 1000-3000 A. A hybrid car is a similar case where the electrical motor might be
supplied in combination from an accumulator battery and an ultra capacitor.

The requirements for the charging devices of ultracapacitors are connected with the necessity that the
charge should be made for a short possible time without a disturbance of the limitations of the capacitor
maximum voltage. DC/DC converter without galvanic isolation (see Chapter 6) in different regulation
modes has found widest application as a charge converter. Figure 17 (Maxwell Technologies, 2005)
shows buck converter consisting of a transistor switch, diode and inductance in the mode of constant

Figure 17. Charging with a buck converter at a constant current and voltage limitation

Solid State
Switch
e ij
Capacitor
Mdodule
Control
Usr /D =
Cirenit
Cherrent
P Skt
- QO &

284



Other Applications of Converters and Systems of Converters

Figure 18. Charge with a buck converter and constant power
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current with a voltage limitation. The charge current is monitored through the feedback from the by-
passed resistor. Simultaneously, the ultracapacitor voltage is also monitored.

Figure 18 illustrates transistor switch current and ultracapacitor voltage monitoring. The schematic
is recommended at a constant power charge (Maxwell Technologies, 2005).

It is seen from the comparison made in Figure 19, that the constant power charge method has an
approximately twice short charging time (Maxwell Technologies, 2005).

At a charge from the low voltage supply network, a transistor flyback converter with an appropriate
regulation might be used (Maxwell Technologies, 2005).

There are also several additional applications of the power electronic converters in transportation:

. In the motion systems of electric trucks: The energy source is usually an accumulator battery
while control and regulation of a DC electrical motor is required. Thereby, DC/DC converter
implemented on the basis of power transistors (see Chapter 6) is connected between the source
and motor;

Figure 19. Dependence of the charge time on the method used
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In the motion systems of transmanipulators: Outlined trend is the use of asynchronous electri-
cal motors supplied from a three-phase bridge inverter controlled according to a method described
in Chapter 7. The inverter is supplied from a rectifier connected to the mains. Recently, a bidirec-
tional converter (see Chapter 4) is used as rectifier. Thus, a possibility to return energy on the sup-
ply network in specific modes of load motion on the transmanipulators exists. The bidirectional
converter most often controlled in accordance with a frequency control has the widest application.
During comparatively slower processes of load motion (from several seconds to tenth seconds),
control and regulation of the entire electrical energy converter is possible to be on the basis of
programmable controllers, produced by many firms and also used in the field of the automatic
control and regulation.

In additional electrical source systems on railway carriages: Inverters for electro luminescent
lighting; inverters to generate voltage with a value of the supply network with a purpose to supply
low-powered everyday electrical devices.

HOME APPLIANCES

Figure 20 depicts the energy expenses for house holding (Iowa Energy Center, 2008).

Figure 20. Energy expenses for house holding.(Source: lowa Energy Center, Home series booklets. Book
four: Major home appliances)
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Figure 21. Distribution of energy in incandescent and fluorescent lamps
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Fluorescent lamps have a wide spreading for the lightning needs. The principle advantages of the
fluorescent lamps are long durability, high light production, variety of colored temperatures, and high
index of color transmission. At same input power, they produce almost two times higher lighting power
compared to the incandescent lamps — Figure 21.

To fire a fluorescent lamp (appearance of discharge between the electrodes) is necessary to increase
the voltage applied to the lamp. After the lightening, the voltage decreases, and afterwards, the current
through the lamp is limited to a value which is necessary to maintain the discharge. One of the possible
lightening ways is using so-called electromagnetic starting-regulation apparatus. It consists of a starter
and inductance. The inductivity of the inductance connected in series with the lamp limits the current
through the lamp to the desired value. Figure 22 shows the connection of an electromagnetic ballast
and the waveforms of the voltage across and the current through the lamp. Due to the square waveform
of the voltage, the power factor in respect to the supply network decreases and also high harmonics
in the source current are available. Compensating capacitors are used to compensate the power factor.
Moreover, due to the pulse waveform of the lamp voltage with steep fronts, electromagnetic radiation
on the environment is increased.

Disadvantages of the method are the high losses across the inductance — about 10%, possibility of
blinking and noise during starting, appearance of flicker effect, and, finally, partially fault lamp might
continue operating at bad quality of the light parameters.
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Figure 22. Operation of a fluorescent lamp with electromagnetic ballast at network frequency
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The operation of a fluorescent lamp at higher frequency has several advantages, as follows:

An established fact is that at operation at higher frequencies, the light production of the fluores-
cent lamp is increased — Figure 23. The increase after 30 kHz is negligible

The losses across the system lamp — ballast are lower. Thus, the high power omitted is lower. The
operating expenses connected with air conditioning are decreased

Owing to the less loading of luminofour and electrodes, the live duration of the lamp operating at
high frequency with electronic ballast increases with 30% to 50%

The starting is quick, noiseless and without blinking. The operation duration of the lamp is en-
hanced at an initial warming up of the electrodes

In a case of failure at the lamp, it turns off automatically from the electronic ballast

The sensibility to the ripples of the network voltage values and network frequency is brought to
minimum

So-called electronic ballasts for fluorescent lamps are used at operation in high frequency. Figure
24 depicts the way of connection of the ballast and the waveforms of the current and voltage of the

Figure 23. Increase of the light production at operation at high frequencies
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Figure 24. Operation of a fluorescent lamp with electronic ballast at high frequency
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lamp. The current waveform is close to the sinusoidal one. Thus, the electromagnetic disturbances in
the environment are decreased.

Here, transistor resonant inverters, more often half-bridge schema and rarely bridge schema, are used
as basic power schemas. Figure 25 illustrates the electronic ballast basic block — uncontrolled rectifier
and transistor resonant inverter (Texas Instruments, 1994). To increase the efficiency coefficient of
the transistor inverter, its operation above the resonance frequency is provided. ZVS characterizes this
operational mode (see Chapter 7). Figure 25 does not show the control system of the transistor inverter.
The control system might be implemented with a self-excitation or with undependable excitation. Special
integral circuits are produced for the control systems of transistor inverters both with a self-excitation
and with undependable excitation.

The figure does not also show the electromagnetic interference (EMI) filter connected between the
mains and the electronic ballast. The EMI filter purpose is to limit the disturbances, which may enter
on the mains from the ballast, within the radiofrequency range.

Very often in the schema shown in Figure 25, elements for passive or active power factor correc-
tions are included. The researches in the lighting field are towards mixed schematics of the converters
combining power factor correction and high-frequency control of the fluorescent lamp.

Figure 25. Basic elements of an electronic ballast for fluorescent lamps
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Warming, Cooling and Air Purifying Appliances

Two approaches are used for the needs of warming cooling and air purifying - room air conditioning
and central air conditioning. The first approach is more often met in practice. Control of the electrical
motor incorporated in the apparatus is recently controlled by transistor inverters. Figure 26 illustrates a
structure used to explain the operation of the room air conditioner (National Resources Canada’s Office
of Energy Efficiency, 2004).

A room air conditioner extracts heat from the space that is being cooled and conveys the heat outside
this space. A fan circulates room air through the evaporator, which contains low-pressure refrigerant.
Evaporation of the refrigerant cools the tubes and fins, extracting heat on the evaporator outer surface.
Then, the cooler, drier air is returned to the room. The gaseous refrigerant leaving the evaporator is drawn
into the compressor where mechanical compression raises its temperature and pressure. The hot, high-
pressure refrigerant passes through the condenser, where it loses heat to outdoor air (which is blown over
it with a second fan) and condenses. This high-pressure liquid refrigerant passes through a restriction
and into the low-pressure side of the circuit, and the entire process is repeated over and over again.

The inverter control of air control systems has several advantages compared to the rest air condi-
tioners. Because of the slowly start up of the motor in the inverter air conditioning, the main advantage
is less power use to initially start up. Reaching the set temperature of the room, the motor will start
slowing down, thus using less electricity. And as an additional benefit, the temperature in the room will

Figure 26. lllustration of the operation of the room air conditioner (Source: National Resources Canada'’s
Office of Energy Efficiency, 2004, EnerGuide)
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remain more constant. Therefore, the motor does not have to completely stop and because of this less
electricity is used removing the need to try to overcome inertia trying to make the motor initiate from
a complete stop.

Briefly, the advantages of the inverter technology implemented in the air conditioner are;

. Faster reach of the set temperature

. Start up time is reduced by 1/3

. The power consumption is reduced by 30%

. Avoids cycling of the compressor meaning that there are no voltage peaks
. Temperature fluctuations are also reduced

Household Electrical Appliances

The induction principle described at the beginning of this Chapter finds also implementation in the
induction kitchen hot-plates. Figure 27 depicts energy conversion in the separate blocks in induction
hot-plates. The conversion is made during the following stages:

First, an AC/DC conversion is made using a rectifier. Then, the generated DC current is connected to
a high-frequency switching circuit to administer high-frequency current to the heating coil. According
to the Ampere’s Law, a high-frequency magnetic field is created around the heated coil. If a conductive

Figure 27. Energy conversion in the induction hot-plate
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object, e.g. the container of a rice cooker is put inside the magnetic field, then induced voltage and an
eddy current are created on the skin depth of the container as a result of the skin effect and Faraday’s Law.
This generates heat energy on the surface of the container. Rice is cooked by using this heat energy.

A half-bridge resonant inverter — Figure 28, and quasi-resonant inverter — Figure 29, are more often
used in the induction hot-plates as inverter schemas (Fairchild Semiconductor, 2000).

The half-bridge resonant inverter switches at a high frequency. Zero voltage/current turn-on switch-
ing is enabled by turning the MOS while the diode is in turn on period. The resonant circuit includes
resonant inductance L, and resonant capacitance C,. The capacitors C, and C, are the lossless turn-off
snubbers for the switches V'T1 and V'T2.

The quasi-resonant inverter shown in Figure 29 executes high-frequency switching. By turning on
the MOS while its antiparallel diode is in turn-on state, it is possible to do a turn on switching with the
voltage and current remaining at zero. The resonant circuit is composed of resonant inductance L, and
resonant capacitance C r

Power electronic converters also find place in the following electrical house appliances — microwave
ovens, refrigerators, washing machines, etc. DC/DC converters designed on the basis of high-frequency
transistor resonant inverters with galvanic isolation (see Chapter 7) are usually implemented in the source
blocks of plasma displays.

Figure 28. Use of a half-bridge resonant inverter
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ELEVATORS

Figure 30 displays the implementation principles for control of elevator electrical motors.

In the three topologies, the control of the asynchronous electrical motor is realized via three-phase
transistor inverter. The control methods of the inverters are different in the different producers and they
are — frequency, vector, field orientated methods, etc. In the first variant shown in Figure 30, energy
at stopping is dissipated on resistor via turning on of an additional transistor. The input rectifier in this
variant is usually uncontrolled. The second topology requires bidirectional AC/DC converter used to
returned energy at stopping on the mains. In the third case shown, this energy is used to charge a block
of super capacitors and it may be used later as a source of the inverter at a drop off of the supply network
voltage.

APPLICATIONS IN COMMUNICATION
Supply of Telecommunication Centrums
Besides the basic technical parameters of a supply source, an additional requirement for a high reliability

is imposed on the supply source of telecommunication centrums because of the necessity of continuous
operation of the centrums. Figure 31 shows a way to meet this requirement.

Figure 30. Converters for elevator electrical motor control
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Figure 31. Supply from two undependable lines
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As it is seen, the supply is secured from two undependable lines. For each line an UPS system (see
Chapter 10) is provided. Each of the systems is with a desirable power to supply independently the
telecommunication centrum.

Supply of Telecommunication Equipment

Two approaches, which are often combined, are imposed at securing the supply of separated telecommu-
nication equipment, for example, telecommunication cells. The first is with separate AC/DC converters
as the one shown in Figure 32.

The converter usually may operate at 110/230V 50/60 Hz single-phase supply network and it has
capability to supply 3-4 consumers. These may be 3-4 modems, which supply voltages is most often
48V. The consumption of the each modem is about 2-3 A. Each single AC/DC converter is provided
with a possibility to be incorporated in the same case as the modem. Also, indication of the input and
output states is provided.

The second approach uses an AC/DC converter, which is embedded with accumulator batteries in a
separate special box, and thus forming so-called Power and Battery Backup System. In this way, unin-
terruption of the electrical supply is secured. The accumulator batteries operate in buffer mode, i.e. the
supply of DC consumers is secured. The outputs of such a system are 4-5.

Figure 32. Single AC/DC converter
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The rectifiers usually operate in parallel according their outputs. If one of them breaks the other has
the possibility to take the whole loading. Some producers have special PC software, which helps to test
a system as one shown in Figure 33, for example, it helps to check the state of the batteries.

As an additional apparatus to this system, so-called DC Distribution Unit is designed. Its input
connects to a primary DC voltage — 24, 48 or 60V — Figure 34. The outputs are usually up to 5 each
having appropriate fuses and indication. The power of each output is about 100W. The DC Distribution
Unit is provided with possibility to be embedded in the main case as it is in single DC/DC converter.
Therefore, the connection wire length and type are of great importance - both from the source L, ,
and to each of the consumers L, . .... Specialized methods provided by different producers exist.
These methods give as graphics the dependence of the source wire length on the consumed power and
also give a recommendation about the cable type. The purpose is the supply voltage for the consumer
always to be above one minimum value. For example, for 24V the minimum value is 20.4V, for 48V
—40.8V.

MEDICAL APPLICATIONS

In the medicine field, the following power electronic converters find the widest spread place as an
electrical source for different part of electro-medical equipment: AC/DC converters, DC/DC convert-
ers, Battery Chargers. Their schematic solutions do not differ from the already studied in the book in
the corresponding chapters. The general trend here is towards getting small volume and weight. It has
to be mentioned that the power of a converter for medical needs only in specific cases is above S00W.
The spread of low-powered converters with tentative power below 100W predominates.

In this chart, more specific requirements taking in consideration the operation conditions connected
with the equipment for medicine needs that these converters have to meet will only be studied. Quality
vendors has to provide a certification file for the power supply. The file has to provide basic performance
and safety measurements for the product, including leakage current and electromagnetic interference
(EMI) requirements, constructional features, and thermal data, etc.

Figure 33. Structure of Power and battery backup system
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Figure 34. Structural schema of a DC distribution unit
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The special requirements of medical equipment are put in international standards. IEC60601-1
standards contain the safety standards for medical power supplies for most of the World, including
Europe and North America. [EC states for the International Electrotechnical Committee. UL, CSA and
EN standards are derived from the IEC standards. The present version of OEC60601-1 is the second
edition (originated in 1988). A 3™ edition of the IEC60601-1 (originated in 2005) is under review by
power supply manufacturers and global safety certifying agencies for future adaptation.

Thermal Effect Stability

Thermal requirements are generally stricter for medical power supplies and require lower touch tempera-
tures than those required by commercial or industrial safety certification standards. This is due to the
risk of patient contact and the vulnerability of patients. Often, special power enclosure techniques are
employed in medical products that decrease the touch temperature and thus, the possibility of adverse
reaction of patients touching the power supply when operating at full load.

Additional Requirements Regarding the Reliability

Additionally, quality power supply vendors provide documentation not often requested by industrial and
consumer-focused companies. The records include failure mode effects analysis (FMEA), mean time
between failures (MTBF), accelerated life testing (ALT), and other supporting documentation.

IPXStandards

IPX standards limit the amount of liquid or solid ingress that can penetrate a power supply. Although the
standards were not developed specifically for the medical device industry, medical product will often
request IPX1 (Protected against falling water Equivalent to 3-5 mm rainfall per minute for a duration
of 10 minutes. Unit is placed in its normal operating position) certification for external power supplies.
Medical power supplies are frequently operating in environments where liquids may drip on the power
supply. If the dripping liquids ingress the power supply, the power supply may fail to operate or a serious
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safety situation may arise.Achieving compliance with IPX1 often poses difficult challenges for power
supply manufacturers, as it requires custom enclosures and cable assemblies.

Spacing

Spacing can be broken down into two types: creepage, the shortest path between two conductive com-
ponents along an insulating surface, and clearance, the shortest distance through air. Power supplies
that incorporate correct creepage and clearance distances will provide an acceptable degree of electrical
safety. Spacing in power supplies is influenced by factors such as the type of insulation, working voltage,
pollution degree, input over-voltage, the insulator tracking index, and even operating altitude. Spacing
in medical power supplies is influenced by the reference voltage as measured across the insulation dur-
ing normal operation.

Insulation Voltage

The voltage that the insulation under consideration is being subjected to during normal operation is
referred to as the working voltage and the reference voltage in medical applications. This voltage is
normally measured when the equipment is operating at its rated input or at the upper point of the rated
input voltage under normal use. In switch-mode power supplies, the voltage depends on the rated
operating input, power circuit topology used, and the PFC circuit, with the highest voltage normally
found between the primary and secondary side of the power transformer. For clearance measurements
in medical power supplies, the peak or dc and rms working voltages are required, and if the dc value is
used, the peak value of any superimposed ripple is included. For creepage measurements, the required
working voltage is the rms or dc value, and if the dc value is used any superimposed ripple and short-
term disturbances such as transients are not taken into account. For medical power supplies, clearance
and creepage measurements require rms or dc reference voltage.

Other differences from standard power supplies include reinforced or double insulation. This al-
lows operating from 240V AC mains, for example, and so must withstand a dielectric test at AC 4kV
for medical applications. Power supplies that are approved to less than AC 4kV may be used in medi-
cal applications as part of a reinforced barrier, provided that the insulation within the power supply is
regarded as a lesser basic or supplementary barrier. In this case, additional isolation must be provided
within the end-product medical equipment by the equipment manufacturer to achieve the requirements of
reinforced barrier between the AC mains supply and patient. The 3" edition of the IEC60601-1 separates
the requirements for the patient and operator whereas the 2™ edition treated them as equal.

Pollution Degree
Spacing considered during the design stage may be compromised during the life of the power supply due

to pollution in the operating environment that could enter into the power supply circuitry either through
the cooling system or through enclosure slots, vents, and louvers used for cooling.
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Transients

Because input overvoltage transients are also considered in determining the clearance in the standards,
such events divided into four categories, with the higher numbers representing higher surge voltages.
The most common category and used in UL 60950-1, Category II involves local level and covers ap-
pliances and most office equipment. Category III involves distribution level such as building wiring
and other fixed installations with smaller transient overvoltages than overvoltage category 1V, which
involves primary distribution systems such as overhead lines.

Immunity

Immunity testing for the product’s resistance to surge, burst, and electrostatic discharge should also be
documented as well as power line harmonics for power supplies over 50 W. These immunity and emis-
sions tests are very important for reliable operation of, not only the power supply, but also all of the
other electronic equipment found in a typical hospital or clinic

Leakage Current

Leakage current in commercial and medical power supplies is determined by where and how it is mea-
sured, the maximum values allowed, and where the current is flowing. Protective conductor current and
ecarth leakage current in medical supplies are the unwanted current that flows through the protective
earth conductor going back to earth.

There are Several Specific Requirements Towards
Batteries and Battery Charges

Batteries and charging equipment are prevalent in today’s hospital settings, and power supply manu-
facturers must design battery chargers to achieve maximum battery service life. This is of particular
importance when considering that a battery may be charged to power something as critical as a portable
heart defibrillator.

Proper selection of a battery charger will ensure reliable operation of battery-powered equipment.
The type of charger selected should be based on the frequency of use of the battery-operated equipment,
the type of battery being charged, and the service life expectations for the equipment, among other
factors. Sophisticated power supply vendors can design the exact battery charger to meet your battery
requirements and they can provide innovative mechanical solutions for cradling the battery-operated
device while it is charging.
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Chapter 12

State-of-the—-Art Review
on Power Electronics

During 1991-2004 years, International Workshop on the Future of Electronic Power Processing and
Conversion (FEPPCON) held four times with the support of IEEE Power Electronics Society. The main
purpose is to outline the possibilities of development in different fields during the next period as a result
of the discussions. At the last meeting held in Italy, the tendency to increase the role of Power Electron-
ics during the next 25-30 years in the processes of energy conversion has been confirmed (Blaabjerg,
2005). Special attention is paid to the role of Power Electronics at a system energy conversion level,
because it is not in the position to dictate the trends in the development of this level. Nevertheless,
without the power electronics tools, future serious achievements in power processing are impossible.
Therefore, the power electronics implantation at a system level at a system energy conversion level is
an issue of the efforts of the specialists in this field (Agrawal, 2001). This, of course, imposes also some
changes and adaptation towards Power electronics role also in the process of schooling of specialists
paying attention mainly to multidisciplinary of Power Electronics. For example, a necessity of further
tuition in electrochemistry, mechanics, physics (especially electromagnetic and thermal processes), etc,
is outlined. Remote access to complex power electronics laboratory equipment and the possibility of
remotely driving experiments and measurement is represented (Rodriguez, 2009). Power Electronics
takes a significant part in the following systems: Generic Systems; Energy Storage; Power Systems,
including Alternative Energy Supply; Automotive Systems (Bose, 2009).

DOI: 10.4018/978-1-61520-647-6.ch012

Copyright © 2010, IGI Global. Copying or distributing in print or electronic forms without written permission of IGI Global is prohibited.



State-of-the-Art Review on Power Electronics

In this chapter, some of the latest achievement in the three basic levels in the Power Electronics —
components, circuits and systems, are consecutively studied. To prepare and write this chapter, mainly
survey papers in the different fields are used. In these papers the reader may find a lot of additional
references in certain filed of interest.

CONTEMPORARY STUDY IN THE FIELD OF
COMPONENTS FOR POWER ELECTRONICS

Thyristors (SCRs) dominated as power switches in the period 1958-1975 years. Their implementation
in controlled rectifiers causes problems connected with the worsen power factor. Because of that, the
rectifiers with phase control are displaced step by step by these with PWM based on fully-controlled
power switches — see Chapter 4. The capabilities of a standard thyristor regarding the commutation of
high voltages and currents at low frequencies outline its dominant use in the coming future in the fol-
lowing fields — high voltage DC transmission of energy (HVDC); cycloconverters and some drivers
with very high powers. The creation of high-power gate turn-off thyristor (GTO) in 1980 year and its
upgrading especially by Japan companies make preconditions for the displacement of a standard thyris-
tor from some of the power electronics converters with high powers. The possible variations of GTO
with or without blocking capability in the reverse bias, as well as the borders reached (6kV, 6kA), make
its implementation in multimegawatt converters the most probable one. The problems for wider imple-
mentation of GTO-s are connected with its slow turning on and off, complicated structure of the control
drivers, the required snubbers group. Thus, the implementation is in the field of low frequencies — to
several hundred Hz. In the field of power MOSFET it has to be mentioned the creation of CoolMOS
by Infineon Technology, characterized by a high fast reaction and decreased losses compared to the rest
MOSFET structures. For the present, the CooIMOS voltage capabilities are to 800V. With the creation
of IGBT in 1983, its development during the following period and its parameters, it may be considered
that IGBT fully displaces power bi-junction transistor (BJT). Till now, the IGBT voltage and current
capabilities reached are 6.5kV and 700A, respectively. Recently, the attention towards integrated gate-
commutated thyristor (IGCT) the first one demonstrated by ABB in 1996 is quickened. It is probable
to be used in high powers — values for single devices reached are 6.5kV and 4kA. In these powers, the
capabilities of IGCT are commensurate to those of IGBT regarding the switching frequency, while in
high voltages IGCT has lower voltage across it in ON state compared to IGBT. Step by step, IGBT and
IGCT displace GTOs in the whole ranges of frequencies and powers. The static induction transistor
(SIT) is a normally ON state device with a high voltage in forward bias. This limits its implementation
possibilities but its development will permit its use in high frequencies. Notes of other semi-conductor
devices, at an experimental level for the time being as MOS-controlled thyristor, static induction thyris-
tor, MOS turn-off thyristor, etc, exist.

In the field of creation of new power devices, the attention is paid towards so-called wide bandgap
semiconductors. The aim is basically to increase breakdown voltage, to achieve higher operational
temperatures of the junction, as well as to achieve lower values of the resistance in the ON state. Also,
better temperature conductivity is searching for to facilitate the integration of several power devices
if it is possible together with control drivers in a common body. The researches are towards material
close to silicon (1.12 eV) — GaN (3.44eV); GaP(2.26eV), SiC (2.36-3.25¢V) C (diamond) (5.46-5.6eV)
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(Hudgins,2003). The high value of electron mobility of diamond — 2200 1 ¢ makes it appropriate for
creation of power bi-junction devices. The diamond is also characterized by the highest temperature
w

conductivity of the materials mentioned - 600-2000 ,,, j . Lower values of the ON state resistance com-
pared to these of the silicon devices are obtained using GaN and SiC. Values are reached regarding the
temperature in MOSFET based on SiC to 300° C, while base on diamond to 600° C. The state of the art
of some power devices based on SiC at the time being is (Bose,2009): Sckottky barier diodes — 1700V,
10A; P-I-N diodes — 10 kV; BJT — 1.8 kV; GTOs — 2.6 kV; MOSFET — 1.2 kV,10A. The integration of
CooIMOS and SiC-diode is of interest to obtain higher switching frequencies and to decrease the losses
in the power factor correction schematics — see Chapter 4 (Liang, 2005).

At power switches marker, a tendency has been imposed to offer modules including several devices
connected in a certain schematic — buck, boost, phase leg, full bridge etc (Krein,1998). Better known
producers of such modules are: Mitsubishi Electric, Fuji, Toshiba, International Rectifier, Advanced
Power Technology, Infineon, etc. Thus, the design and implementation of the electrical power converters
are significantly facilitated. Integration in a single body of several power devices, connected in a certain
circuit, together with their control drivers is a material achievement of microelectronics. Implementa-
tion of Intelligent Power Modules leads to solution of serious problems connected with the electrical
compatibility in power electronic converters. Along with this, the implementation has driven to new
solutions in design of a whole power electronic converter (Mitsubishi Electric, 1998). Yet, the use of
Intelligent Power Modules is not wide enough due to several facts — price, reliability, repair possibili-
ties, etc. Probably, in the future, the possibilities of the conception mentioned have to be checked in the
use of the above mentioned new materials for power devices. It is possible also another conception to
be imposed regarding the requirements of higher insulation voltages. Till now, only integrated control
system based on SiC are reported.

At the ambition to facilitate the users at the use of products, some of the producers (International
Rectifier, Infineon) propose also models for computer simulation of their new devices. These models
are compatible with more known software.

Continuous development is seen also in passive elements which are applicable in Power Electronics —
such as transformers, inductances, capacitors, elements protecting from over voltages and over currents,
etc. It is worthy to be mentioned that in some power electronic converters magnetic materials determine
in significant degree such parameters as sizes, volume, and electromagnetic compatibility. The aim in
researches and experiments are to increase the operational frequency of the materials at obtaining low
specific losses. Regarding this, the creation of ferrite material N97 by EPCOS with losses to 54% less
than the already obtained in the temperature range 60 — 100°C deserves its attention. At design of power
high-frequency transformers the application of magnetic alloys is extended. Magnetics (1999) proposes
a comparison at the use of following alloys in the transformers for the voltage inverters: orthanol (50%
Ni, 50% Iron);Sq. Permalloy (79% Ni, 17% Iron, 4% Mo); 48 Alloy (48% NI, 52% Iron); supermalloy
(78% Ni, 17% Iron, 5% Mo) u magnesil(3% Si, 97% Iron). For example, the closest to rectangular form

is the hysteresis of orthanol | B . The comparison is made at 2.4 kHz.
At low powers, the ambition to integrate passive components (inductances, capacitors) and semi-
conductor devices in a single body is a dominant one (van Wyk,2005). Of course, this is yet possible for
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example in DC/DC converters for low voltages and low consummation such as mobile phones, cameras,
computers, etc. For example, with the increase of the operation frequency in the range of 2-10MHz in
synchronous buck converter, the values of the inductance and capacitor decreases to 8 and 2.5 times,
respectively, (Mathuna,2005). Besides, the losses in the core of thin films type are less compared to the
losses in ferrites in the range of inductance change 10-100 mT. The values of saturation inductance in
thin films are 1-2T while in ferrites they are 0.3-0.4T. The two facts mentioned determine higher power
reached in smaller sizes and high efficiency coefficient. The expansion of the applicable fields of the
power integrated in a chip is connected with achievement of higher values of the inductances at enhanced
current density, as well as with dissipation of the thermal losses at high powers.

CONTEMPORARY STUDY IN THE FIELD OF CIRCUITS
FOR POWER ELECTRONIC CONVERTERS

The survey of some trends in the development of the schemas of the power electronic converters is made
further down in two groups — converters of AC energy (AC/DC and AC/AC converters) and converters
of DC energy (DC/DC and DC/AC converters).

At AC energy conversion, the use of transistor schemas is extended also towards the field of high
powers. The general aim, as it has been studied in Chapter 4, is to improve the harmonic spectrum of
the current consumed from the AC source and to improve power factor. A survey of different schemas
in AC/DC converters with power factor correction is made from Garcia (2003). Different schemas of
converters — boost, flyback, SEPIC, etc, are used. Development exists not only in the methods for ac-
tive correction, but also in those of the passive correction. In some cases, the aim is with comparatively
less elements source current waveform to meet the requirements of the standard EN 61000-3-2 for
converters class D, not the current waveform to be a sine wave. In a classic version, studied in Chapter
4, a separate block for correction and a separate block for DC/DC conversion are used. To decrease the
number of the components, as well as to improve the indicators, combine schemas both for power factor
correction and DC/DC conversion with galvanic isolation are developed in this field. This combination
is probable in comparatively low powers in the time being. In these powers, also resonant converters
are used with the purpose to increase the efficiency of the power factor correction schema (Liu, 2009),
(O’Sullivan, 2009). The use of resonant modes in several levels has started. A comparison of versions
of three-level resonant AC/DC converters is made by Agamy (2009). The schemas of bidirectional
transistor converters studied in Chapter 4 are investigated at different types of control. For example, to
trace the reference sine wave, one-cycle control in modified version is used (Ghodke, 2008). In three-
phase converters, one of the study directions is different versions of VIENNA —rectifiers (Qiao, 2003),
(Youssef, 2008). Study to improve the harmonic spectrum of the current from network continues also in
three-phase rectifiers with fully-controlled power devices and inductive type of load. The use of space
vector modulation for this purpose is of interest (Lopes,2009). It has to be mentioned, that although on
a small scale, improvements and modifications in classical thyristor controlled rectifiers are also stud-
ied. An interesting combination of two three-phase bridge thyristor rectifiers with power IGBTs in their
DC circuits are studied in (Villablanca, 2007). At equivalent m =12 (see Chapter 4) the power factor
is increased. Besides the worsen power factor of the classical schemas of the control thyristor rectifier
with phase control, another disadvantage at the use of standard regulators (mostly PI) is their time delay
at a reaction of control influence of the automatic control system, as well as the oscillation type of the
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transient processes at aiming the fastest reaction possible. Obtaining the fastest reaction combined with
fast transient process is very important in the HVDC transmission systems. Good indicators in this regard
are got from (Jeong, 2007) at the use of predictive control.

At conversion of AC into AC energies, the attention in researches and designs is paid to matrix con-
verters. Depending on the proportion of the frequency of the output AC voltage and this of the network
voltage, converters with increased or decreased output frequency are studied. More covered are those with
decrease of the output frequency with probability for its regulation. The matrix converter implementation
is towards frequency control of AC electro motors. Versions of single-phase matrix converter are known
(Kulekcioglu, 2004), but the main attention is towards the three-phase converters — for example use of
predictive control to decrease the losses and to increase the efficiency coefficient (Vargas, 2009). Use of
sigma-delta modulation in single-phase to three-phase matrix converter enables to improve the harmonic
spectrum of the output voltage in comparison to those of pulse width modulation (Hirota, 2008). A new
direction in researches is the use of Z-Source converters to make direct AC/AC conversion in single-
phase or three-phase version (Fang, 2005), (Peng, 2007). In Chapter 5, a single-phase matrix converter,
which output frequency is higher than the network frequency, has been studied. Such converters may
be used for electrotechnical purposes. It is possible to transfer their output voltage using high frequency
transformer and further transformation into DC (rectifier) or into multi-phase (again matrix converter).
In Chapter 3 a computer simulation of three-phase to single-phase matrix converter has been studied.
This principle may be apply in implementation of dimmable lighting system using high frequency output
transformer and appropriate control (Sabahi, 2009).

To convert DC into DC energy, a main trend is to use soft commutation (Mohan, 2003). This is the
basic way to increase operational frequency, to reduce the volume and weight, as well as to reduce
electromagnetic interference. One of the first researches is connected with the implementation of ZVC
in a bridge DC/DC converter with galvanic isolation using so-called “phase shift control” (Andreycak,
1993). For the control purpose, UNITRODE has designed a special integral circuit — UC3875. The use
of the circuit in a bit different controller is proposed by Lee (2008). The difference is the use of voltage-
doubler-type rectifier in the secondary side. The lack of an inductance in the secondary side leads to
ease conditions of operation of the rectifier diodes and higher efficiency. This control method evolves
in time and one of its new versions is studied by Bai (2008). The power schema is bidirectional DC/DC
converter, which consists of two bridge converters examined in Chapter 6. The control method is called
“dual phase shift control” and consists of a phase shift between the primary and secondary voltages of
the isolation transformer and a phase shift between the gate signals of the diagonal switches of each
H-bridge. Two modifications of half-bridge converter studied in Chapter 6 are presented by Deblecker
(2008). Additional transistors to achieve ZCS and to increase efficiency are used. The two modifications
are compared in their use as auxiliary railway supply. It has to be mentioned that the approach to include
additional power devices and elements in the standard schemas of DC/DC converters (with hard commu-
tation) aiming to obtain soft commutation is a widely met one. It is used in the galvanic isolated schemas
— more often flyback, half-bridge and full-bridge. The last mentioned is a separated direction in DC/DC
converter deveopment. Recently, an example of this is use of a separate cell for commutation (Wang,
2008). Another research direction is to gain resonant modes and soft switching using passive elements
in the primary side of the high-frequency transformer connected in a special way. Martin-Ramos (2008)
proposes a study of hybrid series parallel resonant topology, PRC-LCC, suitable for implementation
of high output voltages. So-called topology LCL-T RC in half-bridge converter is widely investigated
because of the fact that such a converter operating at resonant frequency has properties of a current
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source. This makes it suitable for a technological applications connected with operation at high output
voltage and periodical discharges in the secondary side. A design taking in consideration the capacity of
the transformer windings is presented by Borage (2009). By the discussion made in Chapter 6, it is seen
that the operation of DC/DC converters at frequency control is connected with large component stresses
due to high peak currents and voltages. Therefore, the researches of soft switching in PWM converters
are developing. Conventional forward and flyback converters with one transistor have the disadvan-
tage to have over-voltages due to the dissipation inductance of the transformer and the recovery time
of the rectifier diodes. To reduce these over-voltages and to obtain ZVS in such converters, additional
active and passive elements forming so-called “active clamp” are included. Different configurations
of such converters exist but as an example of the recently proposed ones it may be examined the one
proposed by Choi (2009) boost type active clamp and by Lee (2008) dual series-resonant active clamp.
To increase the output power, a parallel connection of the separate DC/DC converters operating with
different phases in time forming so-called multiphase converters is used. Such a connection is used at
first in converters with hard switching and without galvanic isolation — more often buck converter. The
basic problem is connected with the currents given by the separated converters. The standard approach to
solve the problem is connected with the measurement of the total current and currents from the separate
converters and control in the separate converters. Recently, new technology has been developed such
as sensorless current sharing (Quhoug, 2008). The method is applicable in low powers and requires
digital control. The proposed method of using digital filtering (Kelly, 2009) is based on such a control.
Parallel connection of the outputs is also examined in the resonant converters (Lin, 2008). Connected
with the use of renewable energy sources, another direction of the research of DC/DC converters has
developed. It is very often required the converter to have a possibility to operate using several sources
of energy — solar array, fuel cell, commercial ac line. This research direction is connected with so-called
multi-input converters. Different schematics for their implementation are generalized by Liu (2009). It
has to be mentioned that there are also other way to solve the problem connected with the currents given
by the separated converters — operation of different DC/DC converters connected to a common DC line,
which way is also studied (Karlson, 2003)

At conversion of DC into DC energies at higher powers, recently, it has been seen a quicken inter-
est towards three-phase converters using a three-phase high-frequency transformer and a three-phase
rectifier. This allows to reduce the volume, weight and price of the whole system owing to the better
use of the reactive components of the converter. The increased frequency of the ripples of the output
voltage compared to the operating frequency of the converter facilities also the implementation of the
output filter. Based on the operational principle of push-pull converter (see Chapter 6) a three-phase
version of the conversion at feeding from a current source is designed (Andersen, 2009). Three-phase
DC/DC converter with galvanic isolation consisting of a three-phase bridge high-frequency inverter in
the primary side and a three-phase bridge rectifier in the secondary side is studied by Cha (2008). The
converter is fed by a current source and it uses ZVS and active clamp through additional transistor in
the primary side.

The ambition to improve the harmonic spectrum of the output voltage of voltage inverters when DC
energy is converted into AC energy has brought the most serious development in multilevel inverters
regarding the schematic. Skvarenina (2002) examines different schematic versions - neutral point clamped
diodes, flying capacitors, multicell inverters. Problems of the versions containing diodes are connected
with balancing of the voltages across the capacitors that divide the input DC voltage in a certain ratio.
Versions with flying capacitors require galvanic isolation of the feeding sources. Different methods
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to balance voltages across the capacitors are studies, as an example the one proposed in Khajehoddin
(2008). The most widely spread control method is sinusoidal pulse width modulation (SPWM). Space
vector modulation (SVM) method is used more seldom. One of the research trends in these inverters are
namely the modulation methods. Liu (2009) investigates step modulation in cascade multilevel inverters.
For the investigation purpose, an algorithm to calculate the switching angles in real time is proposed.
Study of new hybrid PWM (HPWM), as well as a comparison between HPWM and SVM in three-phase
inverters with limitation diode is examined by Zaragoza (2009). As a result of the use of HPWM, the
voltages across the power devices are reduced. Leon (2009) proposes study of feed-forward SVM in
two-cell cascade multilevel inverter. The feed-forward SVM makes possible optimization between the
values of the supply voltages of the two transistors of the bridge. Investigation of predictive control in
multilevel inverters is discussed by Perez (2008). There is development not only regarding the control
methods but also regarding the power schemas of multilevel inverters. Different schemas appear under
the continuous ambition to increase the number of modulation levels. For example, multilevel inverter
using fully-controlled devices with bidirectional conductivity and their reduced number is proposed
(Babaei, 2008). Using the “duality” principle, Bai (2008) proposes synthesis of multilevel inverters
at feeding using current sources. Also, implementation of multilevel inverters based on several cells
of Z-source inverter is known (Loh, 2008). (Ceballos, 2008) studies a new schematic of a three-phase
inverter containing three main legs (standard neutral point clamped topology) which are connected to
the output phases, and a fourth leg with flying-capacitor structure. An interesting schema of a single-
phase inverter using a bidirectional power switch and five level of modulation is examined by Selvaraj
(2009). The development of resonant transistor inverters is mainly connected with their application in
the field of lightening. The application is characterized with comparatively lower powers. It has to be
mentioned that large amount of schematics of such converters exists therefore here only the basic trends
in their research will be listed: control of the operation of the resonant inverter in such a way that a high
power factor of the uncontrolled rectifier connected to the network to be obtained; an appropriate control
of the frequency or of the source voltage to obtain dimming-effect; making equal the currents trough
several shunt connected lamps; different methods to warm up the electrodes and to start the inverter
with the ambition to prolong the expiring period of the lamps, etc. For the standard voltage inverter
schemas investigations of comparatively known modulation methods such as selective elimination of
harmonics exist (Khaligh, 2008). Sliding mode PWM is studied by Yan (2008). Wavelet Modulation
of Single- Phase Inverters is described and compared with PWM and random PWM (Saleh, 2009). A
bit-stream PWM is also investigated (Patel, 2009).With the expansion of the renewable energy source
applications, a new trend of investigation of the standard voltage inverters has been develop — the in-
verter application when they are connected to the network - grid connected inverters. One of the serious
problems to be solved is connected with islanding detection. This is a whole direction of research into
such inverters and it develops with a quick rate. The islanding of a grid connected inverters occur when
a utility is disconnected from the grid line but the grid connected inverter continue to energize energy to
the isolated section of line. The islanding control can be achieved through inverters and control system
can be designed on the basic of detection of grid voltage, frequency variation, increase in harmonics
or measurement of impedance. Different solutions for the problem of the islanding of a grid connected
inverters exist. Application of a special programmed logic monitoring the changes of the voltage and
frequency in the point of common coupling is of interest (Tunlasakun, 2008). The use of LCL-filter
in the output of the inverter is predominant. Special attention is paid to current loop control to obtain
the best dynamic parameters of the system inverter-grid (Park, 2008). The application of hysteresis-
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current control in a system containing two inverters is of interest (Milosevic, 2004). Another research
direction is connected with synchronization and accuracy of the measurement of the required variables
for inverter operation. The researches are based on the measurements of different variables — voltage,
current and their parameters — phase, amplitude, and frequency. The most widely used method is using
phase-locked loops (PLL), also, open-loop methods are developing. An example is the results presented
by Freijedo (2009). Separate direction of the researches is connected with the insurance of the reliable
isolation of the public network, suitable grounding, electromagnetic disturbance protection, protection
from over voltages due to the electrostatic discharges, etc. Objects of research are also the problems in
the following fields: resetting and reconnection with grid; over-current protection; voltage limits and
frequency limits.

CONTEMPORARY STUDY IN THE FIELD OF SYSTEMS
OF POWER ELECTRONIC CONVERTERS

In Section 3 the application of systems of power electronic converters in different fields has been scru-
tinized. In all of them, scientific researches and practical implementations are continuously made (Lai,
2009). In the present section, the attention is paid only to the most quickly developed fields - Uninter-
ruptible Power Supply and converters for Renewable Energy Sources (sun and wind). The author selects
them because of their importance in the energy use in the future.

During the past years, it is seen a significant development in the field of Uninterruptible Power Sup-
ply (UPS) systems both in the scientific papers and as a new products at the market. The basic system
solutions are listed in Chapter 10. With regard to the distributed generation of electrical energy a ten-
dency to remove the conventional single systems of high power and replace them with distributed UPS
systems has occurred. This solution is convenient in microgrids. However, it is connected with parallel
operation regarding the outputs of the inverters of the separate systems and this problem is more seri-
ous than the parallel connection for example of DC sources. If the output inverter voltages are of equal
amplitude phase and frequency, then the currents would be disturbed equal in their outputs. Practically,
due to the differences of the separated inverters, and also as a result of the influence of the impedance
of the AC line, the load current is not equally disturbed and the so-called circulation current among the
inverters appears. The problems which have arisen from the circulation current, as well as different ver-
sions of active load sharing technique are discussed by Guerrero (2008). This technique requires mutual
communication among inverters and is studied in four versions: centralized control (CC), master-slave
(MS), average load-sharing (ALS), circular chain control (3C). At CC the total current is divided to the
number of the modules and reference signal for the current is generated for each module. In each of
them the reference signal is compared to the module current value and the error is processed using the
automatic regulation system. At MS a single master module regulates the load voltage, i.e. it operates
as a voltage source while slave modules operate as current sources. At ALS every module tracks the
average current done by all the modules. Special feature of 3C is generation of a reference signal for
the current of each module by the previous one, and all the modules are connected in ring. The output
currents may be also made equal by droop control method, in which the mutual communication among
the separate inverters is prevented. The active and reactive powers supplied to the AC bus are sensed and
averaged and the resulting signals are used to adjust the frequency and amplitude of the UPS inverter
output voltage reference. Low (2008) discusses model predictive current control of parallel-connected
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inverters. At the research into the schemas to implement of separate UPS, one of the directions is the
control of the operation of the converter system with the ambition to obtain high power factor in re-
spect to the source network. The rectifiers with an improved power factor studied in Chapter 4 are used
but also other solutions are sought. For example, Vazquez (2008) proposes as a first stage towards the
source network multifunctional converter that operates as battery charger. Rodriguez (2008) combines
the operation of the schematic for power correction with this of the inverter for charging an accumulator
battery. Disadvantage of the version is the lack of galvanic isolation between the battery and consumer.
This disadvantage presents also in the different versions of the transformerless UPS, created with the
aim to reduce the volume and the weight of the equipment (Park, 2008), (Branco, 2000). This direc-
tion of investigation continues to develop. Another direction of investigation in the field of single UPS
is high-frequency energy conversion using high-frequency transformers — with the aim to reduce the
volume and weight but ensuring galvanic isolation (Tao, 2008). Also, the use of the Z-source inverter
in UPS, which is not typical application of the inverter, appears (Zhou, 2008). Probably in the future
the trend towards the investigation and use of others energy storage elements besides the already gained
widespread hermetically closed accumulator batteries in the UPS will be strengthened. These energy
storage elements are kinetic batteries, fuel cells, supercapacitors, etc.

Other fields, which develop with a fast rate during the last 5 years, using systems of power electronic
converters, are distributed generation of electrical energy and use of the renewable energy sources (Wang,
2009). Basic system solutions are discussed in Chapter 9. Regarding this, the special issue of Masters
(2004) is of interest. The reader may get accountant also with the review made by Bialasiewicz (2006)
and Balcells (2006). The use of the energy from photovoltaic modules and wind generation has the fast-
est development for that those two directions will be only discussed. Survey in the field of the use of
photovoltaic energy is made by Carrasco (2006) and Spagnuolo (2008). Concerning the combination of
converters the following versions are developing: (1) High frequency transformation of the energy of the
photovoltaic module with following generation of the current through the input inductance of the bridge
schema. Essentially, the bridge schema is in the current inverter mode with switching of the diagonally
connected transistors in the moments of the grid voltage zero crossing (Rodriguez, 2008). The use of
a three-phase current inverter to implement integrated transformerless converter is also discussed by
Sahan (2008). (2) Usage of several DC/DC converters to obtain DC voltage from the module. The ver-
sion in which the converters are connected in series in respect to their inputs towards the output of the
photovoltaic module and also operating with a common output transformer is also possible. The second-
ary windings of the transformer are connected in series and the voltage from them is rectified through a
rectifier (Lee, 2008). It has to be mentioned, that it is also possible a version using separate transformers
and rectifying the voltage of each converter. The rectifiers in the secondary side are connected in series
regarding their outputs. Sometimes, parallel connection of DC/DC converters regarding their outputs
to obtain voltage of the DC line with following transformation using common inverter is also used. (3)
Use of multilevel inverters. Detailed discuss of the different topologies is made by Daher (2008). The
use of single-phase and tree-phase diode clamped multilevel inverter without output transformers is
illustrated by Gonzalez (2008) and Busquets-Monte (2008). New methods for maximum power point
tracking (MPPT) are continuously suggested. In these methods either the output voltage and the output
current (the power respectively) of the module or the output voltage of the module and the effective
value of the output current of the inverter connected to the network are monitored. Enormous number
of publications of the different methods exists. Here, only for an orientation for both approaches as an
example for the first method Liu (2008) is listed and for the second one — Kwon (2006). Survey in the
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field of the systems of converters for wind energy use is made by Carrasco (2006) and Chen (2008). The
conversion of wind energy is scrutinized in specialize issues by Gipe (2006) and Stiebler (2008). The
interest towards the systems using doubly-fed induction generator (DFIG) with a conventional structure
with the use of bidirectional transistor converters is quickened. Lu (2008) presents coordinated control
of the rotor side converter and grid side converter, which is appropriate at operation during network
unbalance. The operation of the converters at DFIG with constant decreased frequency of switching of
the power devices of the systems with high power with the aim to reduce the electromagnetic torque and
rotor flux ripples is proposed by Abad (2008). This is possible when predictive direct torque control is
applied. Improved control algorithms are considered by Yao (2008) and Moursi (2008). Also, applica-
tions of current inverters connected to the source network at permanent magnet synchronous generator
are studied (Tenca, 2008). Separate direction is the study of applications of static compensators (STAT-
COM), Static voltage compensators (SVC) and active power filters (APF) in the systems with wind
energy conversion. As an example the comparatively study made by Molinas (2008) may be given. The
development in the future of the systems of converters applicable in the use of wind energy is very tightly
connected with the development and advance in the field of electrical machines. New solutions in the
electrical machines will enforce new requirements during the energy conversion processes.

CONTEMPORARY STUDY IN THE FIELD OF THE CONTROL
SYSTEMS OF POWER ELECTRONIC CONVERTERS

In the field of the control systems of the electronic energy conversion during the last 20 years a fast
development has been seen based on the perfectly new methods and means of control (Kazmierkowski,
2002). Precondition for this is the discreet character itself of the most frequently used power electronic
devices. Artificial Intelligence Techniques (AI) — expert system (ES), artificial neural network (ANN),
fuzzy logic (FL) and genetic algorithm (GA) have been applied in power electronics. The quicken im-
plantation of the ANN technology has been made from 1990 although the technology dated from 1940.
The theory of GA, with wider application after 1970, is based on the principles of genetic (the Darwin’s
theory of the species evolution). Very often contemporary intelligent control systems combine neuro,
fuzzy and GA techniques to increase their adapting. Survey of applications of ANN in the field of Power
Electronics is made by Bose (2007). As examples are presented as follows: generator of three-phase
system of sine wave voltage, three-phase pulse width modulation at a variable frequency, space-vector
modulation in two- and three- level inverters, induction motor vector drive with ANN-Based space
vector modulation and Flux Estimation. Control of a three-phase parallel active power filter based on
ANN is proposed by Abdeslam (2007). These contemporary techniques require hardware and software
insurances and have been leaded to fasten development of micro processor and digital signal processors.
The control of the contemporary power electronic converters feeding sophisticated consumers is yet
unthinkable without use of embedded systems based on digital signal processors. Specific hardware is
field-programmable gate arrays (FPGA), combining software means of programming with a high level
of integration gained in the field of microelectronics. Survey of their use in Power Electronics and an
example of control of diesel — driven stand-alone synchronous generator is presented by Monmasson
(2007). More applications at inverters with PWM, selective elimination of harmonics with regulation
of the output voltage, multilevel inverters, power factor correction, etc. are also known. Survey of the
FPGA use in implementation of current controllers for AC machine drives is made by Naouar (2007).
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Simultaneously with the development of these new methods and means, the investigation and use of
the already affirmed ones continue. The affirmed methods are such as: PWM, for example, when Walsh
function is used and space-vector modulation, for example in multilevel inverters (Leon, 2009). It is
interesting to be mentioned, that sometimes the needs of Power Electronics provoke the creation of
the relevant control means. An example is Texas Instruments digital signal processors of series TMS-
320F2XXX, whose architecture is designed with the possibility to control three-phase voltage inverters
for asynchronous electromotors using so-called “field orientated control” and space vector modulation.
Hysteresis regulation at different converters and tracing a reference curve for current or voltage also
develops. Examples for this development are hysteresis regulation with constant frequency or maxi-
mum frequency limitation (Antchev, 2007), using of fuzzy logic at hysteresis regulation, etc. Adaptive
fuzzy controller for wind energy system is investigated (Galdi, 2008).The use of sliding mode control
in the control systems of power electronic converters, for example in three-phase bidirectional converter
(Shtessel, 2008), has widened significantly. Survey of the use of predictive control in Power Electronics
is made by Kennel (2008). Combination of predictive control and space vector modulation is examined
by Zeng (2008).

CONTEMPORARY STUDY IN THE FIELD OF COMPUTER
SIMULATION OF POWER ELECTRONIC CONVERTERS

In the field of study of power electronics converters through computer simulation, the ambition to
make closer the conditions of the simulation to those of the practical equipment is has been recently
dominated (Ropp, 2009). Study of impulse source converter through a virtual prototype is examined
(Li, 2003). In this virtual prototype, the procedures of design, verification and testing are divided in the
following groups: system partitioning, multilevel modeling of device/function block, hierarchical test
sequence and multilevel simulation. The prototype enables the following test levels: basic function test,
steady stage analysis, small-signal stability analysis, large-signal transient analysis, subsystem interac-
tion test and system interaction test. The contemporary control systems based on digital signal proces-
sors perform a significant part of their functions using software. This is precondition for developing
of so-called “real - time simulation”. Moreover, the hardware part of the control system is practically
constructed and produces control signals. The simulation of the power schema may be performed us-
ing PC in MATLAB/SIMULINK. Abourida (2009) proposes design of RT-LAB platform for real-time
simulation of motor drives, power converters and power systems. In the basis of the platform realization
is very powerful hardware: parallel processing, multi-core processors, fast /O devices, FPGA-based
computation. Study only of the control systems applicable in Power Electronics based on combination
of software and hardware is suggested in Monti (2003). Software includes virtual test bed (VTB) and
MATLAB/SIMULINK, while hardware — dSpace DSP. Probably in the future the approach studied will
develop, and its use in simulating the effects such as electromagnetic influences and thermal drift is of
a special interest. This statement is based on the increase of reaction of digital signal processors which
connected with the presence of software part in the described systems of real - time simulation, would
enable to consider the accidental character of those effects.
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Appendix:
Fourier Analysis and Total Harmonic
Distortion (THD) of Waveforms

For the purposes of the harmonic analysis of some functions, characterizing the basic variables of the
power electronic converters, at first an auxiliary function shown in Fig.A.l is examined. This allows
using a unified approach appropriate for the basic waveforms of some variables at these converters.

The auxiliary function consists of positive and negative pulses with amplitude 1 and duration w. If
the beginning of the coordinate system is the middle of a positive pulses, then the coefficients of Fourier
series for the positive pulses are:

1 w
- [1a9=2
R R (A1)
)
13 2 kw
A =—|1l.cos(kS).d 9= —sin—
! TEJ; (k9) kn 2 (A2)
)

Also, the Fourier series for the positive pulses is:

Figure A.1. Auxiliary function waveform
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FP=E Y sinZcos9 +lsin2'—wcosZ. 8+lsin3'—wcos3. &lsin4—wcas4. leins'—wcosi ...
2 2 2 3 2 4 2 5 2

T
(A3)
Analogically, the Fourier series for the negative pulses is found, and, it is:
F, =£(—K+sinﬁcos\9 —lsinz'—wcos 2. 9+lsin3'—wcos 3. 9—lsin4'—wcos 4. é}lsins'—wcos S. 19)
n\ 4 2 2 2 3 2 2
(A4
Summing (A.3) and (A.4), the Fourier series for the auxiliary function is found as:
F = 4 sin cos9 +lsin3'—wcos3. 9+ lsins'—wcos 5. 9.
nl 2 372 52 (A.5)

Fig.A.2 depicts three waveforms typical for the power electronic converters.
Using equation (A.5), the harmonic content of the three functions may be determined consistently.
For Fig.A.2.a — taking in consideration that the pulse amplitude is F, and their durationis w=m=

f :ﬂ.(ws{) —%0053. 8+%cos5. 8—)

- (A.6)

Figure A.2. Waveforms typical for the power electronic converters, a) source current in the rectifiers
shown in Chapter 4, Figure 15 and 17, output voltage in single-phase uncontrolled inverter — Chapter 7,
Figure 6. b) source current in the rectifiers shown in Chapter 4, Figure 16 and Figure 18; output voltage
in single-phase controlled inverter — Chapter 7, Figure 6. ¢) source current for a phase in the rectifiers
shown Chapter 4, Figure 21; phase-to-phase voltage in three-phase inverter — Chapter 7, Figure 18.
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Fig.A.3 shows the distribution of the most important harmonics.
Equation (A.6) shows the relationship between the values of the higher harmonics and this of the
first harmonic as:

(A7)

N
=~ —

For Fig.A.2.b - taking in consideration that the pulse amplitude is F, and their duration is
w=mn—a

_ 3. — _
f= F[SZH%COSS-F:SSU’I ( OL)cos3 9+5sm(Ta)cos5 9. j (A.8)

The numbers of the harmonics are the same as in the previous case but their percentage content is
dependent on the firing angle o . The relationship between the value of the kth higher harmonic and
this of the first harmonics is:

,nk(ﬁ—a)
2

1
Km0 (A9

For Fig.A.2.c - taking in consideration that the pulse amplitude is F, and their duration is

2m
wW=—

3

23.F

T

f=

. COSS—lCOSS. 8+lc0s7. &icosll. gicosl?a. ) (A.10)
5 7 11 13

For this case, Fig.A.4 depicts the distribution of the most important harmonics.

Figure A.3. Distribution of harmonics of the function shown in Figure A.2.a
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Equation (A.10) shows that here again the relationship between the values of the higher harmonics
and this of the first harmonic is valid found as (A.7).

The equations found may be used to find the harmonic coefficient K, (see (4.7), which is also called
“total harmonic distortion (THD)”, for the examined typical functions.

At first, this is made for the function shown in Fig.A.2.b. For this purpose, the effective value of the
function is found as:

Fog= |- [ Fras =F1-= (A1)
Y 0 T

The effective value f the first harmonic using (A.8) is:

K =&.F.sin1T _—
m 2

(A.12)
The distortion coefficient for the current waveform is found form (A.11) and (A.12):

F 2:2 . Tm—a
VvV = = .SIn

Fris  m.(m-a) 2 (A.13)

Using the equation (4.8), K, is derived as:

D=L 7 =100, |,

v 8.sin’ (”;aj (A.14)

An analysis of function (A.14) for an extremium may be performed and the minimum value of K,
is found to be 29% ata = 46.44".
Using (A.14), the value of K, for the function shown in Fig.A.2.a at o = 0 is found to be:

K

H

Figure A.4. Distribution of harmonics of the function shown in Figure A.2.c
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m
For the function shown in Fig.A.2.ca = ?’ and again using (A.14), it is found:

n2
K,, =100. ?—1 =31.08%

(A.16)

Thus, equations for Fourier series and for harmonic coefficient have been found for the most typical
waveforms of the power electronic converters.

In the cases of some more complicated waveforms of certain variables (for example, sinusoidal pulse-
width modulation, selective elimination of harmonics see Chapter 7, Figures 9, 11, 13, 22), as well as
in the case of several leveled modulation (see Chapter 7, Figure 16), a particular approach is applied in

solving the above-stated topics.

Only an example will be examined here — sinusoidal pulse-width modulation shown in Fig.A.5. The
waveform shown is typical for a single-phase voltage inverter (see Chapter 5, Figure 10) and also for

the source current of the single-phase rectifier(see Chapter 4, Figure 41.b).
The duration of the i-th conductivity interval is defined from the equation:

Ax,=—
N +1

-M-sin(i-
N+1

); i:1,2,...N’ (A.17)

where in 0 < M <1is a modulation coefficient.
The turn on and off angles of the switches are:

a, =i- m —l- m -M -sin| i- m ;o i=12,.N
N+1 2 N+1 N+1

B =i m 1

] (A.18)
N+1 2 N+1

-M-sin(i- m
N

Figure A.5. Sinusoidal pulse-width modulation
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Using Figure A.5, the maximum value of the k-th harmonic may be determined:

N B
—2 ZjF.sin(nS).dS (A-19)
T i=1 a;
After solving (A.19), the following equation is found:
Fo _ 23
= cosna. —cosnf3.
- Z( ; B.) (A.20)

After substitution using (A.18), an equation for the relative maximum value of the k-th harmonic is
found as:

nE, 1. (onm ) . n : m
— —— % sin| i .sin M.sin| i
4.F nzl ( N+1j {2.(N+1) ( N+1ﬂ (A.21)

At linear pulse-width modulation (see Chapter 4, Figure 41.a), the relationships already found may
be uses, having in mind that:

Ax,=Ax=—— M; i=12,.N (A.22)
N+1
Therefore:
a = (iMoo N
N+l 2
B, =— -(Hﬂj; i=1,2,..N
N+l 2 (A.23)

After substituting in (A.20), it is found:

nF,m . nam
L = . —M
21 ( ] R EXOE) (A.24)

Flgure A.6 depicts the dlstrlbution of the harmonics at sinusoidal pulse-width modulation corre-
sponding to the equation (A.21), while Fig.A.7 — at linear pulse-width modulation corresponding to the
equation (A.24). The graphics are obtained using MATLAB' (see Chapter 3). The relationships shown
are made for N=20, M =0.9.

The following example illustrates the possibility to made harmonic analysis using ORCAD? simula-
tion software. The operation of a single-phase voltage inverter controlled according to the method shown
in Chapter 7, Figure 11 is simulated. The schematic for the computer simulation is shown in Fig.A.S.
The effective value gained of the first harmonic of the output voltage is 230V at active-inductive load
of 10€Q2, 10mH. The frequency of the saw voltage is 1 kHz (see Chapter 7, Figures 11 and 12). The ratio
of the amplitude of the reference sinusoidal waveforms to the amplitude of the saw voltage is 0.9. These
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Figure A.6. Distribution of the harmonics at sinusoidal pulse-width modulation
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data correspond to the output data used to gain the graphical relationship shown in Figure A.6 using

MATLAB'.

The waveforms of the inverter output voltage, as well as the sinusoidal voltage across the load, are

shown in Figure A.9.

Figure A.10 depicts the harmonic spectrum of the inverter output voltage.

Figure A.7. Distribution of the harmonics at linear pulse-width modulation
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Figure A.8. Computer simulation schema
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ENDNOTES

" MATLAB is registered trademark of the MathWorks Inc.

2 ORCAD, CAPTURE, PSPICE and PROBE are copyright by the Cadence Design Systems, Inc.

Figure A.9. The inverter output voltage and the load voltage
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Figure A.10. The harmonic spectrum of the inverter output voltage
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