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Preface

In modern industries, electrical energy conversion systems consist of two main parts: electrical machines
and power electronic converters. Electrical machines act in the conversion of electrical energy to me-
chanical one as a generator and vice versa as a motor. Power electronic converters are used for electri-
cal energy conditioning. It is notable that electrical motors consume about half of the total generated
electrical energy in the world. Regarding to the fast and wide usage of electrical energy, it is obvious
that these two parts deal with considerable amount of energy. Thus, the uninterrupted operation of these
power converters is very important.

Basically, reliability concept is a scale for evaluating the proper operation of systems. Reliability
calculation is a method that estimates the effective and useful operative life of the systems. Especially,
this scale is very important for the systems which are not practically repairable. In addition, this estima-
tion is an important guideline in design process to design a reliable system. The performance of many
industrial processes mainly depends on the quality of electric power converters. Switching power elec-
tronic converters and electrical machines are increasingly used for electrical energy conditioning and
electromechanical energy conversion, respectively. The existence of high value of energy losses leads
to generating hot spots at high temperature in power electronic systems. Temperature rise is one of the
most important factors which reduce the operative life. Hence the useful life of such systems with high
value of energy loss is decreased. As the effective operative life can not be examined immediately, there
are some theoretical and experimental methods for predicting the reliability. In addition, reliability cal-
culations help the designers to estimate the useful life of their designed systems. They can correct their
design methodology if the estimated life is smaller than acceptable value. Thus, design for reliability is
an important strategy.

On the other hand, methods for improving the reliability such as derating concept can be used in
operation process to extend the useful life by proper application of electric power converters. In ad-
dition, derating algorithm can be used to continue the operation of an electric power converter under
negligible faults.

This book deals with reliability and effective operative life concepts in the field of power electronics
and electrical machines. In view of the extensive use of the aforementioned systems in industries, reli-
able design and an estimation of their effective operative life is considered to be crucial.

The aim of this book is to present a view about reliability in the field of “Electrical Energy Conver-
sion”. Based on this view, some of well-known strategies in design of power electronic converters and
electrical machines should be reviewed. For example, application of high frequency switch mode power
supplies is a common method. But, it may be replaced with a simple linear power supply with poor
regulation but with high reliability in a reliable system.
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HISTORY OF DEVELOPMENT OF THE BOOK

This book was developed based on teaching the related courses about power electronics and electrical
machines in School of Electrical Engineering, Sharif university of Technology. A long term study about
these electric power converters shows that a proper power system design and operation procedure is a
chain which is led to reliability considerations. The main text of this book is resulted from class notes
of related courses. This text core saw enormous changes during developing process of the book during
the past 5 years. We tried to present a well-illustrated book to show the practical real examples of each
section of the book. These figures were collected during an about 20 years of our activities in this field.
Marker arrows were drawn for many figures to emphasize on the related topic of the figure. Developing
process of this book was programmed for one year. But it take 5 years of our academic time with two
times extension of our contract with IGI Global. It is a disadvantage but we are satisfied because the book
in the present form is much more interesting than its initial planned form. Chapters 9 and 11 were not in
the first draft and were added during modifications. Contribution of chapter 3 about MIL-HDBK-217
was also added to the final form of the book.

OBJECTIVES OF THE BOOK

This book is presented with the following overall objectives:

e  To show the importance of reliability considerations in electric power converters.
e  To present the calculation methods of reliability in electric power converters.
e  To propose the techniques for improving the reliability in electric power converters

In this publication, methods for reliability calculation in electrical machines and power electronic
converters are presented. Furthermore, thermal modeling is explained to determine the hot spot tempera-
ture since this temperature is a key factor in estimating the reliability of power electronic converters and
electrical machines. In addition, the difference between high reliability and high efficiency systems is
described. It is shown that high efficiency is not equivalent to high reliability in complex systems con-
sisting of both the power electronic converters and electrical machines such as adjustable speed drives.
Finally, various methods are presented to improve the reliability of the above mentioned systems such
as derating method and load sharing method.

In modern industries, there are some new generated problems that affect reliability. Wide usage of
adjustable speed drives for speed control of general purpose electrical motors leads to higher loss in
these motors because of voltage harmonics fed into the motor. These problems are also considered and
discussed in the book.

We should note that this book is not an encyclopedia about reliability. There are many high quality
technical references for each chapters of the book. However, none on them deals with complete chain of
reliability in the field of electric power converters. We tried to give not only a general system view but
also a detailed technical view about complexities in electric power converters.
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STRUCTURE OF THE BOOK

All of the materials used in this book are original. All of diagrams were drawn by authors and all of
photos were prepared individually. Some of chapters use parts of our previous publications and they
supported via proper referring. We use assistance of some companies and organizations via using their
publications for presenting in the book. Copyright permission was received from them for all of the items
used in the book. Here, we appreciate them for their kindly helps. We also planned to present several
examples from other companies but they did not answer to our copyright permission request.

This book consists of 12 chapters which are divided to 5 different parts as shown in the flowchart of
the book in Figure 1. Both reliability calculations and reliable design are considered.

Section 1, “Data Preparation,” is about fundamental concepts of reliability with the following details:

e  Chapter 1, “Electric Power Converters in Industries,” presents a brief introduction about impor-
tance of electrical energy conversion in the modern industries. The aim of this presentation is
showing the dependence of various industrial functions to conversion of electric power. Basic
relations of various electrical machines as well as power electronic converters are presented. In
each section, some typical industrial examples are presented. This background will be used in the
next chapters for reliability calculation and improvement. In fact, this chapter is an introduction
about reasons of writing an individual book about reliability of electric power converters. Some
examples of reliability importance in various industries are presented.

e  Chapter 2, “Fault Mechanism,” describes the reason of failure in electric power converters. All
of the failure factors which are described in this chapter are catastrophic factors and leads to de-
structive damage in the systems. Other types of failure without destructive effect on converter like
electromagnetic interference will be presented in the next chapters. All of descriptions are based
on details of operation of the converters which were presented in the previous chapter. Over tem-
perature, over voltage, Mechanical forces and environmental effects like humidity are the main
factors of failure in systems. Origins of these factors are described in this chapter. Over tempera-
ture is a special factor among them. Because other failure factors finally act as over temperature in
failure process of the converters. Since the over temperature is the main failure factor in electric
power converters, loss model of components in electric power converters are presented in details.
In addition, the practical technique for measuring the power loss is described. Sample industrial
examples of damaged equipments due to these failure factors are shown to give a real sense to
reader about failure results.

Section 2, “Reliability Calculation,” is about reliability calculations with the following details:

e  Chapter 3, “Reliability Prediction,” uses probability calculation to predict the failure rate of the
converter. The formulation of these calculations are based on the concepts of failure factors which
were described in the previous chapter. Some detailed examples are presented to show the power
of probability tool for analyzing the behavior of complex systems. This chapter covers the meth-
ods for reliability calculation from component to system level. Some standards of reliability are
presented. One can use the information from a reliability prediction to guide design decisions
throughout the development cycle. MIL-HDBK-217 is described in details as a well-known stan-
dard for reliability prediction in component level. Reliability modeling is introduced for calculat-
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Figure 1. Flowchart diagram of the book
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converter with its auxiliary components. This chapter give a quantitative view to reader about
evaluation of reliability and its can be used in the next chapters for reliability improvement.
Chapter 4, “Thermal Analysis,” presents thermal analysis as the most important factors in failure
of the converters. Two main approaches for this goal are presented: numerical and lumped mode.
Principles of these methods are described with various examples and a comparison is presented.
Basic principles of thermal modeling are described and concept of sample node in this model is
explained. Methods for thermal management of an electric power converter are described. These
methods are in both component and system levels and contain various heat transfer mechanism
like conduction and convection. Theoretical methods and practical considerations for heat sink se-
lection and proper mounting of it are presented. Thermal insulation classes and various standards
related to thermal management topic are expressed. Industrial samples are presented to show ap-
plication of theoretical topics in real world.

Chapter 5, “Reliability Measurement,” presents various methods of tests for this goal. The main
approach is accelerated aging test that reduce the time need for failure in a system. In this method,
the device is tested under condition beyond its defined nominal specifications. Limits for this
harsh condition is determined based on the calculations which are presented in the chapters 3 and
4. If a problem occurs in implementing and operating process of the converter, accelerated ag-
ing tests decrease the time to failure. Theoretical concept of accelerated aging tests is described.
Standard tests of electric power converters are presented. Equipment and test chambers for stan-
dard tests are explained. These tests contain all of four various failure factors which are presented
in chapter 2. Sample industrial examples are presented to demonstrate the procedure of the tests.
Some of accelerated aging tests may lead to destroy the converter. Difference between destruc-
tive and nondestructive tests is presented. Sample devices after accelerated aging tests are shown.
Measuring devices for system parameter identification are introduced. Various types of tests are
expressed in details for some of the most important tests like electric withstand tests.

Section 3, “Methods for Preventing Faults,” is about reliability improvement in design stage with

the following details:

Xii

Chapter 6, “Reliability as a Figure of Merit,” presents reliability as a figure of merit in design of
a system and compares it with other indexes. We want to highlight the effect of reliability con-
sideration on the design methodology of a power converter. The most important specification of
a power supply or power converter is its robustness. Because any failure in power supply leads to
failure of the whole of the system. A power converter may have poor performance but operates
very reliable and vice versa. In fact, this is a reliability based design approach to achieve a long
useful life. It is shown that in many systems, high efficiency is not a good choice for selection of
system operating point. A system can be inefficient but very reliable. Two complex examples are
presented to show undesired results of neglecting reliability in design process. Methods for more
reliable operation of electric power converters than high performance operation are proposed. A
discussion about correct and intelligent optimization of a system parameters and operating set
point is presented.

Chapter 7, “Stress Reduction,” presents guidelines for improvement of reliability. These methods
are used in both design and operation process of the converter. The focus of this chapter is on the
component stress reduction in design process. Based on background of chapter two, reliability of
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a converter increases if it operates in a set point with low stress. It is assumed that the converter is
under design process or operates without fault. The methods for reliability improvement in faulty
converters are discussed in the next chapters. In this chapter, methods for reducing electric field
are described in both system and printed circuit board level. Low temperature operating condi-
tions for an electric power converter are described and tools for this goal are presented. Series con-
nection for voltage sharing and parallel connection for current sharing is explained. Novel control
methods of power converters for reducing the complexity and reliable operation are presented.
Control of inrush current as a typical transient problem in electric power converters is presented.
Methods for preventing the over stress condition on the components in faulty cases are described.
Techniques for reducing mechanical and environmental stress are expressed. Mechanical dampers
for preventing the high amplitude vibration and insulating colors against humidity are presented.
Industrial and real samples are presented to demonstrate application of the proposed methods.

Section 4, “Methods for Removing Faults,” is about reliability improvement in operation stage when
a fault without damaging effect occurs with the following details:

e  Chapter 8, “Protection Systems,” assumes that a fault occurs in the converter but there is a short
time interval between fault occurrence and catastrophic damaging of the converter. Therefore,
the topic of this chapter is the methods for saving the converter in this condition. In this chapter,
protection methods for saving the system against damaging faults are presented. Based on back-
ground of chapter two, protection systems should be able to bypass the effect of failure factors on
electric power converter. Methods for current limiting and voltage clamping as the usual factors of
failure in converters are described. Circuit diagram of a snubber is presented and its operation is
described based on safe operating area of solid state power switches. Operating diagrams of fuse
as emergency circuit breaker are presented. Measurement methods and devices used in protection
systems are explained. Experimental samples and standard diagrams are presented to clear the
theoretical notes in all cases.

e  Chapter 9, “Availability”: Protection methods, which are described in the previous chapter, save
the converter against non-catastrophic faults. However, this method saves the converter but causes
to idle the converter out of the service. Subject of this chapter is about these converters that are not
damaged but cannot operate normally. In this chapter, availability of electric power converters as a
most important but usually forgotten parameter is described. The concept of availability was origi-
nally developed for repairable systems that are required to operate continuously. It is explained
that a system may be unavailable while none of its parts damaged. In fact, there is an important
difference between reliability and availability. A converter may be very high reliable but very un-
available and vice versa. One of the most important factors for this undesired state is influence of
noise. In this chapter, electromagnetic interference and certain methods for reducing its undesired
effects on electric power converters are presented. Electric power converters are usually the source
of electromagnetic noise due to high operating voltage and/or current. Various techniques for safe
operation of sensitive systems that operate close to these converters are described. In the last part
of this chapter, alarm management is presented based on availability concept. This method is used
to prevent fast shutdown of important systems due to dispensable faults.

Xiii
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Section 5, “Reliability in Operation Process,” is about reliability improvement in operation stage

with the following details:

Xiv

Chapter 10, “Derating,” investigates uninterrupted operation of a faulty power conversion system
with catastrophic damages in some of its parts. It is shown that a faulty electric power converter
can continue to work with degraded specifications. This algorithm named derating for accessibil-
ity. This technique can be used for both a faulty system because of its uninterrupted operation
and a normal system because of extensive life time. Algorithms for derating of a faulty electric
machine and a power supply are described. Derating for increasing the useful life of a motor drive
system is presented. A novel method for switching frequency selection in a switching power sup-
ply is proposed based on derating concept. Derating is introduced as a technique to compensate
additional losses in an electric power converter operating in a harsh environment (for example: a
motor drive which is supplied with a non-sinusoidal voltage waveform). Real industrial examples
are presented in details for better understanding the derating concept. Some of the presented ex-
amples contain novel idea for derating and others are well known in industries.

Chapter 11, “Fault Tolerant Systems”: Fault tolerance is the property that enables a converter to
work properly with failure in some of its components. Fault tolerant systems are systems that can
be operating after fault occurred with no degraded performance in their basic functional require-
ments. This is the main difference between fault tolerant systems and derated systems. In this
chapter, some of methods for fault tolerance in electric power converters are presented. Fault
tolerance is almost the only method for achieving a desired reliability in a converter that operates
with non-zero fault probability. There are two main approaches for this aim: re-configuration of
the faulty system and using redundant systems. Redundancy is the provision of functional capa-
bilities that would be unnecessary in a fault-free environment. Various types of redundant systems
as passive and active redundancy are described and their application in power converter systems
is presented. A new approach for a reliable and fault tolerant power supply is proposed and justify
with experimental results. Concept of fault tolerance in electrical machines is presented.

Chapter 12, “Conditions Monitoring”: Implementation of all of the previously methods for reli-
ability improvement needs to have an enough information about condition of the converter. This
is the topic of the last chapter of this book. Condition monitoring is the process of monitoring a
parameter of condition in machinery (vibration, temperature etc.), in order to identify a significant
change which is indicative of a developing fault. The use of conditional monitoring allows main-
tenance to be scheduled, or other actions to be taken to prevent failure and avoid its consequences.
In this chapter, commonly used methods for condition monitoring of the converters and electric
machines are presented. The aim of this job is producing an alarm in converter before failure fac-
tor damage the system. Sensor based and sensor less methods for converter and motor parameter
monitoring are described. The data obtained from sensor based methods is real but sensor is a
weakness point in a converter. On the other hand, sensorless methods give estimated information
but they are very reliable. Temperature as the most important parameter from reliability point of
view is a common parameter for monitoring in all of systems. Other parameters like vibration,
harmonics and others can be used for monitoring of various faults inside the system. Many typical
cases are presented to well demonstrate the techniques.
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FEATURES OF THE BOOK

Most of the recent texts on reliability are limited to a particular topics and they are very general without
focus on power electronics and electrical machines. These documents do not provide comprehensive
coverage of the field. Having a single comprehensive reference for the reliability in power electronics and
electrical machines represents a significant advantage for the reader. Indeed, several topics in reliability
are routinely encountered in a power electronics and electrical machines design and operation. This book
includes the material that after several years of reliability problems has been found both theoretically
sound and practically significant.

There are many published books about “Power Electronics” and “Electrical Machines”. However, up
to now, there are a few books published specifically in the field of “reliability in power electronics and
electrical machines” which may be due to the fact that modern power electronics is young and is only
used widely in industries in recent years. However, the importance of publishing such books should not
be neglected since there are a number of well-known books published in similar research areas such as
“power system”. However, there is a great difference between “power system” and “power electronics”.
There are many reliability control tools in power electronics and electrical machines such as “switching
frequency” which is fixed in “power systems”. Thus, a dedicated reference is needed to use these tools
and estimate the reliability value in power electronics and electrical machines. In addition, it should be
mentioned that the other existing books in reliability field usually consider reliability concepts without
a focus on lossy systems such as electric power converter or reliability at the device level that they are
not applicable for reliability determination at the system level.

Other books in this field deal with only one of the topics in reliability. For example, there are many
books in the field of condition monitoring. Springer has book series in the field of reliability. All of
these book cover a portion of the chain of reliability in the field of power converters. This book covers
the complete chain of failure to reliability in electrical machines and power electronics.

In addition to this main feature, we tried to give some other benefits to the book which are listed in
the following.

e  This book includes many real industrial examples. There are more than 600 figures and photos
in the book. Real examples of faulty electric power converters are presented in details. Real ex-
amples of reliability calculations are expressed. This is a different presentation methodology in
comparison to similar books. In each chapter, we present an explanation in the beginning of each
section and expand our expression in an application example about the subject of the section.

e  This book includes some new aspects in this field like chapter 6. In this chapter, traditional meth-
odology of high efficiency in electric power converters is challenged. We show that a converter
can be very reliable but with low efficiency.

e  We prepared an illustrated presentation of MIL-HDBK-217 which is known as “Bible” of
reliability.

e  There are many useful references for each chapter to give a fresh state of the art view to reader
about topic of the chapter. In addition, a comprehensive list of related documents is prepared for
interested readers.

e  We study many standards like IEC to give some guidelines to the readers about using standards
in reliability study.

XV
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e  The existing books are divided into two main categories. Some of these books have a general
view to reliability like production. Others dedicate to an individual step and not overall view. Both
system view and component view are covered in this book.

e In power electronic we have not a book covering reliable design methodology. This book is pre-
sentation of design and operation methodology to achieve an electric power converter with high
reliability. There are certain steps toward this goal and there are many research books about these
steps. However, each of these references focuses on one of these steps. We recognized that there is
not proper reference that it covers all of required steps toward a reliable power electronic converter
or electrical machine. These books do not give a big picture about the topic.

RELATED READERS
This book can be used by the following groups of readers:

e  Electrical engineers: The publication can be used by electrical engineers in operation processes of
power electronic converters and electrical machines in industries. For example, derating concept
can be used by these engineers to prevent a fault in electrical systems in the near future.

e  Designers of power electronic converters and electrical machines: The publication gives useful
hints to consider reliability in design processes. Thus, designed systems will be reliable with a
long effective operative life.

Since the effect of poor reliability is not seen immediately, reliability is often a forgotten index of
quality in electric power converters. Therefore, the challenges in reliability are important especially in
the field of electric power converters. Researchers are working with enthusiasm, tenacity, and dedication
to develop new methods of analysis and provide new solutions to achieve a reliable converter. In this
atmosphere, it is necessary to provide both professionals and students with state-of-the art knowledge
on the frontiers in power converter reliability. This book is a good step in that direction

Shahriyar Kaboli
Sharif University of Technology, Iran

Hashem Oraee
Sharif University of Technology, Iran
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Chapter 1
Electric Power Converters

ABSTRACT

In this book, we discuss reliability in electrical energy converters. The first step is introducing these
devices and recognizing their main functions as well as their importance. Electrical energy conversion
systems consist of two main parts: Electrical machines and Power electronic converters. Electrical ma-
chines are used for converting electrical energy to mechanical one in the generator state and vice-versa
in the motor state. To emphasize the importance of these devices, it may be noted that electrical motors
consume about half of the total generated electrical energy in the world. On the other hand, power
electronic converters are essential equipments which are used for electrical energy conditioning. These
equipments have observed considerable growth in modern industries in recent years. Because energy
conditioning allows us to use energy with higher efficiency and better performance, in this chapter, im-
portance of electric power converters in modern industries is presented. The aim of this presentation is
showing the dependence of various industrial functions to conversion of electric power. Basic relations
of various electrical machines as well as power electronic converters are presented. In each section,
some typical industrial examples are presented. This background will be used in the next chapters for
reliability calculation and improvement. In fact, this chapter is an introduction on reasons of writing an
individual book about reliability of electric power converters.

INTRODUCTION: IMPORTANCE OF RELIABLE POWER CONVERTERS

This book is about reliability in the field of power electronic converters and electrical machines which
are named “electric power converters”. Why reliability? and why in electric power converters? The main
goal of this chapter is clarifying the importance of the title of this book. So we start the first chapter of
the book with some essential questions:

e  What is the importance of reliability in the field of electric power converters?
e  Why must they work reliable?
e Which parts of the world are affected if electric power converters are unreliable?
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In this chapter, we answer to these questions by presenting enormous applications of electric power
converters in modern industries. In this chapter, terms of “power converter” or “converter” mean “elec-
tric power converter” for summary. Power electronic converters and electrical machines are two main
parts of electric power conversion field and consume considerable amount of energy. Regarding to the
fast and wide usage of electrical energy, it is obvious that these two parts have a key role in normal
operation of industries. Thus, the uninterrupted operation of these power converters is very important.
Many problems in electric equipments are due to neglecting reliability considerations in design process
of their power converter (Song, & Wang 2013). As a senior researcher, we saw many electric systems
with unsafe operation because of lake of reliability. Unsafe operation means:

e  Damaging in equipment without pre-alarm
e  Consecutive shutdowns of equipment
e Interference with other devices

In this book, we talk about reliability in electrical energy converters. Therefore, the first step is intro-
ducing these devices and recognizing their main functions as well as their importance. Figure 1 shows
the state of this chapter in the book.

Figure 1. State of chapter 1 in flowchart of the book

Design process of a
Reliable power converter

Chapter :1 Fundamentals of electric
power converters operation

Preparation
data

Chapter 2: Fault
mechanisms in electric
power converters

Chapter 4: + IR
Thermal design o -
Chapter 3: Reliability prediction

\—{\ - Reliability

calculation

Chapter 5: Reliability measurement

l n

N Methods for

If tg?tdesmeld preventing
reliability achieve faults

' Chapter 8: Protection
systems Methods for
removing
faults

Chapter 12: Chapter 9: Availability
Condition monitoring

T Methods for
| Chapter 11: Fault Chapter 10: compensating
' | tolerant systems Derating the faults
[y — S g gup——1 effects

Reliable power converter

Chapter 6: Reliability
as a figure of merit

Chapter 7: Stress
reduction
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VARIOUS TYPES OF RELIABLE POWER CONVERTER

Risk analysis and reliability studies are important tools in designing electric power converters. There
are various types for reliability importance in power converters (Yang, Bryant, Mawby, Xiang, Ran, &
Tavner, 2011). There are:

Power converters with long time repair process
Needs to high level safety

Non-stop power converters

Mass production of a power converter

Power converters with impossible repair process
Enormous power converters with difficult access

mo a0 o

Each of the above mentioned requirements is a view of reliability in a converter. Figure 2 shows some
applications of electric power converters with different reliability considerations. Figure 2(a) shows
a power line with transformers and other equipments in a rural zone. Repair and maintenance of this
power line is very difficult. In addition, the time interval for repair is long and this leads to long time
blackout. All of components of this line should be very reliable to prevent blackout in load side. Figure
2(b) shows another type of reliability importance in power converter. The power converters used in an
airplane should be reliable because of safety considerations. Figure 2(c) shows a plant turbogenerator as
a non-stop power converter. This generator should be very reliable to work without interrupt for a long
time. Reliability is important from cost point of view in a power converter which is produced with mass
production scale. Figure 2(d) shows a lamp with its ballast power circuit. It is produced in large scale.
Any problem in this products leads to considerable cost. Therefore, it is very reliable. Figure 2(e) shows
a satellite as a system with power converter without possibility of repair. Figure 2(f) shows a wind farm.
Regarding to enormous number of these wind generators, they should be reliable with long life (Tohidi,
Oraee, Zolghadri, Shiyi, & Tavner, 2013).

Power Converters as the Most Reliable Part in a System

Here, there is a key question: Why should the power converter sections be very reliable? and not other
parts in the above mentioned applications? Why do we focus on power converter sections in the systems?
The answer is that all parts of the equipments should be reliable. However, power converter is a special
section. First, it provides the electrical energy for other parts to work. Any failure in power converter leads
to interrupt in whole of the system (Motor Reliability Working Group, 1985). Another reason relates to
the position of power converters in the equipments: All of equipment energy passes through the power
converter. Therefore, the generated heat in power converters is generally high. As we will describe in
the next chapter, heat is the most important factor in failure process.

Electric Power Converters in Industries

Electric power converters deal with electrical energy and electrical energy is a commonly used type
of energy in industries (Boglietti, El-Refaie, Drubel, Omekanda, Bianchi, Agamloh, Popescu, Di Ger-
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Figure 2. Electric power converter applications with high reliability requirement, (a): Electric power
network in rural region as a difficult, (b): An airplane needs high reliability power converters from safety
viewpoint, (c): Power plant as a nonstop system, (d): Ballast circuit of a lamp as a part with mandatory
long life time in wide scale usage, (e): OMID satellite as a system with impossible maintenance, (f):
Wind farm as a system with enormous and distributed parts

(c) (d)

(e)

lando, & Bartolo, 2014). Many industries need to use different types of electric motors as prime mover
and power electronic converters as power conditioner for industrial process (Gerada, Mebarki, Brown,
Gerada, Cavagnino, & Boglietti, 2014). The reason for necessity to various types of converters is that
the most important characteristics of power converters vary with the type of their application and the
type of task they are expected to perform. There are some important industries that the electric power
converters have a key role in their operation. Some of them are listed in the following. These are the
most important industries in any country and they consume a great amount of electricity.
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a. Chemical industries: In a chemical factory, there are many applications for electric motors as a
power converter. Electric motors are used in pumps for transferring the liquid and gas. Fans and
blowers are other user of electric motors in a chemical process for ventilation applications or in
chillers and coolers. Power electronic converters are also used in a chemical factory as a power
conditioner for example for controlling the furnace temperature.

b.  Food process: Electric motors are used for driving the conveyers in a food factory. Other applica-
tions are in fans and compressors. In addition to similar applications of power electronic converters
for power conditioning in a chemical factory and in a food factory, some types of power electronic
converters have special applications in food industries. These are the converters with special output
voltage waveform which are used for sterilizing the foods. For example, a high power pulsed volt-
age is used in a commercial accelerator for sterilizing the vegetables and fruits without using any
disinfectant.

c.  Pulp and Paper industries: In a paper factory, there are many motor driven conveyers for transfer-
ring wood. Power electronic converters are also used for controlling the process temperature and
speed control of electric motors.

d. Metal forming industries: High power presses and rolling systems are driven with electric motors.
Precise speed control of these motors is a key factor in quality of the process and this task is per-
formed with power electronic converters. Power electronic converters are also used for temperature
control.

e. Petroleum process: Power Electronics has been present in recent years in a wide number of applica-
tions within the oil and gas industry. Power electronic converters like variable speed drives and soft
starters are suitable for extraction plants and chemical industries based on petroleum derivatives.
Nowadays, under seas variable speed drives have an important role in petroleum extraction which
are built based on power electronic converters.

f.  Electronics: Advanced electronic industries are established based on robotic process. A robot is
driven and controlled with electric motors and power electronic converters, respectively.

g.  Transportation: Nowadays, environmental pollution of the petroleum-based transportation vehicles
has led to interest in electric transportation. An electric vehicle or electric train use electric motors
as mover and power electronic converters as controlling device of these motors.

Statistics for Usage of Electric Power Converter

Here, we present brief statistics about application of electric power converters in the world. These sta-
tistics are mainly about electric motor usage in industries. Electric motors consume electrical energy
and convert it into mechanical energy. Therefore, they are consumer of energy with specified statistic
and their power consumption is saved by counters. In the opposite, power electronic converters do not
consume electric energy. They operate as electric power conditioner. Electric power converters are used
in two different levels in modern industries and homes: low power converters are widely used in general
applications like homes and high power converters are used in smaller scale in particular applications
like heavy industries.

Electric motors use about half of the manufacturing delivered electricity and 8% of the total fuel
consumption. Figure 3 shows a statistic about machine drive electricity use in industries.
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Figure 3. Percent of machine drive electricity use in industries
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Power electronic converters are also used in modern industries for power conditioning in very wide
scale. The power electronic converters are not the end of chain of electricity usage (in the opposite of
motors). However, a look at their wide scale applications in industries, show their importance. In the
following, we describe the operation principles of the most important types of electric converters.

Power Electronic Converters

Power electronic converters use solid-state devices for conditioning of electric power. The important
role of these devices is that their power loss is about zero in switching operation state. Therefore, power
electronic converters usually have high efficiency. A brief introduction on basic operation of these
switches is described in the following. We use this description in the next chapter when we investigate
the reasons of failure in power electronic converters.

Solid State Power Switches

Solid state devices are important tools in the design of power electronics converters. Power electronic
devices may be used as switches, or as variable resistor. In switching operation state, an ideal switch
is either open in off state with zero current or closed in on state with zero voltage. As the voltage or
current of the switches is zero in these two states, they have no power dissipation. The real semiconduc-
tor switches approximately show this ideal property and so most power electronic applications rely on
switching devices on and off, which makes systems very efficient. The losses that a power electronic
device generates should be as low as possible because of importance of efficiency. However, in this book,
we try to give a new view to the reader from reliability view point. Based on this new view, efficiency
is not the most important concern of designer. A power converter can be inefficient but very reliable.
We describe more about this meaning in the next chapters.

There are various types of solid state switches. Diode is a device which is turn on and turn off regard-
ing to the polarity of its current and voltage. Power devices such as thyristors have the ability of control
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of the start of conduction. Therefore, they are named semi controlled devices. Devices such as BJT and
MOSEFET provide full switching control. They are named fully-controlled devices.

Another difference between solid state switches is their difference from switching time view point.
Devices are different in switching speed. Some diodes and thyristors are operated for low switching
frequency. Other devices such as MOSFETS and BJTs can operate at higher switching speed.

Diode

Diode is an uni-polar and uncontrolled switching device. It means that diode is turn on and turn off ac-
cording to its voltage and current in the circuit and it is not under control of user. The switching role of
an ideal diode is presented as the following.

i,=0 Jor v, <0 o
v, =0 Jor i, >0
Where i and v are the diode current and voltage, respectively.
For a real diode, the current-voltage characteristic is presented as the following.
i~ 1 (evD/an —l)and vV, = k-T )
q

Where T is the temperature. This equation shows the dependence of switches characteristics to tem-
perature. We use this dependence in the next chapters.

The main function of diode in the converters is rectification. Symbol of a diode and its typical struc-
ture as well as a real diode characteristic are shown in Figures 4 and 5, respectively.

Thyristor

Thysristor is a semi-controlled switching device. This switchis turn on when a gate current pulse is applied
while the anode-cathode voltage is positive. In on state, thyristor operates as a unidirectional switch like
a diode. The device can not be turn off via gate voltage and it is turn off when its current falls to zero.
Other similar devices in the family of thyristor are GTO and Triac. Symbol of a thyristor and its typical
structure as well as a real thyristor forward characteristic are shown in Figures 6 and 7, respectively.

Bipolar Junction Transistor

The Bipolar Junction Transistor (BJT) is a fully-controlled switching device. It can be turn on and turn
off according to user command. The BJT cannot be used at high power because they are slower and
have more resistive losses when compared to advanced type devices. Symbol of a BJT and its typical
structure as well as a real BJT characteristic are shown in Figures 8 and 9, respectively. In a BJT, the
collector current is determined based on Base-Emitter voltage as shown in the following.
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Figure 4. Typical semiconductor layers in a (a) diode; and its (b) symbol
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Figure 5. Real forward V-1 characteristic of a power diode, Source: ON Semiconductor corp. (with
permission)
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Where T is the temperature. It can be seen that the characteristics of other switches also have a depen-
dence to temperature.

MOS

The main advantages of the power MOSFET is higher switching speed of MOSFET in comparison to
BJT as well as simpler gate drive. Gate voltage creates a conduction path from drain to source. Symbol
of a MOSFET and its typical structure as well as a real MOSFET characteristic are shown in Figures
10 and 11, respectively.
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Figure 6. Typical semiconductor layers in a thyristor (a) and its symbol (b)
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Figure7. Realforward V-1 characteristic of a thyristor, Source: ON Semiconductor corp. (with permission)
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IGBT

This device has the best characteristics of MOSFETs and BJTs. IGBT has high gate impedance like
MOSEFET devices, thus simple gate driver requirements. On the other hand, this device has low on state
voltage drop like BJT, thus low power loss across the switch in on state. Symbol of an IGBT and its
typical structure as well as its real V-I characteristic are shown in Figures 12 and 13, respectively.

MAIN TYPES OF POWER ELECTRONIC CONVERTER

There are two general types of power converter: linear and switching. In switched mode power elec-
tronic converters, solid state devices operate as a switch. In linear type, solid state element operates as
a variable resistance.
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Figure 8. Typical semiconductor layers in a BJT (a) and its symbol (b)
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Figure 9. Real forward V-I characteristic of a BJT Source: ON Semiconductor corp. (with permission)
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Linear Converters

The voltage provided by many energy sources will vary with changes in load impedance. When an
unregulated power supply is the energy source, the amplitude of its output voltage will also vary with
changing input voltage. To solve this problem, some power supplies use a linear voltage regulator to
maintain the output voltage at a regulated value. The function of a linear power converter is to convert
a varying voltage to a regulated voltage.

Advantages

The main advantage of linear power converters is that they can dramatically reduce the magnitude of
ripple and noise on the output voltage.

Disadvantages

Huge power loss is the main drawback of linear converters. This power loss increases considerably when
there is a great difference between input and output voltage of the converter. Based on the presented
efficiency relation, lower power losses leads to higher efficiency.
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Figure 10. Typical semiconductor layers in a MOSFET, Source: ON Semiconductor corp. (with permis-
sion) (a) and its symbol (b)
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Figure 12. Typical semiconductor layers in an IGBT, Source: ON Semiconductor corp. (with permis-

sion) (a) and its symbol (b)
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Switching Converters

In a switched-mode power converter, all of the solid state devices operate as switch. Switching occurs at
a very high frequency and enabling the use of transformers and filter capacitors that are much smaller,
lighter, and less expensive than those found in linear power supplies operating at low frequency. The
ripple voltage relation of a rectifier is presented in the following. It can be seen that increasing the fre-
quency leads to decreasing the capacitance value of the converter.

%

V ~—"— 5
w " R-C-f ®)

Where f is the frequency.
Advantages

In switching power converters, the solid state elements operate in switching state. Therefore, switching
power converters have a high efficiency. This is the main advantage of these types of electric power
converters. The voltage and current relation of an ideal switch is presented in the following. It can be
seen that the power losses is zero in switching operation.

{iD:O Switch OFF

Where i and v are the current and voltage of the switch, respectively.
Disadvantages

The current and voltage waveforms of these types of converters are chopped. Therefore, high output
ripple and electromagnetic interference are the main problems of switching power converters.

Regarding to the critical energy demand, operation with high efficiency is the main requirement of
electric power converters. Thus, switching power converters are used much more than linear types. In
the following, we described this type of electric power converters in details. There are four different
groups in this field:

AC to DC converters which are usually named as rectifiers
DC to AC converters which are usually named as inverters
AC to AC converters which are usually named as AC voltage controllers
DC to DC converters which are usually named as choppers

13
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AC to DC Converters

The main application of AC to DC converters is rectification. A rectifier converts alternating current to
direct current. These converters are usually used for producing a constant DC voltage from AC network.
They are classic rectifiers and modern types.

Rectifier circuits may be single-phase or multi-phase. Most low power rectifiers for domestic equip-
ment are single-phase, but three-phase rectification is very important for industrial applications. Figure
14 shows single phase and three phase classic rectifiers.

Due to time to time increase in demand of rectifiers with specific characteristics in voltage regula-
tion and harmonic elimination, new AC/DC power conversion topologies have been proposed (Kolar, &
Friedli, 2013). Among these, Vienna Rectifier, because of ability in improving power quality and resis-
tive main behavior, have received wide interest, in appliances such as feeder of communicational power
supply module. Combination of a boost DC/DC converter series with a three phase rectifier provides
a new topology called Vienna-type rectifier which is shown in Figure 15. Technical and economical
advantages of this type of rectifier can briefly be noted as follow.

Figure 14. Single and three phase classic rectifiers
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Figure 15. Schematic structure of the Vienna Rectifier
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Low harmonic injection to the main
Controlled output voltage

High efficiency

High reliability

Low voltage stress on power semiconductors

Application Example: High Power Electrolysis

Electrolysis is commercially highly important as a stage in the separation of elements from natural
sources using an electrolytic cell. Electrolysis is a method of using a direct electric current to drive a
chemical reaction for separation of elements. The process need high level of DC current and it can not
be supplied by the sources with limited life time such as battery. Thus, high current rectifiers are used
to produce the required DC voltage for the process via rectification of AC network voltage.

Application Example: Dynamic Braking
Electric motors change to generator during braking process. The energy generated may be returned to

the supply or dissipated by some resistors. Figure 16 shows two types of elevator motor drives using
classic and regenerative rectifiers.

Figure 16. Conventional (a) and regenerative (b) drive systems
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DC to AC Converters

DC to AC converters produce an AC output waveform from a DC source. Some applications of these
types of power electronic converters include adjustable speed drives, uninterruptible power supplies,
active filters, Flexible AC transmission systems, voltage compensators, and photovoltaic generators.

Topologies for these converters can be divided into two categories: voltage source inverters and cur-
rent source inverters. Voltage Source Inverters use a constant-voltage source (Abusara, & Sharkh, 2013).
Similarly, in current source inverters the controlled AC output is a current waveform (Nag, & Mishra,
2014). The DC to AC power conversion is commonly carried out by fully controllable semiconductor
power switches like IGBT and MOSFET. There are some modulation techniques for controlling the output
voltage of the inverter (Hamzeh, Karimi, Asadi, & Oraee, 2014). Voltage source inverters have practical
uses in both single-phase and three-phase applications. Single and three phase type of an inverter and
its typical waveforms are shown in Figures 17, 18, and 19, respectively.

Figure 17. A single phase inverter and relative signal and output voltage waveforms

s A
Inverter(DC /| AC) 1
S, T -
SOHZ S2 Sl V01 A _
+
:ZVDC Voz— — V01 VOZT g
Sl S 2 Von - Voz“

\/

Figure 18. A three phase inverter
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Figure 19. Output voltages of a three phase inverter
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Application Example: Energy Saving

One of the important applications of power electronic converters is their application as a unit of energy
saver. Figure 20 shows a driver for an elevator with regenerative performance. While the elevator is going
down, the elevator stored energy is delivered to the AC network via an inverter. This inverter operates
as a modern fully controlled rectifier during going up. Figure 21 shows operation of this driver during
elevator going up and going down.

Application Example: Motor Drive

Combination of power electronic converters in motor applications leads to a high performance level in
electric motor applications (Collins, 1992). Figure 22 shows a three phases inverter used as a motor drive.
A variable speed drive is an equipment that regulates the speed and torque of an electric motor (Jang,
2013). Many industrial processes must operate at different speeds for different products. In starting a
motor, a drive initially applies a low frequency and voltage, thus avoiding high inrush current associated
with direct on line starting. However, motor cooling deteriorates and can result in overheating as speed
decreases such that prolonged low speed motor operation with significant torque is not usually possible
without separately-motorized fan ventilation. We talk more about this problem in the next chapter. Figure
23 shows a typical drive which is used for an induction motor.
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Figure 20. An elevator driver with regenerative performance, inverter stack (up), control board (down),

series inductors (right)

Figure 21. Input voltage and current of a drive system in motoring (a) and braking (b) operation mode
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Figure 22. Block diagram of a three phase inverter used as a motor drive
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Figure 23. An ASD system for an induction motor: three phase inverter (up), DSP controller (down),
induction motor (right)

Application Example: Power Active Filter

There are many ways in which electric power can be of poor quality and many more causes of such poor
quality power. For example, a fault on the network may cause a dip that will affect some customers; the
higher the level of the fault, the greater the number affected. A problem on one customer’s site may cause
a transient that affects all other customers on the same subsystem. Problems, such as harmonics, arise
within the customer’s own installation and may propagate onto the network and affect other customers.
Inverters are a key tool in power quality improvement. Figure 24 shows a typical circuit diagram of an
active filter which is used for low frequency harmonic compensation and power factor correction of
a rectifier. Figure 25 shows its waveforms for operation in capacitive and inductive region. Figure 26
shows application of an active filter for ripple cancellation of a DC power supply.

Application Example: High Efficiency Power Amplifiers

A class-D amplifier or switching amplifier is an electronic amplifier in which the amplifying devices
(transistors, usually MOSFETs) operate as electronic switches, instead of as linear gain devices as in
other amplifiers (Kaboli,, Moayedi,, & Oraee, 2008). The analog signal to be amplified is converted to
a series of pulses by pulse width modulation applied to the amplifier. After amplification, the output
pulse train can be converted to an analog signal by passing through a passive low pass filter consisting
of inductors and capacitors. The major advantage of a class-D amplifier is that it can be more efficient
than analog amplifiers, with less power dissipated as heat in the active devices. Figure 27 shows circuit
diagram of a power amplifier using an inverter.
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Figure 24. Schematic diagram of an active filter used for a power factor correction of a rectified load
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Figure 25. Input voltage and current of an active compensated nonlinear load: operation with lead power
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Figure 26. Operation of an active ripple compensator in a DC power supply: before employment of ac-
tive filter (a), after applying active compensator (b)
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Figure 27. Schematic diagram of a Class-D amplifier
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Application Example: Static AC Power Supply

A power inverter can be entirely electronic or may be a combination of mechanical effects (such as a
rotary apparatus) and electronic circuitry. Static inverters do not use moving parts like bearing in the
conversion process. Therefore, they benefit long time interval between maintenances. Figure 28 shows
schematic diagram of a static inverter used for railway applications.

Application Example: Static DC Power Supply

As the inverter AC output voltage is high frequency, the volume of this DC power supply is very small.
So, it is used for portable applications where the volume and weight of the system is a limiting factor.
Figure 29 shows a diagram of a static DC power supply with an inverter core.

AC to AC Converters

Direct converting AC to AC electric power allows control of the voltage, frequency, and phase of the
waveform applied to a load from a supplied AC system. This single power conversion benefits high
efficiency especially for extra high power conversion like power transmission between two countries
(Cipriano, Jacobina, da Silva, & Rocha, 2012).

There are various different types of AC to AC converters like cycloconverters and matrix converters.
Figure 30 shows simplified circuit diagram of a single and three phase AC voltage controller.

Application Example: Motor Soft Starter
A motor soft starter is used in series with AC electric motors to reduce current surge of the motor during

startup. This reduces the mechanical stress on the motor and shaft, as well as the electrodynamic stresses
on the attached power cables and electrical distribution network, extending the lifespan of the system.
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Figure 28. Block (a) and Schematic (b) diagrams of a typical AC power supply used in portable railway
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Figure 29. Schematic diagrams of a static DC power supply with an inverter core
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Figure 30. Single phase and three phase AC controller
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Application Example: High Power Transmission

An AC to AC converter acts as a single stage converter. Therefore, it has a high efficiency in comparison
to other multi stage methods.

Application Example: Wind

An AC/AC converter for direct conversion of low-frequency AC from the wind generators to high-
frequency AC network is widely used.

DC to DC Converters

DC to DC converters are important in portable electronic devices. Most DC to DC converters regulate
the output voltage.
DC to DC converters can be categorized as the following:

e  Isolated or on isolated
e  Single or multi output

Application Example: Power Distribution Unit

Many power electronic converters are used as adaptor of voltage levels between two or more subsystem.
As an example, suppose the power distribution of a satellite. The power subsystem consists of solar
panels to convert solar energy into electrical power and batteries that store power and supply the satellite
when it passes into the shadow. The satellite has other essential parts: the telemetry subsystem monitors
the on-board equipment operations, transmits equipment operation data to the earth control station, and
receives the earth control station’s commands to perform equipment operation adjustments. The thermal
control subsystem helps protect electronic equipment from extreme temperatures due to intense sunlight
or the lack of sun exposure on different sides of the satellite’s body. The attitude and orbit control sub-
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Figure 31. Block diagram of a satellite power supply
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system consists of sensors to measure vehicle orientation; control laws embedded in the flight software;
and actuators to apply the torques and forces needed to re-orient the vehicle to a desired attitude, keep
the satellite in the correct orbital position and keep antennas positioning in the right directions. Power
distribution unit receives input DC voltage from solar panels or batteries and converts it into some DC
voltages with different amplitude for the above mentioned subsystems. Figure 31 shows a block diagram
for a power distribution unit.

Application Example: Battery Charger in Solar Energy Conversion

Battery charger based on DC to DC power conversion is used to charge various types of rechargeable
batteries such as Li-Ion and Ni-Cd by extracting power from power network. Using a PIC microcontroller
provides the ability to implement maximum power control of solar panel. The charger is able to provide a
regulated output voltage while the battery is full-charged and/or disconnected from the system, therefore
the charger output can be used as a voltage bus for the system while battery is failed or not used. Figures
32 and 33 show the typical and real V-I characteristic of a PV panel, respectively.

Application Example: Renewable Energy Converters

Figure 34 shows a solar panel using a battery charger for delivering the power to AC network. Wide
application of solar panels is impossible without this converter.

Application Example: Power Supply

Power conditioning and voltage regulating are one of the other applications of power electronic converter.
This application is named as power supply. Figure 35 shows a DC power supply.
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Figure 32. V-I characteristic of a typical solar panel (a), measuring setup (b)
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A power supply may be implemented as a discrete, stand-alone device or as an integral device that
is hardwired to its load. Examples of the latter case include the low voltage DC power supplies that are
part of desktop computers and consumer electronics devices.

A switched-mode supply of the same rating as a line-frequency supply will be smaller, is usually more
efficient, but would be more complex. Figure 36 shows an integrated step down DC to DC converter.
Figures 37 and 38 show circuit diagrams of a classical voltage mode and novel current mode DC to DC
converters.

ELECTRICAL MACHINES

Electric machine converts electrical energy to mechanical energy and vice versa. Transformer is also an
electric machine but it is used for changing the level of voltage and isolation without mechanical move-
ment. An electric motor is an electric machine that converts electrical energy into mechanical energy. In
normal motoring mode, most electric motors operate through the interaction between an electric motor’s
magnetic field and winding currents to generate force within the motor.

Electric motors found in applications as diverse as industrial fans, blowers and pumps, machine tools,
household appliances, power tools, and disk drives, electric motors can be powered by direct current
sources, such as from batteries, motor vehicles or rectifiers, or by alternating current sources, such as
from the power grid, inverters or generators. There are 4 types of electrical machines which are used in
almost all of industries.

25



Electric Power Converters

Figure 33. A 200W solar panel, Source: Aria Solar Co. (with permission)
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Figure 34. A power system with solar panel as power source: Solar panel (up), Batteries (left), Charger
(right)

Figure 35. A DC Power supply

Figure 36. An integrated DC power supply
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Figure 37. Circuit diagram of a step down DC to DC converter
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Figure 38. Schematic diagram of a current mode DC to DC converter
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e  DC machines

e AC synchronous machines
e  AC asynchronous machines
e  Transformers

DC Machines

A commutated DC motor has a set of rotating windings wound on an armature mounted on a rotating
shaft. The shaft also carries the commutator, a long-lasting rotary electrical switch that periodically
reverses the flow of current in the rotor windings as the shaft rotates. The brushes connect an external
source of electric power to the rotating armature. Many of the limitations of the classic commutator
DC motor are due to the need for brushes to press against the commutator. We talk in details about this
problem in the next chapter. This creates friction. Sparks are created by the brushes making and breaking
circuits through the rotor coils as the brushes cross the insulating gaps between commutator sections.
This sparking limits the maximum speed of the machine, as too-rapid sparking will overheat, erode, or
even melt the commutator. There are some types of brushed DC motor:
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DC shunt-wound motor
DC series-wound motor
DC compound motor
PM DC motor
Separately excited

Figures 39, 40, 41, and 42 show basic parts of a DC machine.

Equivalent Circuit and Characteristics

The equivalent circuit for a DC motor consists of an inductor, a resistor and a voltage source in series.
These represent the coil inductance, coil resistance, and back EMF respectively. The back EMF voltage
source is dependant on the speed of the motor. Figures 43, 44, 45, 46, and 47 shows equivalent circuit

of various types of DC motors.

Figure 39. Basic operation of a DC motor Figure 40. One turn winding
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Figure 42. A DC motor with auxiliary windings Figure 43. Equivalent circuit of field winding
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Figure44. Equivalent circuit of rotor of DC motor

Features

Historically, DC motors were the first type widely used, since they could be powered from existing direct-
current lighting power distribution systems. A DC motor’s speed can be controlled over a wide range,
using either a variable supply voltage or by changing the current in its field windings. DC motors are
fully stable over whole range of speed. Speed is a direct and almost linear function of armature voltage.
Thus, speed control of DC motors is much simpler than other motors. Therefore, DC motors were almost
exclusive choice of robotic applications for many years. Figures 48 and 49 shows output characteristic
of various types of DC motors. In a shunt or separately excited DC motor, the basic relation between
rotor variables is expressed as the following.
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Figure 46. Completed equivalent circuit of separately excited of DC motor

Figure 48. T-w characteristic of a series DC Figure 49. V-I characteristic for various types of
motor DC generator
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E=V—R xi 7)

Where R is stator resistance, E is motor back electromagnetic force (EMF) and V is the motor terminal
voltage.

E=Kpw (8)

Where ¢ is the motor flux and w is the motor speed.
The electromagnetic torque of the DC motor is:

T =Kgi )

Where 7 is the electromagnetic torque.
Solving the above mentioned equation results:

T _ KoV K¢'o
¢ R R

a a

(10)

This equation shows the stability of the DC motor for whole range of speed. Torque-speed charac-
teristic of a series DC motor is also expressed as a stable characteristic. This type of DC motor is also
fully stable.

Application Example: Traction

Traction motors are used in electrically powered rail vehicles Figure 50 shows application of a series
DC motor in traction.

Application Example: Servomotor

A servomotor is a rotary actuator that allows for precise control of angular position, velocity and accel-
eration. It consists of a suitable motor coupled to a sensor for position feedback. It also requires a rela-
tively sophisticated controller, often a dedicated module designed specifically for use with servomotors.
Servomotors are used in applications such as robotics, CNC machinery or automated manufacturing. At
the simplest version, brushed permanent magnet DC motors are used, owing to their simplicity and low
cost as well as stability over whole range of speed. Figure 51 and 52 show a typical servo motor and its
voltage and current waveforms during speed control. Figure 53 shows application of a servo motor for
sun tracking in a PV system. Figures 54 and 55 show typical block diagrams of servo systems.
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Figure 50. A series DC motor used in railway traction system

Figure 51. A DC servo system (left) and its driver (right)

AC Asynchronous Machines

An induction or asynchronous motor is an AC electric motor in which the electric current in the rotor
needed to produce torque is obtained by electromagnetic induction from the magnetic field of the sta-
tor winding (Levi, Bojoi, Profumo, Toliyat, & Williamson, 2007). An induction motor therefore does
not require mechanical commutation, separate-excitation or self-excitation for all or part of the energy
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Figure 52. Typical current (up) and voltage (down) waveforms of a DC servo motor used in position
control

Figure 53. A servo motor used in sun tracking system of a solar panel

34



Electric Power Converters

Figure 54. A typical block diagram of a servo system
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transferred from stator to rotor, as in DC and large synchronous motors (Barati, Shiyi, Abdi, Oraee, &
McMabhon, 2011).

Induction motors may be further divided into squirrel cage and wound rotor. The first type has a heavy
winding made up of solid bars, usually aluminum, joined by rings at the ends of the rotor.

Equivalent Circuit and Characteristics

In an induction motor, electrical power is transferred to the rotor by electromagnetic induction, much
like transformer action (Barati, & Oraee, 2010). An induction motor resembles a rotating transformer,
because the stator (Gorginpour, Jandaghi, Oraee, & Abdi, 2014) is essentially the primary side of the
transformer and the rotor (rotating part) is the secondary side. Figures 56, 57, 58, 59, 60, 61, 62, 63, 64,
65, and 66 show basic parts of an induction machine as well as its circuit diagram and output characteristic.

Figure 56. Simplified winding diagram of a three phase induction motor
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Figure 58. Equivalent circuit of an induction Figure 59. Typical T-w characteristic of an induc-
motor tion motor
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Figure 60. Various types of rotor conductor in induction motor
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Figure 61. Torque-speed characteristic of four commonly used classes of induction motor
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Figure 62. Induction motor speed controller by variation in rotor resistance
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Figure 64. Effect of stator voltage variation on T-w characteristic of induction motor
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Figure 65. Speed control of induction motor by variable frequency
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Figure 66. Real characteristic of a 250W induction motor
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Torque-speed characteristic of an induction motor can be expressed as the following.

R’ ? o, —®
Tezi—Z Z ~and 5 =— (11)
wo s (R+R'/s)+(x +x')) Q)

S

s

Where s is the motor slip and w_ id the synchronous speed.
Figure 59 shows the illustrative expression of this equation. It can be seen that the motor is stable in
a small range of speed. This is a problem and we will see that this causes instability in a synchronous
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motor. But, non-zero starting torque of an induction motor saves it against instability (Abdi, McMahon,
Malliband, Shiyi, Mathekga, Tavner, Abdi, Oraee, Teng & Tatlow, 2013).

Features

Polyphase induction motors are widely used in industry. They are rugged, reliable and economical (Oraee,
Abdi, Abdi, McMahon, & Tavner, 2015). Single-phase induction motors are used extensively for smaller
loads, such as household appliances like fans (Wang, Zhong, Yang, & Mu, 2010). Electronic drives
offer especially important energy savings opportunities for existing and prospective induction motors
in variable-torque centrifugal fan, pump and compressor load applications. The shape of the rotor bars
determines the speed-torque characteristics. At low speeds, the current induced in the squirrel cage is
nearly at line frequency and tends to be in the outer parts of the rotor cage. As the motor accelerates, the
slip frequency becomes lower, and more current is in the interior of the winding. By shaping the bars
to change the resistance of the winding portions in the interior and outer parts of the cage, effectively
a variable resistance is inserted in the rotor circuit. However, the majority of such motors have uniform
bars (Gorginpour, Oraee, & McMahon, 2013).

In a wound rotor induction motor, the rotor winding is made of many turns of insulated wire and is
connected to slip rings on the motor shaft. An external resistor or other control devices can be connected
in the rotor circuit. Resistors allow control of the motor speed, although significant power is dissipated
in the external resistance.

Application Example: Air Conditioning

In an air conditioner, the cooling is done using a simple refrigeration cycle. The most common refrigera-
tion cycle uses an electric motor to drive a compressor. Figure 67 shows application of induction motor
in an air conditioning system.

Application Example: Air Compressor

An air compressor is a device that converts power into kinetic energy by compressing and pressurizing
air, which, on command, can be released in quick bursts. Most air compressors either are reciprocating
piston type, rotary vane or rotary screw. All of them need electric motors for operating.

Application Example: Metalworking

In metalworking, rolling is a metal forming process in which metal stock is passed through one or more
pairs of rolls to reduce the thickness and to make the thickness uniform. Figure 68 shows a simplified
diagram of a metal forming system.

Application Example: Conveyor System

A conveyor system is a common piece of mechanical handling equipment that moves materials from one
location to another. Conveyor systems are commonly used in many industries, including the automotive,
agricultural, computer, electronic, food processing, aerospace, pharmaceutical, chemical, bottling and
canning, print finishing and packaging.
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Figure 67. Induction motors used in an air conditioning cooling tower

Figure 68. A schematic diagram of a metal forming system
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Application Example: Pump

Pumps are used throughout society for a variety of purposes. Early applications include the use of the
windmill or watermill to pump water. Figure 69 shows a typical pump and its motor.

Application Example: Mechanical Fan

Most fans are powered by electric motors, but other sources of power may be used, including hydraulic
motors and internal combustion engines. Fans produce air flows with high volume and low pressure,
as opposed to compressors which produce high pressures at a comparatively low volume. The motor is
either hidden in the fan’s center hub or extends behind it. For big industrial fans, three-phase asynchro-
nous motors are commonly used, placed near the fan and driving it through a belt and pulleys. Smaller
fans are often powered by shaded pole AC motors or brushed or brushless DC motors (Sorrentino, &
Fernandez, 2011). Cooling fans for computer equipment always use brushless DC motors, which generate
much less electromagnetic interference than other types. Figure 70 shows application of a single phase
induction motor for cooling fan.

Figure 69. Application of an induction motor Figure 70. Application of a single phase induc-
in a water pump tion motor for cooling fan
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Figure 71. Induction generators used in a wind farm, Source: IRAN SANA (with permission)

Application Example: Wind Energy

The result of over a millennium of windmill development and modern engineering, today’s wind turbines
are manufactured in a wide range (Tohidi, Zolghadri, Oraee, & Oraee, 2012). Arrays of large turbines,
known as wind farms, are becoming an increasingly important source of renewable energy and are used
by many countries as part of a strategy to reduce their reliance on fossil fuels. Figure 71 shows a wind
farm in Neyshaboor, Iran.

AC Synchronous Machines

A synchronous electric motor is an AC motor distinguished by a rotor spinning with coils passing mag-
nets at the same rate as the AC and resulting magnetic field which drives it. Slip rings and brushes are
used to conduct current to the rotor.

Brushless DC motors, stepper and switched reluctance motors are the other various types of this ma-
chine. Switched Reluctance Generators (Nasirian,, Kaboli,, Davoudi, & Moayedi, 2013) have emerged as
suitable alternatives for permanent magnet and induction machines in renewable energy-related industries,
and can be used in wind turbine generators, electric and hybrid electric vehicles, and aeronautics (Bil-
gin, Emadi, & Krishnamurthy, 2013). Figures 72, 73, 74, 75, and 76 show basic parts of a 6/4 switched
reluctance motor as well as its driver circuit (Nasirian,, Kaboli, & Davoudi, 2013).

Equivalent Circuit and Characteristics
The simple equivalent circuit corresponding to steady-state operation of the round rotor synchronous

machine and its associated phasor diagram are shown in Figure 77 (Rahman, & Hiti, 2005).
One of the most important relations of this machine is its power-angle relation:

EV .
P=3—-sinbd (12)
X
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Figure 72. Cross section of a typical three-phase
6/4 SRG
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windings of SRM

Figure 73. Circuit diagram of a driver of each
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Figure 74. Circuit diagram of a completed driver of SRM
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Where P and Q are real and reactive power, respectively
If the load exceeds beyond this limitation, the machine becomes instable and this is an important

problem of this type of electrical machine.

Features
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In the fractional horsepower range, most synchronous motors are used where precise constant speed is
required. In high-horsepower industrial sizes, the synchronous motor provides two important functions.
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Figure 75. Various parts of a servo system based on SRM
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Figure 76. A real SRM driver

First, it is a highly efficient means of converting AC energy to work. Second, it can operate at leading or
unity power factor and thereby provide power-factor correction (Pellegrino, Vagati, Boazzo, & Guglielmi,
2012). Some of other features of these machines are listed in the following.

The best ratio of power to volume

Excellent control capability among AC motors
Stable voltage frequency in generator mode
Generation of capacitive reactive power

Figures 78, 79, and 80 show the characteristics of a synchronous machine.
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Figure 77. Basic structure and equivalent circuit diagram of a synchronous machine
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Figure 78. Inductive and capacitive regions of a synchronous motor
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Figure 79. A real V curve of a synchronous motor
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0.6

0.5

0.4

0.3

0.2

0.1




Electric Power Converters

Application Example: Power Stations

In electricity generation, synchronous generators provide nearly all of the power for electric power grids.
Figures 81, 82, and 83 show output characteristic of a synchronous generator for various loads.

Figure 81. A real V-I characteristic of a synchronous generator with resistive load
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Figure 82. A real V-I characteristic of a synchronous generator with inductive load
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Figure 83. A real V-1 characteristic of a synchronous generator with capacitive load
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Application Example: Electric Vehicle

Plug-in cars have several benefits compared to conventional internal combustion engine vehicles. They
have lower operating and maintenance costs, and produce little or no local air pollution. They reduce
dependence on petroleum and may reduce greenhouse gas emissions from the onboard source of power,
depending on the fuel and technology used for electricity generation to charge the batteries.

Application Example: Rotary Power Converters

Figures 84 and 85 show a rotary power converters consists of a coupled motor-generator with railway
applications. This converter is replaced with static power electronic converters today.

Figure 84. A rotary inverter consists of a mechanically coupled motor and generator

Figure 85. A rotary power converter used a UPS: DC motor supplied with batteries (right), three phase
AC generator used as AC power supply (left)
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Transformers

A transformer is an electrical device that transfers energy between two circuits through electromagnetic
induction. A transformer may be used as a safe and efficient voltage converter to change the AC voltage
at its input to a higher or lower voltage at its output. In a transformer, the windings are wound around a
common core to provide tight electromagnetic coupling between the windings as shown in Figures 86
and 87. The core material is often a laminated iron core (Jassal, Polinder, & Ferreira, 2012).

Figure 86. A single phase transformer, Source: Seraj Co. (with permission)

Figure 87. Primary and secondary windings of a transformer magnetically coupled with core
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Equivalent Circuit

Winding losses and leakage reactances are represented by the series loop impedances of the model. Core
loss and reactance is represented by the shunt leg impedances of the model. Figures 88, 89, 90, and 91
show its equivalent circuit.

Figure 88. Opposite polarities of primary and secondary winding current
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Figure 91. Equivalent circuit of a real transformer
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Various Types

Transformers can step up voltage and step down current from generators to high voltage transmission
lines, and step down voltage/step up current to local distribution circuits or industrial customers. The
step-up transformer is used to increase the secondary voltage relative to the primary voltage. The step-
down transformer is used to decrease the secondary voltage relative to the primary voltage. Transformer
can be single and three phase, high and low frequency. Three phase transformer and an autotransformer
is shown in Figures 92, 93, 94, 95, 96, and 97.

Figure 92. Phasor diagram of a three phase transformer
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Figure 93. A three phase transformer consists of three single phase transformers
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Figure 94. A three phase transformer, Source: Seraj Co. (with permission)
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Figure 95. relation between line and phase voltages in a Y connected three phase transformer
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Features

Lack of any rotating element leads to high efficiency in transformers.
Application Example: Power Transmission

Transformers are used to increase voltage before transmitting electrical energy over long distances
through wires. Wires have resistance which loses energy through joule heating at a rate corresponding
to square of the current. By transforming power to a higher voltage transformers enable economical
transmission of power and distribution. Consequently, transformers have shaped the electricity supply
industry, permitting generation to be located remotely from points of demand.

Application Example: Impedance Heating
Impedance heating is perfectly suited for pipe maintenance temperatures. The pipe becomes the heater
when low AC voltage is applied to it. The applied voltage is very low. The pipe is the heater and there-

fore, there is no heater to burn out. Figures 98 and 99 show a simplified diagram of a heating system
and its performance.
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Figure 96. Three phase transformer: Conceptual connection (up), Simplified diagram (middle), Three
winding type (down)
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Figure 97. A three phase autotransformer

SUMMARY AND CONCLUSION

In this chapter, a brief introduction about importance of power electronic converters and electrical
machines was presented. Operation principles of these systems were described. This chapter is used to
support the next chapter dealing with failure mechanisms in these equipments. The results of this chapter
are summarized as follows.

1.  Power electronic converters are electronic circuits used for power conditioning. They may be
named as static power converters because they do not include any rotary part. Power conditioning
is performed to achieve higher efficiency and better performance in electrical energy conversion
process. Power conditioning can be carried out with linear or switching electronic circuits. The
main category of power electronic converters utilize solid state switches for various applications.
These switches are the key parts of the converters for proper operation. As the power loss of the
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Figure 98. Application of transformer in pipeline impedance heating
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switch is very low, these types of power electronic converters have high efficiency. It is important
today because loss minimization is a well-accepted method for reducing the electric energy demand.
Four different types of switching power electronic converters are used in conversion of AC to DC,
AC to AC, DC to AC and DC to DC. All of these converters can be isolated by transformers or are
not isolated. Some power electronic converters are faced with power system from input terminal
(for example: rectifiers) or output terminals (for example: inverters). Thus, they are affected by
problems occurring in the power system.

2. Rotary electrical machines are divided into two main categories: AC machines and DC machines.
DC machines were historically used earlier than AC machines. They show better controlling per-
formance and are widely used in precise control processes like robots. There are two main types of
AC machines: synchronous and asynchronous machines. Synchronous generators are the essential
part in electrical networks for generating electric power. Synchronous motors as BLDC and SRM
find wide usage during recent years for their excellent performance. Electrical machines have a
more mechanical structure than power electronic converters.

3.  The main difference between static converters and electrical machines as rotary converters from
reliability point of view is the mass of active parts associated with power conditioning. This leads
to better performance of rotary power converters in harsh environment.

The last result of the current chapter implies the necessity for including both static and rotary electric
power converters in a single book. Because they are complement from reliability point of view. The static
power converters have high performance and long life in normal condition. But they are very sensitive
to harsh transient conditions. On the other hand, rotary converters have better stability in unwanted
conditions. We could add some other reasons for necessity to include both static and rotary converters
in this book. As a difference, rotary power converters deal with electromechanical power conversion
while static converters are fully electrical circuits. Thus, mechanical functions of rotary converters can
not be carried out by static converters. As a similarity, power electronic converters are merged to rotary
machine todays.

In the next chapter, we describe the fault mechanisms in power converters based on the presented
background in chapter 1.
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KEY TERMS AND DEFINITIONS

Electric Generator: Equipment which is used to convert electrical energy to mechanical energy
(reverse operation of a motor).

Electric Motor: Equipment which is used to convert electrical energy to mechanical energy.

Power Electronics: Application of solid state switches for power conditioning.

Reliability: A probabilistic expression for normal operation of any system.

Solid State Power Switch: A solid state device with high capability for blocking high voltage and
carrying high current.

Static Power Converter: A name used for power electronic converters.
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Chapter 2
Fault Mechanism

ABSTRACT

Static and rotary electric power converters have different structures but there are common failure fac-
tors in both of them. In this chapter, causes of failure in electric power converters is described. All of
the failure factors which are described in this chapter are catastrophic factors and lead to destructive
damage in the systems. Other types of failure without destructive effect on converter like electromagnetic
interference will be presented in the next chapters. All descriptions are based on details of operation of
the converters which were presented in the previous chapter. Over temperature, over voltage, mechani-
cal forces and environmental effects like humidity are the main factors of failure in systems. Origins of
these factors are described in this chapter. Over temperature is a special factor among them because
other failure factors finally act as over temperature in failure process of the converters. Since over tem-
perature is the main failure factor in electric power converters, loss model of components in electric
power converters are presented in details. In addition, practical technique for measuring power loss is
described. Sample industrial examples of damaged equipments due to these failure factors are shown
to give a real sense to reader about failure results.

INTRODUCTION: FAILURE OF ELECTRIC POWER CONVERTERS

In this chapter, we present the failure mechanism in electric power converter based on the background
of Chapter 1. Figure 1 shows the state of Chapter 2 in the flowchart of the book.

CATASTROPHIC FAILURE

All of investigated failure in this chapter are catastrophic type and lead to damage of converter. There
are other types of failure that does not damage the converter are studied in the next chapters as avail-
ability concept. A catastrophic failure is a sudden and total failure from which recovery is impossible.
Catastrophic failures often lead to cascading systems failure (Tohidi, Zolghadri, Oraee, Tavner, Abdi,
& Logan, 2012). The term is most commonly used for structural failures, but has often been extended
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Figure 1. State of chapter 2 in the flowchart of the book
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to many other disciplines where total and irrecoverable loss occurs. Such failures are investigated using
the methods of forensic engineering (Abdi, Abdi, Oraee, & McMahon, 2015), which aims to isolate the
cause or causes of failure.

FAILURE FACTORS

Meaning of failure in this chapter is the type of failure that leads to damage in a converter. Based on this
view, four main reasons of failure are:

Thermal shock

Over voltage
Mechanical forces
Environmental effects.
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THERMAL SHOCK

Over temperature is the most important factor of failure in all of systems. Thermal damage is a very
important factor in the fault of electric power converters. Figures 2 and 3 show sample damaged convert-
ers due to over temperature. There are two scenarios for thermal damage: over temperature and thermal
shock. Thermal shock occurs when a thermal gradient causes different parts of an object to expand by
different amounts. At some point, this stress can exceed the strength of the material, causing a crack to
form. To investigate the failure due to thermal damage, first we studied the origins of heat generation.

Figure 2. A thermal damage in an electronic board
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Electric Power Losses in Power Electronics

A power electronic converter consists of solid state active devices and some passive devices. Therefore,
the power loss of a power electronic converter can be listed as follows (Yuancheng, Ming, Zhou, & Lee,
2006).

° Power losses in semiconductor devices
e  Losses in passive devices

Conduction Losses

Every solid state device is a resistive element, so it dissipates power as current is conducted through the
device. For the MOSFETs, these conduction losses are inversely proportional to the size of the MOSFET;
the larger the switching transistor, the lower its on resistance and Figure 4 shows effect of temperature
rise on the conduction voltage drop of some switches. It can be seen that the on-state voltage drop of
some solid state switches increases with temperature and it leads to increase the conduction losses of the
switches. Figure 5 shows effect of temperature on conduction area of solid state switches characteristic.

Switching Losses

Another term of losses in solid state devices is switching losses. Switching losses are created as a result
of a simultaneous high voltage and current in a solid state device during a transition between the open
and closed states.

Figure 4. Effect of temperature on conduction resistance of solid state switches, (a): a MOSFET, Pub-
lished with permission of International Rectifier, (b): an IGBT, Source: ON Semiconductor Co. (with
permission)
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Figure 5. Effect of temperature on operation of solid state switches, (a)a MOSFET in junction temperature
25°C, (b): a MOSFET in junction temperature 125°C, Published with permission of International Recti-
fier, (c): an IGBT in junction temperature 25°C, (d): an IGBT in junction temperature 125°C, Source:
ON Semiconductor Co. (with permission)
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Amount of energy loss in switching interval has a direct relation with the switched voltage and current.

Therefore, we have to capture relevant waveforms in the working model and calculate the switch-
ing loss. This task used to involve a bit of computational effort, but with new oscilloscopes the whole
math will be done very easily. Figures 6 and 7 show switching loss of an IGBT. Figures 8 and 9 show
measurement method of switching loss with TEKTRONIX oscilloscope.
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Figure 6. Typical waveforms of voltage and current

of a solid state switch during switching process,
(a): turnonprocess, (b): turn off process, Source:
ON Semiconductor Co. (with permission)
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Figure 8. Calculation of switching losses with TEK oscilloscope
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Safe Operating Area (SOA)

For power semiconductor devices, safe operating area is defined as the voltage and current conditions
over which the device can be expected to operate without damage. The SOA specification combines the
various limitations of the device: maximum voltage, current and power, allowing simplified design of
protection circuitry. Often, in addition to the continuous rating, separate SOA curves are plotted for short
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duration pulse conditions (1 ms pulse, 10 ms pulse, etc.). SOA specifications are useful to the design
engineer working on power circuits such as amplifiers and power supplies as they allow quick assess-
ment of the limits of device performance, the design of appropriate protection circuitry, or selection of
a more capable device. Figure 10 shows a flyback converter as a converter with inductive load. Figure
11 shows voltage and current waveform of the converter switch during switching interval. Figure 12
shows I-V trajectory of the switch. Figure 13 and 14 show typical SOA for a solid state switch. Figure
15 shows a real SOA for a BJT.

Power Losses in Passive Devices

Pure capacitors and inductors do not dissipate energy; any process which dissipates energy must be treated
as one or more resistors in the component model. For discrete electrical circuit components, power loss

Figure 10. A flyback converter Figure 11. Time domain waveforms during
switching
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Figure 16. a damaged power resistor

includes inductor winding and core loss and capacitors loss. A capacitor is typically made of a dielectric
placed between conductors. The lumped element model of a capacitor includes a lossless ideal capacitor
in series with a resistor termed the equivalent series resistance (ESR). The ESR represents losses in the
capacitor. Figure 16 shows a damaged resistor because of over current. Figures 17, 18, and 19 shows
real power losses in some passive elements.

High Frequency Conductor Losses

Skin effect is the tendency of an alternating electric current to become distributed within a conductor
such that the current density is largest near the surface of the conductor, and decreases with greater depths
in the conductor. The skin effect causes the effective resistance of the conductor to increase at higher
frequencies where the skin depth is smaller, thus reducing the effective cross-section of the conductor.
The skin effect is due to opposing eddy currents induced by the changing magnetic field resulting from
the alternating current. Figures 20, 21, and 22 show the effect of high frequency current on resistance
of a conductor.

Core Losses in Electrical Machines

We start this section with power losses in transformers because other types of electrical machines has
the same losses (Hanna, & Schmitt, 2012). A real transformer is typically 95 to 99% efficient, due to
several loss mechanisms, including winding resistance, winding capacitance, leakage flux, core losses,
and hysteresis loss. Larger transformers are generally more efficient than small units, and those rated
for electricity distribution usually perform better than 98%.

As transformer losses vary with load, it is often useful to express these losses in terms of no-load
loss, full-load loss, half-load loss, and so on. Hysteresis and Eddy current losses are constant at all load
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Figure 17. Real Z-f characteristic of capacitors, (left): aluminum electrolyte capacitor, (right): ceramic
capacitor, Source: EPCOS Co. (with permission)
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Figure 20. A DC current carrying conductor
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levels and dominate overwhelmingly without load, while variable winding joule losses dominating in-
creasingly as load increases (Gorginpour, Oraee, & Abdi, 2014). Figures 23, 24, 25, and 26 show core
sheet of an induction motor.

Figure 23. Separated core sheets of stator and rotor

e N -

Figure 24. Assembled core sheets of stator and rotor
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Figure 25. Tooth of stator core Figure 26. Tooth of rotor core

w

Hysteresis Losses

Each time the magnetic field is reversed, a small amount of energy is lost due to hysteresis within the
core (Hanna, Hiscock, & Klinowski, 2007). Figure 27 shows a real B-H curve for a ferrite. Figure 28
shows a minor loop in B-H curve of a steel sheet. Figures 29 and 30 show B-H minor loop for an induc-
tor core with DC current.

Figure 27. Real B-H Hysteresis loop in a ferrite core, Source: EPCOS Co. (with permission)
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Figure 28. B-H Hysteresis loop
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Figure 29. Voltage and current waveforms in a DC inductor
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Eddy Current Losses

Ferromagnetic materials are also good conductors and a core made from such a material also constitutes
a single short-circuited turn throughout its entire length. Eddy currents therefore circulate within the
core in a plane normal to the flux, and are responsible for resistive heating of the core material. The
eddy current loss is a function of the square of supply frequency. Eddy current losses can be reduced by
making the core of a stack of plates electrically insulated from each other, rather than a solid block; all
transformers operating at low frequencies use laminated or similar cores.

Lamination

Laminated magnetic cores are made of thin, insulated iron sheets, lying, as much as possible, parallel
with the lines of flux. Using this technique, the magnetic core is equivalent to many individual magnetic
circuits, each one receiving only a small fraction of the magnetic flux. Because eddy currents flow around
lines of flux, the laminations prevent most of the eddy currents from flowing at all, restricting any flow
to much smaller, thinner and thus higher resistance regions. From this, it can be seen that the thinner
the laminations, the lower the eddy currents. Figures 31 and 32 show lamination of transformer core.

Figure 31. Simplified diagram for laminated core
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Figure 32. A real transformer with laminated core

Stray Load Loss

The stray load losses represent a not negligible term in the power balance of industrial induction motors
and these losses can not be directly measured with targeted experimental tests.

Example: Heat Generation in Transient Interval Due to Converter Inrush Current

Inrush current is the instantaneous input current drawn by an electrical device when first turned on. Al-
ternating current electric motors and transformers may draw several times their normal full-load current
when first energized, for a few cycles of the input waveform. Power converters also often have inrush
currents much higher than their steady state currents, due to the charging current of the input capacitance.
Figures 33 and 34 show a rectifier with large output capacitors and the converter input stage current.

Figure 33. A single phase rectifier with capacitive filter
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Figure 34. Inrush current of rectifier with large output capacitor
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Figure 35. Inrush current in switching of a transformer, (a): circuit diagram, (b), input voltage
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Example: Heat Generation in Transient Interval Due to Transformers Inrush Current
In a transformer, when power is applied, the residual field will cause a high inrush current until the ef-

fect of the remanent magnetism is reduced (Chiesa, & Hgidalen, 2010). Figures 35 and 36 show inrush
current of a transformer.
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Figure 36. various types of Inrush current in switching of a transformer, (a) positive current with high
transient amplitude because of switching att, (b) positive current with low transient amplitude because of
switching after t, (c), negative current with high transient amplitude, (d): quasi-symmetric inrush current
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A resistor in series with the line can be used to limit the current charging input capacitors. However,
this approach is not very efficient, especially in high power devices, since the resistor will have a voltage
drop and dissipate some power. Inrush current can also be reduced by inrush current limiters. Negative
temperature coefficient thermistors are commonly used in switching power supplies, motor drives and
audio equipment to prevent damage caused by inrush current. Another option, particularly for high volt-
age circuits, is to use a pre-charge circuit. The circuit would support a current limited precharge mode
during the charging of capacitors, and then switch to an unlimited mode for normal operation when the
voltage on the load is 90% of full charge. Figure 37 shows a rectifier with a soft starter.

Example: Heat Generation Due to Shoot-Thorough Over Current in Inverter Leg

The two-switch phase leg consists of a high- and a low-side semiconductor switch spanning a DC voltage
source. Dead time delay intervals are typically added to the software controlling these two switches in
order to avoid shoot-through conditions. Shoot-through conditions occur when both switches are on at
the same time and cause a short in the DC voltage source. It is one of the most dangerous failure modes
encountered in conventional inverter circuits. Shoot-through failures occur when two series semiconduc-
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Figure 37. A rectifier with soft starter
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tor switches are inadvertently turned on simultaneously, causing the flow of extremely high currents that
destroy the device. Figure 38 shows complement pulses of an inverter leg.

Example: Heat Generation Due to Saturation of Core

Saturation leads to over current in the drive circuit and thermal damage of the switches. Different ma-
terials have different saturation levels. For example, high permeability iron alloys used in transformers
reach magnetic saturation at 1.6 - 2.2 T, whereas ferrites saturate at 0.2 - 0.5 T. Some amorphous alloys
saturate at 1.1.3 T. Figures 39, 40, and 41 show some characteristic of core materials.

Example: Over Current Due to Voltage Unbalance

Voltage unbalance can cause various problems. Three-phase motors may run hotter. Un-balanced voltages
have caused malfunctions in variable speed drives. A major cause of unbalanced voltage is unbalanced
load current. This imbalance can be due to customer load imbalance, utility system imbalance, external
influence or self-induced (Gorginpour, Jandaghi, & Oraee, 2011).

Relatively small voltage imbalances are often achievable close to substations on circuits with well-
balanced loads. Farther out on circuits it can be extremely difficult and very expensive to achieve a high
level of voltage balance.

An excessive level of voltage imbalance can have serious impacts on induction motors. Induction
motors are designed to tolerate a small level of imbalance, but they have to be de-rated if the imbalance
is excessive, which is an added cost for the installation. Figure 42 shows unbalance three phase currents
that cause to voltage unbalance. Figures 43 and 44 shows two non-sinusoidal current waveform with low
and high frequency harmonics. Figure 45 shows the problem of voltage harmonics for core of electric
machines. In this figure, the motor operates in very low speed. (Figure 46) Thus, its self-cooling via its
fan does not work properly and voltage harmonics causes to over temperature. Figure 47 shows ideal
voltage and current waveforms.
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Figure 38. Complement gate pulses of an inverter leg
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Figure 39. A typical B-H curve for an iron sheet
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Figure 41. Real properties of a ferrite core, (up): real B-H Hysteresis loop in a ferrite core with sharp
saturation, (down): Variation of a ferrite core permeability with temperature, (center): Variation of a
ferrite core losses with temperature, Source: EPCOS Co. (with permission)
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Figure 42. unbalance 3-phase currents

Figure 43. Low frequency distortion in a non-sinusoidal current waveform
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Figure 44. High frequency harmonics in line current
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Figure 45. A very low speed motor affected by voltage harmonics

Figure 46. Harmonic analysis of a voltage waveform with TEK oscilloscope
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Figure 47. Voltage and current waveforms of an ideal Load: power factor=1 without harmonis
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Figure 48. Damaged winding of an air gapped inductor due to electrical breakdown

ELECTRIC BREAKDOWN

Electrical breakdown or dielectric breakdown refers to a rapid reduction in the resistance of an electrical
insulator when the voltage applied across it exceeds the breakdown voltage. This results in a portion of
the insulator becoming electrically conductive. Under sufficient electrical stress, electrical breakdown
can occur within solids, liquids, gases or non-ideal vacuum. Electrical breakdown is often associated with
the failure of solid or liquid insulating materials used inside high voltage transformers or capacitors in
the electricity distribution grid, usually resulting in a short circuit or a blown fuse. Dielectric breakdown
within a solid insulator can permanently change its appearance and properties (Oraee, 2000). Thus, we
talk more about breakdown of solid insulators. Figure 48 shows an electric breakdown in winding of
an inductor.

Breakdown in Solid Dielectric

In solid dielectrics, the breakdown strength is high. The highest breakdown strength obtained under
carefully controlled conditions (Movahed, Oraee, Mirzamani, Rajabi, & Daneshvar, 2010). Dielectrics
usually fail at stresses well below the intrinsic strength due usually to one of the following causes.

e  electro-mechanical breakdown

e  breakdown due to internal discharges
e  thermal breakdown
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Figures 49, 50, 51, and 52 shows some commonly used insulators.

Heat is generated continuously in electrically stressed insulation by dielectric losses, which is trans-
ferred to the surrounding medium by conduction through the solid dielectric. If the heat generated exceeds
the heat lost to the surroundings, the temperature of the insulation increases and it damages. Figures 53,
54, and 55 show application of insulator in various electric machines.

Creepage

The creepage distance for insulators is the shortest distance along the insulator surface between the
metal parts at each end of the insulator. A proper and adequate creepage distance protects against track-
ing, a process that produces a partially conducting path of localized deterioration on the surface of an
insulating material as a result of the electric discharges on or close to an insulation surface. Tracking
that damages the insulating material normally occurs because of one or more of the following reasons:

Humidity in the atmosphere.

Presence of contamination.

Corrosive chemicals.

Altitude at which equipment is to be operated

Figure 56 and 57 show faults due to creepage in power converters.
Example: Failure of Excitation Systems Due to Electric Breakdown
Any synchronous generator requires exciting the field of the generator, and the field is generally the part
that is rotated by the prime mover. Excitation systems have a powerful impact on generator dynamic

performance and availability, it ensures quality of generator voltage and reactive power.
Following types are common (Barati, Oraee, Abdi, Shiyi, & McMahon, 2008):

Figure 49. A thick solid isolator
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Figure 50. Typical thickness of a thick solid isolator

Figure 51. A thin solid isolator

Figure 52. Typical thickness of a thin solid isolator
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Figure 53. Different layers of a transformer
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Figure 57. A damaged rotor winding due to elec-
trical breakdown
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e  Brushless excitation systems, with rotating exciter machines and Automatic Voltage Regulator
(AVR), or
e  Static excitation systems (SES), feeding rotor directly from thyristor bridges via brushes.

Figures 58, 59, 60, 61, 62, and 63 show excitation system of synchronous generators.

Figure 58. A synchronous generator Figure 59. Rotary excitation system (down) of a
synchronous generator (up)

Figure 60. Static rectifier (up) used for rotor
(down) of a synchronous generator

Figure 61. Mounting of a static rectifier used for
rotor of a synchronous generator
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Figure 62. Rotor of a synchronous generator Figure 63. Brushless rotary rectifier synchronous
generator

Example: Gate Oxide Breakdown

In MOSFETs and IGBTs, the gate oxide is very thin, so it can only hold a limited voltage. In the data-
sheets, manufacturers often state a maximum gate to source voltage, around 20 V, and exceeding this
limit can result in destruction of the component. Furthermore, a high gate to source voltage reduces
significantly the lifetime of the MOSFET, with little to no advantage on reduction of on state resistance
of the switch. Figures 64 and 65 show an IGBT failure because of gate oxide breakdown.

Example: Maximum Drain to Source Voltage

Power semiconductors switches have a maximum specified drain to source voltage when turned off,
beyond which breakdown may occur. Exceeding the breakdown voltage causes the device to conduct,

Figure 64. A damaged IGBT due to voltage break- Figure 65. damaged IGBT gate
down in its gate
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potentially damaging it and other circuit elements due to excessive power dissipation. Figures 66, 67,
68, and 69 shows some voltage spike in power electronic converters.

Example: Electric Breakdown in Capacitor

The capacitor nominal working voltage indicates how much voltage the capacitor can withstand long
term. In capacitors, the thickness of the electrolyte element and the insulating material determine the
working voltage of the capacitor. Figure 70 shows structure of a capacitor. Figures 71 and 72 show
damaged capacitors because of electrical breakdown. An overvoltage will damage the dielectric of a
capacitor and may affect the performance and life of a capacitor or cause catastrophic failure (Lahyani,
Venet, Grellet, & Viverge, 1998).

Figure 66. Voltage spike on a MOSFET drain Figure 67. Voltage spike on a DC motor control
voltage switch
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Figure 68. Voltage spike on a diode blocking
voltage

Figure 69. Parasitic capacitor in a transformer
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Figure 70. Structure of a capacitor, (a), schematic view, (b) simplified model
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(a) (b)

Figure 71. A damaged electrolyte type capacitor Figure 72. A damaged film type capacitor with
with overvoltage overvoltage

Example: Electric Breakdown in Auxiliary Part

To make rotating magnetic field in stator single phase supply is made like double phase supply with the
help of a capacitor and double phase stator winding. Figure 73 shows a single phase induction motor
and its capacitor.

Flashover
Undesired or unintended electric arcing can have detrimental effects on electric power transmission,
distribution systems and electronic equipment. When an inductive circuit is switched off the current

cannot instantaneously jump to zero and a transient arc will be formed across the separating contacts.
If a circuit has enough current and voltage to sustain an arc formed outside of a switching device, the
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Figure 73. A single phase induction motor with its axillary capacitor

Figure 74. A damaged stator bar of a plant turbogenerator due to flashover

arc can cause damage to equipment such as melting of conductors, destruction of insulation, and fire
(Gorgin, Sotoodeh, & Oraee, 2010). An arc flash describes an explosive electrical event that presents a
hazard to people and equipment. Figure 74 shows a generator stator bar which is damaged by flashover.

Arcing can also occur when a low resistance channel due to conductive dust or moisture forms between
places with different potential. The conductive channel then can facilitate formation of an electric arc.
The ionized air has high electrical conductivity approaching that of metals, and can conduct extremely
high currents, causing a short circuit and tripping protective devices.

Electric arc over the surface of plastics causes their degradation. A conductive carbon-rich track tends
to form in the arc path, negatively influencing their insulation properties. Arcing over some types of
printed circuit boards, possibly due to cracks of the traces or the failure of a solder, renders the affected
insulating layer conductive as the dielectric is combusted due to the high temperatures involved. This
conductivity prolongs the arcing due to cascading failure of the surface.
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Example: Transformer Internal Phase-to-Earth and Phase-to-Phase Short-Circuit

This is the most common type of internal fault. Figures 75 and 76 show effect of internal short circuit
on a generator stator bar.
Internal phase-to-phase short-circuit must be detected and cleared by:

e 3 fuses on the primary side of the transformer
e An over current relay that trips a circuit-breaker upstream of the transformer

The protection of transformers by transformer-mounted devices, against the effects of internal faults,
is provided on transformers by the classical Buchholz mechanical relay. These relays can detect a slow
accumulation of gases which results from the arcing of incipient faults in the winding insulation or from
the ingress of air due to an oil leak.

Partial Discharge

A Partial Discharge is an electrical discharge or spark that bridges a small portion of the insulation between
two conducting electrodes. Partial Discharge activity can occur at any point in the insulation system,
where the electric field strength exceeds the breakdown strength of that portion of the insulating material.

Example: Failure in Transformer

For large transformers used in power distribution or electrical substations, the core and coils of the
transformer are immersed in oil which cools and insulates. Oil circulates through ducts in the coil and
around the coil and core assembly, moved by convection. The oil is cooled by the outside of the tank in
small ratings, and in larger ratings an air-cooled radiator is used. Where a higher rating is required, or
where the transformer is used in a building or underground, oil pumps are used to circulate the oil and
an oil-to-water heat exchanger may also be used. Cast-resin power transformers encase the windings
in epoxy resin. These transformers simplify installation since they are dry, without cooling oil, and so
require no fire-proof vault for indoor installations. The epoxy protects the windings from dust and cor-
rosive atmospheres. Figure 77 shows dry type transformer.

Example: Carbonized Arc
When arc-over occurs, it could cause carbonization on the PCB surface. This could result in a permanent
short. This is also irreversible damage and would be especially bad if a single high-voltage spike cre-

ated a permanent short, then any low voltage would still have a low impedance path available. Figures
78 and 79 show carbonized paths.
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Figure 75. Voltage difference between two consecutive strands in a generator stator bar
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Figure 76. Leakage current between two consecutive strands in a generator stator bar
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Figure 77. A transformer with resin as insulator

Figure 78. Carbonized path of electrical arc on a PCB

Figure 79. Carbonized path of electrical discharge on a connector box
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ENVIRONMENTAL FACTORS
Dust

Dust/dirt can accumulate on a board surface, reducing dielectric strength.
Cooling Water

High power systems are often cooled by circulating a liquid called engine coolant through the system,
where it is heated, then through a radiator where it loses heat to the atmosphere, and then returned to
the system. The coolant is usually water-based, but may also be oil. It is common to employ a water
pump to force the coolant to circulate, and also for an axial fan to force air through the radiator. Figure
80 show a water cooling system. Figures 81, 82, 83, and 84 show stator bar of a turbogenerator and its
blocked cooling water channels.

Humidity

Humidity is the amount of water vapor in the air. Water vapor is the gaseous state of water and is invisible.
There are three main measurements of humidity: absolute, relative and specific. Absolute humidity is the
water content of air. Relative humidity, expressed as a percent, measures the current absolute humidity
relative to the maximum for that temperature. Specific humidity is a ratio of the water vapor content of
the mixture to the total air content on a mass. Many electronic devices have humidity specifications,
for example, 5% to 95%. At the top end of the range, moisture may increase the conductivity of perme-
able insulators leading to malfunction. Too low humidity may make materials brittle or electro-static
discharge. A particular danger to electronic items, regardless of the stated operating humidity range, is

Figure 80. A water based cooling system
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Figure 81. A stator bar, (a): cooling channels. Figure 82. A normal stator bar with cooling
(b): stator conductor channels

Figure 83. A stator bar with blocked cooling Figure 84. Mechanism of cooling water blockage
channel
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condensation. When an electronic item is moved from a cold place to a warm humid place, condensation
may coat circuit boards and other insulators, leading to short circuit inside the equipment. Figures 85,
86, 87, and 88 show effect of humidity on the elements of power converters.

In contrast, a very low humidity level favors the build-up of static electricity, which may result in
spontaneous shutdown of computers when discharges occur. In addition, electrostatic discharges can
cause dielectric breakdown in solid state devices, resulting in irreversible damage.
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Figure 85. A damaged autotransformer due to Figure 86. A damaged winding due to humidity
humidity

Figure 87. A damaged winding due to humidity

Figure 89 and 90 shows effect of environmental factors on failure of power converters.

MECHANICAL FACTORS
Mechanical Problems in Power Electronic Boards

One of the most likely failure modes is the PCB flexing which can cause the solder joints on the PCB to
crack causing intermittent or complete failure of the connection. It is tried to keep the PCB as compact
as possible. The smaller the PCB the smaller the overall flex of the board. The user can use a conformal
coating on the PCB which will hold surface mount components in place as well as add some stiffness
to the PCB.
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Figure 89. Effect of humidity of winding isola- Figure 90. Effect of dust on electric isolation
tion

Mechanical Problems in Rotary Power Converters

Vibration can cause damage to electric motors in several ways. First, it can accelerate bearing failure
by causing indentations on the bearing raceways at the ball or roller spacings. Secondly, it can loosen
windings and cause mechanical damage to insulation by fracturing, flaking or eroding of the material.
Third, the excessive movement it causes can result in lead wires becoming brittle. Fourth and final, it can
cause brush sparking at commutators or current collector rings. As a result of these problems, whenever
vibration is located in an electric motor, its source should be located quickly and corrected.

Motor Fan

All rotating electrical machines generate heat as a result of the electrical and mechanical losses inside
the machine. Cooling is necessary to continuously transfer the heat to a cooling medium, such as the air.
The different methods of cooling rotating machines are classified in the standards. Another method to
remove heat from electric motors is by providing forced air cooling. This is commonly done by providing
an electric fan to blow air over the motor. Force air cooling can reduce the amount of heat transferred
into the machine structure and allow the motor to be operated at a higher load point. Figures 91 and 92
shows effect of dust on electric machines. Figure 93 shows effect of humidity on a PCB.

The most common type of AC motor is the totally enclosed fan cooled motor, which is provided with
an external forced cooling fan mounted on the non-drive end of the shaft, with cooling ribs running
axially along the outer surface of the motor frame. These are designed to keep the air flow close to the
surface of the motor along its entire length, thus improving the cooling and self-cleaning of the ribs. An
air-gap is usually left between the ribs and the fan cover for this purpose. Figures 94, 95, and 96 show
an induction motor and its cooling system.
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Figure 91. Effect of dust on a fan Figure 92. Effect of dust on rotor of a DC gen-
erator

Figure 93. Islanding due to humidity in a PCB

Rotor Broken Bar

Broken rotor bar is one of the commonly encountered induction motor faults that may cause serious
motor damage to the motor if not detected timely. Rotor windings in squirrel cage induction motors are
usually manufactured from aluminum alloy. Larger motors generally have rotors and end-rings fabricated
out of these whereas motors with ratings less than a few hundred horsepower generally have die-cast
aluminum alloy rotor cages. Replacement of the rotor core in larger motors is costly; therefore, by de-
tecting broken rotor bars early, such secondary deterioration can be avoided. The rotor can be repaired
at a fraction of the cost of rotor replacement, not to mention averting production revenue losses due to
unplanned downtime. Figure 97 shows a squirrel cage rotor.
Some of the more common secondary effects of broken rotor bars are:

° Broken bars can cause sparking, a serious concern in hazardous areas.

e  If one or more rotor bars are broken, the healthy bars are forced to carry additional current leading
to rotor core damage from persistent elevated temperatures in the vicinity of the broken bars and
current passing through the core from broken to healthy bars.
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Figure 94. Rotor of a self-cooled induction motor, Figure 95. Stator core (right) and cooling ducts
right: cooling ducts, left: fan (left) in a self-cooled induction motor

-

Figure 96. A natural convection cooled induction Figure 97. Rotor of an induction motor, up: end
motor, right: rotor bars, left: end ring ring, right: bearing, left: rotor

e  Broken bars cause torque and speed oscillations in the rotor, provoking premature wear of bear-
ings and other driven components.

e As the rotor rotates at high radial speed, broken rotor bars can lift out of the slot due to centrifugal
force and strike against the stator winding causing a catastrophic motor failure.

Rotor Eccentricity
Air gap eccentricity is a mechanical fault with the motor. There are several possible causes for the pres-

ence of variances in the distance between a rotor and a stator. Some basic types of air gap eccentricities
that can occur are:
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Rotor is eccentric to the axis of rotation

Stator bore is eccentric

Rotor and stator are round, but do not have the same axis of rotation
Rotor and shaft are round, but do not have the same axis

Figures 98, 99, 100, 101, 102, and 103 shows eccentricity failure in various electric motors. The
following are only a few of the possible causes of an air gap eccentricity:

Figure 98. A typical diagram of an electric machine to demonstrate the position of bearings and rotor

Figure 99. A cooling fan under stress
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Figure 100. very thin air gap of a motor

Figure 101. Effect of eccentricity on rotor of an

induction rotor

Figure 103. Three different scenario for eccentricity
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e  Improper mounting of the motor to its bedplate can lead to an air gap distortion. A loose or miss-
ing bolt allows shifting of the motor’s mounting foot during thermal expansion of the frame. This
shifting over time could lead to a distortion of the frame and possible distortion of the stator bore.

e  During construction of the motor, out-of-roundness of either the rotor or stator will lead to an air
gap eccentricity. Industry standards recommend that measurements for total indicated roundness
should be performed at different locations along the length of each of these components. Couple
these measurements with the circumferences of each component, and depending on the speed and
size of the motor, there are recommended tolerances from 5 to 20 percent variation in the air gap.

e  Eccentricity can develop due to improper tensioning of drive belts coupled to a motor.

e Distorted end bells, cocked bearings, or a bent shaft will all cause an air gap eccentricity. During
the manufacturing of the rotor, uneven mechanical stresses could be introduced into the cage and
lamination stack leading to bowing of the completed rotor.

e  An air gap eccentricity results in increased levels of vibration due to the uneven magnetic pull it
creates between the circumference of the rotor and stator bore. Over time, these elevated levels of
vibration can result in excessive movement of the stator winding, which could lead to increased
friction and eventually a turn-to-turn, coil-to-coil, or ground fault. Increases in mechanical vibra-
tion accelerate bearing failure, which could seize the shaft and overheat the windings or allow ad-
ditional movement of the shaft leading to a rotor/stator rub. The uneven magnetic stresses applied
to the rotor, coupled with the increased vibration, will also contribute to mechanical looseness
developing in the rotor assembly. Risk of rotor pull-over increases exponentially with the amount
of air gap eccentricity.

e  Rotor pull-over is an example of rotor/stator rub that appears as random marks on both the sta-
tor bore and surface of the rotor. Pull-over describes the bending of the motor shaft allowing the
rotor to come into contact with the stator. Pull-over most often occurs during start up when the
magnetic forces pulling on the rotor are greatest. The magnetic pull acting upon the rotor varies
as the square of the difference in the air gap. For example, when the air gap at the narrowest point
between the rotor and the stator is one half that of the air gap at its widest, the magnetic force at
the narrowest will be four times stronger than the widest point.

Brushes

Carbon-brush collectors have successfully transferred current from excitation power sources to the
rotating fields of synchronous generators for over a century. The basic principles of current transfer
have remained the same over that time, although numerous improvements have been made in brush and
collector-ring materials, brush-holder designs, and ventilation arrangements.

Collectors are sometimes overlooked, and failures occur. Such failures can be severe and the resulting
forced outage may be long and costly (Abdi, Abdi, Oraee, & McMahon, 2014). Figures 104, 105, 106,
107, 108, and 109 show application of brushes in electric machines and possible failures.

DC Machine Commutator
The commutator ring may be worn or out-of-round, causing some brush float. This can be self-reinforcing

as the spark chows out material. Some arcing is inevitable during interrupting significant current. Figures
110, 111, 112, 113, 114, and 115 shows commutator in DC machines.

106



Fault Mechanism

Figure 104. Brush of an autotransformer Figure 105. Brushes of a synchronous generator

Figure 107. Faulty brush of an autotransformer Figure 108. Faulty brush of an autotransformer

MECHANICAL AUX SYSTEMS
Tacho Generator

A generator specially designed and constructed for speed measuring is called a tachometer or tachogen-
erator. When not connected to a load resistance, generators will generate voltage roughly proportional
to shaft speed (Figure 116). With precise construction and design, generators can be built to produce
very precise voltages for certain ranges of shaft speeds, thus making them well-suited as measurement
devices for shaft speed in mechanical equipment.
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Figure 109. Faulty brush of synchronous generator

Figure 110. Rotor(down) and stator of a DC motor, up: main poles, left: auxiliary poles
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Figure 111. Brush (down) and commutator (up) of a DC motor

Figure 112. Rotor of a DC motor, left: core, middle: Figure 113. A damaged commutator of a DC
winding, right: commutator generator
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Figure 114. Connection of rotor conductors to Figure 115. Connection of rotor conductors to
commutator of a DC generator commutator of a DC generator

Tachogenerators can also indicate the direction of rotation by the polarity of the output voltage. When
apermanent-magnet style DC generator’s rotational direction is reversed, the polarity of its output voltage
will switch. In measurement and control systems where directional indication is needed, tachogenerators
provide an easy way to determine the direction of rotation.

Rotary Encoder

A rotary encoder, also called a shaft encoder, is an electro-mechanical device that converts the angular
position or motion of a shaft or axle to an analog or digital code (Figure 117). There are two main types:

Figure 116. Tachogenerator of a generator
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Figure 117. A SRM drives with optical encoder

absolute and incremental. The output of absolute encoders indicates the current position of the shaft,
making them angle transducers. The output of incremental encoders provides information about the mo-
tion of the shaft, which is typically further processed elsewhere into information such as speed, distance,
and position. Rotary encoders are used in many applications that require precise shaft unlimited rotation.

Bearings

There are different types of bearings and the required maintenance on them will depend on the type of
bearing, operating environment and the motor application. Lubrication is only one of three maintenance
tasks involved with motor bearings. Cleaning, removal and replacement are the other tasks. For most
types, the sources of bearing failures are:

Insufficient oil or grease.

Too much grease causing churning and overheating.
Worn bearings (i.e., broken balls or rough races, etc.)
Hot motor or external environment.

Figure 118 shows bearing reliability characteristic.
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Figure 118. Effect of torque ripple on reliability
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SUMMARY AND CONCLUSION

Some of the main reasons of failure in electric power converters were presented in this chapter. All these
factors cause catastrophic damage in the systems. Over temperature, over voltage, mechanical forces and
environmental effects are the main factors of failure in power converters which are described in details.
The results of this chapter are summarized as follows:
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Over temperature is the mostimportant failure factor in electric power converters. Most failure factors
finally lead to over temperature. Since the power conversion process is not ideal, heat generation
is a common problem in all power converters. Of course, this is true for all electrical systems and
not only for electric power converters. But, it is a serious problem in these converters because the
amount of energy transfer is high and therefore, their energy loss is considerable. Conduction loss
in conductors and semiconductors, switching loss in switching devices and core loss in the core of
electric machines are the main mechanisms of energy loss in electric power converters. Transient
phenomena like inrush currents with high power in a short time also cause over temperature dam-
age. Damage due to over temperature is a long term factor in comparison to damage due to electric
break down.

Electrical breakdown or dielectric breakdown is a rapid reduction in the resistance of an electrical
insulator when the voltage applied across it exceeds a specified voltage. Electric breakdown has a
fast effect on the failure of converters. It acts as break down inside the body of insulator or show a
creepage on the surface of the insulator. Environmental factors has a direct effect on the creepage
type of insulator breakdown. A breakdown in solid insulator usually leads to a permanent dam-
age. Therefore, special attention to this failure factor is very important because low power and low
voltage power converters use elements with solid insulator.

Mechanical factors affect over long term in comparison to electrical factors. Vibration is an impor-
tant mechanical factor in failure of rotary power converters. In addition, outside generated vibration
causes mechanical damage of leads in electronic elements. In mechanical world, transient condi-
tion like mechanical shock occurs similar to transient phenomena in electrical world. Improper
mounting of the elements can lead to mechanical damage. Modal analysis is a tool for analyzing
the mechanical behavior of structures and elements.
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4.  Operation in harsh environment accelerates the failure due to the above mentioned factors. Operation
in high ambient temperature accelerates the failure due to over temperature. Humidity and dust act
by reducing the insulator resistance and cause to electrical breakdown in lower voltages than the
designed nominal values.

In the next chapter, we formulate the calculations of reliability based on the concepts which are
reviewed in the current chapter. Each of the presented failure factors plays a role in the prediction of
power converter reliability. They appear as a part of reliability formula and can be updated to the current
condition of converter. In addition, recognition of dominant failure factor help the designers to prevent
the predictable faults in power converters. Therefore, the materials which are described in chapter 2 are
also useful in the chapters 7 and 8 for reliability improvement.
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Electric Field: A quantity for characterization of electric force.
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Humidity: An index for the amount of water in air.

Vibration: Mechanical movement in a system.

118


http://dx.doi.org/10.1007/978-1-4471-4917-0
http://dx.doi.org/10.1007/978-1-4471-4917-0
http://dx.doi.org/10.1049/iet-epa.2011.0151
http://dx.doi.org/10.1109/TDEI.2013.6451365
http://dx.doi.org/10.1109/41.585829
http://dx.doi.org/10.1109/61.956770
http://dx.doi.org/10.1109/TDEI.2013.6633702
http://dx.doi.org/10.1109/TDEI.2013.6633702
http://dx.doi.org/10.1109/TPEL.2008.2006567
http://dx.doi.org/10.1049/iet-pel.2008.0094
http://dx.doi.org/10.1109/TDEI.2011.5739446
http://dx.doi.org/10.1109/TDEI.2011.5739446
http://dx.doi.org/10.1109/TIE.2010.2041737
http://dx.doi.org/10.1109/TIA.2010.2090839

Section 2

Reliability Calculation



120

Chapter 3
Reliability Prediction

ABSTRACT

It is important to have an expectation about useful life of a system before its construction or even its
remaining useful life during its operation. Reliability prediction is a tool for this goal. Reliability is the
probability of performing adequately to achieve the desired aim of the system. In this chapter, prob-
ability calculation is used to predict failure rate of the converter. The formulation of these calculations
are based on the concepts of failure factors which were described in the previous chapter. Some detailed
examples are presented to show the power of probability tool for analyzing the behavior of complex
systems. This chapter covers the methods for reliability calculation from component to system level.
Some standards of reliability are presented. One can use the information from a reliability prediction
to guide design decisions throughout the development cycle. MIL-HDBK-217 is described in details as
a well-known standard for reliability prediction at component level. Reliability modeling is introduced
for calculating the reliability at system level. Difference between system block diagram and reliability
model is presented. The reliability models of various static and rotary power converters are expressed.
Some examples are presented to demonstrate the procedure of calculations for a simple converter with
its auxiliary components. This chapter gives a quantitative view to reader about evaluation of reliability
and it can be used in the next chapters for reliability improvement.

INTRODUCTION: RELIABILITY PREDICTION

Now, we know the reasons for failure in power converters. In this chapter, we try to predict the chance
of failure. The state of this chapter in the flowchart of the book is shown in Figure 1. Reliability predic-
tions provide a quantitative basis for evaluating the power converters reliability.

The information obtained from a reliability prediction is used to guide design decisions throughout the
development cycle. When an initial design concept is proposed, a reliability prediction can indicate the
design feasibility from a reliability standpoint. For example, the designer might have a requirement of a
200,000 hr MTBF for a power converter. If the predicted value is 35,000 hr, the current design concept
may not be feasible. With modifying the design concept or revising the requirement, a predicted value
of 500,000 hr can give confidence in design concept. (Figure 2).
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Figure 1. State of chapter 3 in the flowchart of the book
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Reliability Prediction Methodology

There are reliability prediction techniques depending on the knowledge about design. As more details
of the design are known, more accurate methods become available. These methods use part failure rate
models, which predict the failure rates of parts based on various part parameters, such as technology,
complexity, package type, quality level, and stress levels 3.

Predictive methods attempt to predict the reliability of a part based on some model typically devel-
oped through empirical studies and/or testing. An attempt is made to identify critical variables such as
materials, application environmental and mechanical stresses, application performance requirements,
duty cycle and manufacturing techniques. Typically, a base failure rate for the component is assigned,
and this is multiplied by factors for each critical variable identified. Some predictive models assume a
constant failure rate over the lifetime of a product. This ignores higher failure rates typically seen at the
beginning and end of component life, infant mortality, and wear-out, respectively. Predictive methods
can provide a relatively accurate reliability estimate in cases where good studies have been done to
analyze field failures.

Reliability Comparison

Predictive methods are also useful in providing a relative ranking of reliability between alternative
designs, but the absolute reliability numbers (or failure rates) obtained with these methods will rarely
be indicative of real-life performance. This is the best way to demonstrate the real reliability level of a
product. It requires a statistically significant population in the field, and a reasonably long time in the
field (Javadian, & Kaboli, 2013).

PROBABILISTIC TOOL

Fault occurrence is a relatively random phenomena. Randomness means lack of pattern or predictability
in events. Therefore, essential methods of reliability prediction are based on probability analysis. The
fields of probability and statistics use formal definitions of randomness. In statistics, a random variable
is an assignment of a numerical value to each possible outcome of an event space. This association
facilitates the identification and the calculation of probabilities of the events. Random variables can
appear in random sequences. A random process is a sequence of random variables describing a process
whose outcomes do not follow a deterministic pattern, but follow an evolution described by probability
distributions. These and other constructs are extremely useful in probability theory and the various ap-
plications of randomness (Sutanto, Outhred, & Lee, 1989). Probabilistic design is a discipline within
engineering design. It deals primarily with the consideration of the effects of random variability upon
the performance of an engineering system during the design phase. Typically, these effects are related to
quality and reliability. Thus, probabilistic design is a tool that is mostly used in areas that are concerned
with quality and reliability. Probability theory is applied in everyday life in risk assessment and in trade
on financial markets (Bak-Jensen, Bech, Bjerregaard, & Jensen, 1999). Figure 3 shows application of
probabilistic tool for analyzing the flash over.
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Figure 3. Application of probability in flash over analysis IEC publication number and edition Copyright
© year of publication IEC Geneva, Switzerland. www.iec.ch
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Random Variables

A random variable x is, in the simplest term, a variable which randomly takes some values in a specific
range (Melo, Pereira, & Leite da Silva, 1993). In probability field, a random variable is expressed by
its statistical moments. The probability with which different values are taken by a random variable is
quantified by the probability distribution function F(x), defined by F(x)=Pr(x<x), that is, the probability
that random variable x has a value less than or equal to x. The probability density function (PDF) p(x)
is the derivative given by p(x)=dF(x)/dx.

The expectation of a random variable x, denoted as E{x}, is given by:

+00

X = E{x}= I xp (x )dx (1)

—o0

This is also called the mean value of x, or the first moment of x.

A discrete random process may be thought of as a collection of real or discrete sequences of time,
any of which might be observed on any trial of an experiment. The mean or expected value of a random
process x[n] at the time index n is defined as:

%[n]= Elx[n]) = zxp @

The autocorrelation of a discrete random process between two sample times indices n, and n, is
defined as:

R [n.n,]= E{x[nl]x*[nz]} 3)

Where * is the conjugate of x. Equation (3) is the engineering definition for autocorrelation, as first
suggested by Wiener. The autocorrelation function of a random process is the appropriate statistical aver-
age that will be concerned with characterizing random signals in the time domain. A random process is
wide-sense stationary (WSS) if its mean is constant for all time indices (i.e. independent of time) and its
autocorrelation depends only on time index difference m = n -n,. Therefore, autocorrelation of a WSS
discrete random process x[n] is given by

R [nl,nl —m]:E{x[n+m]x* [n]} 4)
The power spectral density of a discrete random process is defined as the discrete time Fourier trans-
form (DFT) of the autocorrelation sequence.

+00

P (f)= > R [n.,n —m|e " 5)

m=—00
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Example: Probabilistic Tool for Harmonic Estimation

Amplitude and order of voltage harmonics fed into the motor are a measure of the motor harmonic loss
and also electromagnetic interference (Kaboli, & Zolghadri, 2003). The voltage spectrum of DTC drive
has not previously been investigated systematically because of difficulties that arise from its nonlinear
nature. There are only a few papers studying the harmonic spectrum of DTC.

Probabilistic methods are appropriate tools for analyzing the complex processes because they can
eliminate the dependence of the process on time. Although the result of a probabilistic analysis is an
estimation of the real response, but, it is the only systematic analyzing tools used for many complex
processes such as radar studies and atomic phenomenon.

In this section, a probabilistic method is used to study the voltage spectrum of a direct torque controlled
induction motor drive. However, this method is a general technique which can be used for any other type
of machine controlled by DTC (Kaboli, Vahdati-Khajeh, & Zolghadri, 2006). In the method presented,
the inverter output voltage vector is considered as a discrete random process with seven possible values.
Using, the voltage vectors chain which we explain later, the autocorrelation function of voltage vectors
is obtained and its power spectral density (PSD) is calculated. The effect of torque and flux hysteresis
bands, machine parameters and inverter dc-link voltage on the harmonic spectrum is investigated. DTC
block diagram is shown in Figure 4. A three phase inverter with its respective voltage vectors is shown
in Figure 5. Selection of voltage vectors in the DTC loop is a nonlinear function of both stator flux and
torque errors. The modeling of the voltage vector chain with a random process is the basic idea used
for analyzing the voltage spectrum in DTC. Origin of this idea comes from where the acoustic noise
radiation of DTC has been compared with a random PWM (RPWM) scheme and it is shown that they
are very similar. In addition, comparison between characteristics of RPWM and DTC in simulation
shows that the selection of voltage vectors has a semi-random behavior. For a sampling time index n, the
inverter output voltage vector, U[n], gets one of the eight possible voltage vectors in a two-level three-
phase inverter. Thus, U[n] may be considered as a complex discrete random process with seven possible
values (six non-zero voltage vector and one zero voltage vector). Figure 6 shows a statistical diagram
about probability of selection of different vectors. The probability with which non-zero voltage vectors
are taken by random variable is the same and is generally different from the probability of zero vectors.

The mean value of U[n] is calculated as follows.

(6)
6
=Prix0+Pr2) U, +Prlx0=0

i=1

Therefore, the mean value of U[n] is constant and independent of time. The autocorrelation of U[n] is
expressed by:

RUU[n,n—m]zE{U[n]U*[n—m]} (7
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Figure 4. DTC block diagram
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Because of symmetry, the conjugate of each vector (U) and product of two of them (U, Uj) remain
in the same set. Therefore, the product value U[n]U[n-m] takes one of the seven values (six non-zero
vectors and two zero vectors). Thus, the above mentioned equation can be rewritten as the following:

R, [n,n—m]= iUip(U[n]U*[n -m]=U;)
- (I)ip(U[n]U*[n—m] =U,)
+Z6:Uip(U[n]U*[n -m]=U,) ®
+(l):i< p(UlnU [n—m]=,)

= iUip (U[n]U*[n —-m]= Ui)

If w[n] is in the k , sector (k=1 to 6) then the possible choices for U[n] are determined. In this study,
the solution A is used to control the inverter. However, this is not a limiting assumption and every switch-
ing table can be analyzed using this algorithm. Therefore, U[n] takes three values in each sector: U, U, |
and U, ,,. Using Bayes’ law, the probability of voltage vectors product (U[n]JU*[n-m]) can be given by:

p(UnU [n-m]=U,)=p(U[n]U'[n—m] = U, /U] = U,) p(U[n] = U,)
+p(UMU'[n—m] = U,/U[n] = U, , ) p(Uln] = U,,,) ©
+p(UnU [n-m]=U,/U[n]=U,,,) p(Uln]=U,,,).fori =110 6

or

p(UlnU [n—m]=U,)=p(U[nU'[n-m]=U,/U[n]= U, )= p, "o
+p(U[n)U' [n=m]=U,/U[n] = U, ) x p,.fori=1to0 6

where p, and p, are the probabilities of selection of U, and U,_,,, respectively (p(U[n]=U,,,) and
p(U[n]=U_,,)). The probabilities indicated in equation (10) depend on the machine parameters, and
torque hysteresis band and flux hysteresis band. Figure 8§ illustrates the typical waveforms of torque and
stator flux by DTC. It is assumed that the sampling time is short enough to keep the torque and flux er-
rors within their hysteresis bands. Increasing and decreasing slopes of torque and flux waveforms vary
from one sampling period to the other one. In this section, the slopes are considered to be constant. The
effect of variation of these slopes and long sampling period on the voltage spectrum is discussed in the
next section. The increasing and decreasing slope of torque waveform are expressed in equations (11-a)

and (11-b).
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=3P L Lna3,
' 292¢L 'L "m %

b= w, [o,[) (1

L
o - 3P L

*(11-b)
! 220l L~ "

lL)s

Neglecting the stator resistance, the increasing and decreasing slopes of flux waveform can be pre-
sented as equation (12):

(12)

The relation between the times indicated in Figure 8, motor parameters and hysteresis bands of torque
and flux controller are expressed in (13).

2AT
t. = S—+(13—a)

rT
T

2AT
t,=——(13b
=g 13
2Ay
t,. = 13-c
(T (13-c)
2Ay
tp = 13-d
w=g 1390

Thus, the components are calculated as follows.

A.  p(U[n]=U) A zero vector is used to decrease the torque. Therefore, p(U[n]=U ) can be described
as:

p(Uln]=U,) = p(T )=~ (14)

Ly +1g

B.  p,=pU[n]=U,, ) U, will be selected during the rising of torque when the flux is also increasing.

k+1

- t t
p(Uln]=U, )= p(T HYx p(E|T) = —L—x—= (15)
Ly+ty b+t
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C. p,=pWU[n]=U,_,) U, ,,is used to increase the torque while decreasing the flux.

. t
U = U = T T E \L = trT o 16
p( [n] k+2) p( ) x p(| S| ) trT + l/lT x trF‘ + th ( )

D. p(U[n] U[n-m] =U, /U[n]=U,, ) and p(U[n] U[n-m] =U, /U[n]=U

k+1 k+2)

The terms p(U[n] U[n-m] =U. /U [n]=Uk+1) and p(U[n] U[n-m] =U, /U [n]=Uk+2) are conditional prob-
abilities. They depend on the drive condition and the state of U at the n, sampling interval (U[n]) and
(n-m), sampling interval (U[n-m]). These terms can be simplified as in (17):

p(U[n]U*[n —m]= Ui/U[n] = Uk+1): p(U[n —m]=Uy,, ;/Uln]= Uk+1) (17-a)
p(UnU' [n-m]=U, /U[n]=U,.,)= p(Uln-m]=U,,,,/Uln] = U,,,) (17-b)

Calculation of these terms is done in two stages. At first, consider two consecutive sampling interval
(i.e. m=1). 9 possibilities, as shown in Figure 7, exist for the next sampling interval voltage vector. The
detailed calculations are presented in the appendix.

These elements construct the transition matrix H as shown in Figure 9.

H=\H, H, Hy, (18)

Now, consider m>1 and there are some sampling intervals between U[n] and U[n-m]. Figure 9 shows
the voltage chain and the transition matrix that describes the relation between consecutive vectors and
their probabilities. There are some patches from a specific voltage in (n-m), sampling interval to the
other voltage vector in n, sampling interval. The probability of this patch is equal to the multiplication
of probabilities which are in this direction and are defined by H. If U[n] and U[n-m] are located in the
same sector, the probability p(U[n-m] =U,,, /U [n]=Uk+1) is equal to the summation of probabilities
for all patches from voltage vector U, in the sampling interval n-m to the voltage vector U, in the

sampling interval n. For example, if m=2 the probability p(U[n-m] =U, ,, /U[n]=U,, ) is calculated as:

p(U[n—Z] :Uk+1/U[”]:Uk+1):H11HH +]—1101_101 +H12 +H21 (19)

This is equal to the (2,2) element in the matrix S which is shown in Figure 6.
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Figure 7. Different probability for various voltage vectors
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S S S,
S=18, Sp S8 20)
Sy Sy Sy

If U[n-m] locates in the (k-1),, sector, U, ,, fork sectorisequalto U, , for (k-1), sector. Therefore, the
probability p(U[n-m] =U, , /U [n] U,, ) is calculated by summation of the probabilities for all patches
from U,_, in the sampling interval n- m to U, ,, in the sampling interval n. This is equal to the (3,2) ele-
ment in the matrix [S]. Index k in the voltage vectors of the probability p(U[n-m] = U,,, /U[n]= =U,,)
is referred to the k sector. When the index m increases and enters into the other sectors (for example
sector k’) the index k should be converted to that reference. Because U jand U, and U _, are used as

U, and Uk,+1 and Uk,+2 in that sector.

S,, in the sector k
S,, in the sector k-1
. 0  in the sector k-2 )
p(UMU n=m] =, /U Uk“) ~lo in the sector k-3’ fori=1 @D
0 in the sector k-4
0 in the sector k-5

R, [n,n—m]=

V3 V3

1 1 )
Syp + 55231?2 + 5S32p1 +8,p, + 1(7 Sy.p, — > S,,p,),for sector k

| | 1 B, B B

Y > SSuPy S+ > Sypy+ J(— > Sp+—- B Sup > —S8,p,),for sector k —1

2
1 1 1 J§ NE) J§ (22)
——8S,0, = Sup, +=Sup, —=Sup, + J(——S,, +—S8,,p, + — S5, p,), for sector k —2
2 2 2 2 2
1 1 1 \B J3 NE)
_ESZZPI + ESsz —S,p - > —S8,p, +Jj(= 5 S,, — > —S8,,p, +—5,,p,), for sector k —4
1 1 1 \B NG) J3
ESZZPI +8;p, — > —=S,p += 5 Sup, + Jj(= 5 S, - 5 —S,.p, - 5 —S,,p,),for sector k—5

This equation shows that the autocorrelation function of voltage vectors is independent of time origin
because the elements of (22) are independent of time origin. Therefore, R, [n, n-m] can be replaced with
R [n, n-m]. So the amplitude of voltage power spectrum as a function of frequency can be obtained by
the norm of P (f) (IIP (DII).

Figure 10 can be used to compare the analytical voltage spectrum and practical results. It can be
seen that the analytical method can predict the specific harmonics in the spectrum. In this case, some of
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Figure 10. Comparison between simulation and analytic results
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the probabilities used in the theoretical study tend to zero. Due to the fast jumping of torque and large
practical sampling time, selection of two consecutive nonzero voltage vectors does not occur. Thus, the
values of H,, H,,, H, and H , should be replaced by zero.

It can be seen that even if the error in amplitude of the high frequency harmonics is high, this method
can calculate the location of these harmonics precisely. The error in the harmonic amplitude estimation

is not unusual and it has seen in the other methods for approximation of power spectrum.

RELIABILITY AND PROBABILITY

Reliability is the probability of performing adequately to achieve the desired aim of the system. This
can be mentioned as a time dependent equation. Reliability concept has more importance in specific
applications such as space and military equipment that mission can hardly be replaced or be done by
another system instead of the failed part. In order to improve the system reliability, different researches
have been done and several methods have been introduced.

Concept of Failure Rate

Many of these methods need information about failure rate of the system. Each system contains a number
of components. One method to enhance reliability is improvement of components reliability. This goal
may be achieved by component specific derating or by improvement of components’ specifics. In this
level, failure rate of the components should be modeled properly. The other method is using redundant
or fault tolerant system in which after partial fault, the rest of the system can work adequately to achieve
the goal of whole system. In this level, systematic analysis of reliability is necessary. For example, a

132



Reliability Prediction

systematic analysis indicates that one problem of using redundant system is to load current balancing.
Hence, different studies have been done in current sharing and current control. The other method that
may be useful is comparison of various possible topologies or different operation conditions to choose a
proper state to achieve the goal of design. Because power electronic systems usually are not available to
be repaired or maintained, maintenance can rarely be used in power electronic systems. Also this method
is not meaningful for each power electronic component. For example only a fan can be maintained to
work properly and doing its duty for cooling heat sink while for a MOSFET switch or film capacitor,
maintenance do not have a practical meaning 6.

Application of Failure Rate

In researches, failure rate of some components have been reported to be higher than others. Electrolytic
capacitor and switch are the power electronic components which are more exposed to be failed based
on empirical reports for reliability evaluation. As a general approach, component stress reduction can
enhance reliability of component.

There is a method for dynamic and time dependent reliability assessment named Markov Chain that
in power system analysis has been used for many years. In this method, by using redundancy component,
it will be more important that failing mode of component, how damages whole converter operation. For
example, if there are 2 parallel output capacitors, open circuit or short circuit failing of one capacitor,
has different effects on system reliability.

Rather than theoretical reliability evaluation with standards such as MIL-HDBK-217, there are some
accelerated or aging tests that manufacturers use them to evaluate the reliability of their products. In this
method, at each test, one or some parameters of environmental conditions are stressed more than typical
state to reduction of test time less than real state. Then, there are some determined relations between this
accelerated test results and typical condition results that are used to finding failure rates and reliability
evaluation. This is the subject of chapter 5.

Time Variation of Failure Rate in a Power Converter

Failure process in a converter can be divided into three intervals. The infant mortality period is charac-
terized by an initially high failure rate. This is normally the result of poor design, the use of substandard
components, or lack of adequate controls in the manufacturing process. When these mistakes are not
caught by quality control inspections, an early failure is likely to result. Early failures can be eliminated
from the customer by “burn in” during which time the equipment is operated at stress levels equal to
the intended actual operating conditions. The equipment is then released for actual use only when it has
passed through the “burn-in” period.

The useful life period, is characterized by an essentially constant failure rate. This is the period domi-
nated by chance failures. Chance failures are those failures that result from strictly random or chance
causes. They cannot be eliminated by either lengthy burn-in periods or good preventive maintenance
practices. Equipment is designed to operate under certain conditions and up to certain stress levels. When
these stress levels are exceeded due to random unforeseen or unknown events, a chance failure will occur.
While reliability theory and practice is concerned with all three types of failures, its primary concern
is with chance failures, since they occur during the useful life period of the equipment. The time when
a chance failure will occur cannot be predicted; however, the likelihood or probability that one will oc-

133



Reliability Prediction

cur during a given period of time within the useful life can be determined by analyzing the equipment
design. If the probability of failure chance is too great, either design changes must be introduced or the
operating environment made less severe.

In the wearout period, is characterized by an as a result of equipment deterioration due to age or use.
For example, mechanical components such as transmission bearings will eventually wear out and fail,
regardless of how well they are made. Early failures can be postponed and the useful life of equipment
extended by good design and maintenance practices. The only way to prevent failure due to wearout is
to replace or repair the deteriorating component before it fails.

Mathematical Expression of Reliability

MTTF is mean time which is expected the component or system to work adequately before failure. It
can be deduced that MTTF is equal to the integral of reliability of component as

MTTF = I: R(¢) dt (23)

MTTR is mean time which takes to repair the failed component that in electronic reliability evalu-
ations is generally negligible with respect to MTTF. MTBF is the mean time between failure that is
summation of MTTF and MTTR, which can be assumed to equal to MTTF.

In general, the relation between reliability and failure rate can be deduced as

[y de
R(y= 24)
MTBF will be derived as
R(t)=e™ 25)
1
MTBF = I (26)

In a DC-DC converter, there are some components such as switch, diode, inductor, capacitor and
controller IC, which are in series or parallel relation as reliability point of view. For evaluation of con-
verter reliability, failure rate of components must be determined. Then the converter should be analyzed
systematically and the reliability model of the converter should be obtained.
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RELIABILITY MODELS

There are various modeling approach in power electronics (Poshtan, Kaboli, & Mahdavi, 2006). Reli-
ability modelling is the process of predicting or understanding the reliability of a component or system
prior to its implementation (Richardeau, & Pham, 2013). Reliability design begins with the develop-
ment of a model. Reliability and availability models use block diagrams and fault trees to provide a
graphical means of evaluating the relationships between different parts of the system. These models may
incorporate predictions based on failure rates taken from historical data. While the predictions are often
not accurate in an absolute sense, they are valuable to assess relative differences in design alternatives.

Series Models

The simplest and perhaps most commonly occurring configuration in reliability mathematical modeling
is the series configuration. The successful operation of the system depends on the proper functioning
of all the system components. In this configuration, a component failure represents total system failure.
There are two approaches for component failure expression. One is that the failure of any one compo-
nent is statistically independent of the failure or success of any other. This is usually the case for most
practical purposes. If this is not the case, then conditional probabilities must be used, which increase
the complexity of the calculations.

In series configuration, the system failure rate with exponential distribution for the reliability function
is the sum of the individual component failure rates and the system mean life.

For a series system, total failure rate is a summation of failure rate of all components and system
reliability is multiplication of components reliability:

>\system = Z >\cam;mment (27)

Rsystem(t) = H chmponenl(t) = 67211‘ (28)

Parallel Models

The next most commonly occurring configuration encountered in reliability mathematical modeling
is the parallel configuration. For this case, all of the components would have to fail for system failure.
Thus, parallel configuration, or the use of redundancy, is one of the design procedures used to achieve
extremely high system reliability, greater than the individual component reliabilities. Of course, this is a
very simple concept, which becomes more complicated in actual practice. Redundant equipment can be
active (“on-line”) or turned off (“standby”), some redundant units can repaired without shutting down
the system, others can not, and the number of repair crews can vary. All these factors must be considered
in formulating appropriate reliability models.

For a parallel system, the system reliability cannot be expressed by one exponential term but the
unreliability of system is multiplication of components unreliability:
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ststem (t ) =1- Rsystem (t ) = H (1 B Rcumponem‘ (t )) (29)

For a more complex system, the system should be divided in to simple subsystems.

Figures 11 to 14 show different reliability models for various electrical connection (Jian-Ping &
Thompson, 2005). Figures 11 and 12 show a parallel connection of two transistor in a power electronic
converter. Current rating of each transistor in Figure 11 is more than total nominal current. Therefore,
the reliability model of this connection is parallel. In Figure 12, current rating of each transistor is less
that total nominal current and it leads to series reliability model. Similar result is obtained with series
electrical connection of switches as shown in Figures 13 and 14.

Figure 15 shows reliability model of an electric motor. Proper operation of both stator and rotor is
necessary for correct operation of the motor. Therefore, the reliability model of an electric motor is
generally series connection of stator reliability and rotor reliability. Similarly, both winding and core of
stator and rotor must operate properly and it leads to series reliability model as shown in Figure 16. Reli-
ability model can be achieved from various point of view. For example, reliability model of an electric
motor can be considered as a combination of electrical parts and mechanical parts instead of division
into stator and rotor as shown in Figure 17. Reliability model gives a clear view to designer and operator

Figure 11. Parallel reliability model for two parallel connected switches
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Figure 12. Series reliability model for two parallel connected switches
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Figure 13. Parallel reliability model for two Series connected switches
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Figure 14. Series reliability model for two Series connected switches
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Figure 15. Reliability model of an electric machine based on physically separated sections
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Figure 16. Reliability model of an electric machine based on separated sections with different nature
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Figure 17. Different methodology for Reliability modeling of an electric machine
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Figure 18. Reliability model of a DC rotor
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Figure 19. Reliability model of a sysnchronous rotor
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Figure 20. Electrical reliability model of a SRM rotor
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about the problem of converter. A comparison between reliability model of a SRM (Figure 18) and a
DC motor (Figure 19) roughly shows a SRM has a robust structure because it does not many parts used
in DC motor and its reliability model is shorter than that found in DC motor. Figures 20 and 21 show
reliability models of electrical parts of a SRM rotor and a synchronous generator.

COMPONENTS RELIABILITY EVALUATION

In system or even sub-system level, the reliability prediction process uses some powerfull mathematical
tools like Markov Chain analysis and etc. But, as we close to component level, practical data finds more
benefits in comparison to analytic tools. For part level predictions, two separate fields of investigation
are common:

e  The physics of failure approach uses an understanding of physical failure mechanisms involved,
such as mechanical crack propagation or chemical corrosion degradation or failure;
e  The parts stress modelling approach is an empirical method for prediction based on counting the

number and type of components of the system, and the stress they undergo during operation.

Herein, we present one of the commonly used tools for calculation of component failure rate.
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Figure 21. Reliability model of electrical section of a SRM rotor
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MIL-HDBK-217

Maintaining reliability and providing reliability engineering is an essential need with modern electronic
systems. Reliability engineering for electronic equipment requires a means for a quantitative baseline, or
a reliability prediction analysis. There are some technical standards for numerical evaluation of power
electronic components failure rate (Bhuiyan, & Yazdani, 2010). One of the most widely used reliability
prediction methodology handbook is MIL-HDBK-217, the Military Handbook for “Reliability Predic-
tion of Electronic Equipment”. In this chapter, MIL-HDBK-217 is used for numerical evaluation of
reliability 14.

Structure of the Standard

The MIL-HDBK-217 handbook contains failure rate models for the various part types used in electronic
systems, such as ICs, transistors, diodes, resistors, capacitors, relays, switches, connectors, etc. These
failure rate models are based on the best field data that could be obtained for a wide variety of parts
and systems; this data is then analyzed, with many simplifying assumptions thrown in, to create usable
models. The purpose for developing this handbook was to establish and maintain consistent and uniform
methods for estimating the inherent reliability of military electronic equipment and systems.

Methodology of the Standard
MIL-217 uses part stress analysis method for characterizing the components reliability. The Part Stress

Analysis method is used the majority of time and is applicable when the design is near completion and a
detailed parts list, or BOM, plus component stresses are available. By component stresses, the standard
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is referring to the actual operating conditions such as environment, temperature, voltage, current and
power levels applied. The MIL-217 standard groups components or parts by major categories and then
has subgroups within the categories. An example is a “fixed electrolytic (dry) aluminum capacitor” is a
subcategory of the “capacitor” group. Each component or part category and its subgroups have a unique
formula or model applied to it for calculating the failure rate for that component or part. The failure
rate formulas include a base failure rate, for the category and subgroup selected. The base failure rates
apply to components and parts operating under normal environmental conditions, with power applied,
performing the intended functions, using base component quality levels and operating at the design stress
levels. The standard then applies many correction factors, to the base failure rates in order to factor in
the actual operating conditions, environment and stress levels. Base failure rates are adjusted by apply-
ing the correction factors to the underlying equation or model provided for each component category
15 (Figure 22).

Thermal Considerations

Asitwas shown in Chapter 2, temperature is one of the most important parameters affected the failure rate
of a component. Ambient and operating temperatures have a major impact on the failure rate prediction
results of electronic equipment, especially equipment involving semiconductors and integrated circuits.
The MIL-217 standard requires an input of ambient temperatures and more definitive data required for
the calculation of junction temperatures in semiconductors and microcircuits.

A thermal analysis should be a part of the design and reliability analysis process for electronic equip-
ment. Therefore, we dedicate a separated chapter for thermal study.

Electric Field Considerations

The voltage stress factor accounts for the acceleration of failure mechanisms associated with abnormally
high supply voltages.

Figure 22. different values of quality factor in MIL-217
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Mechanical Considerations

The design quality of the component utilized has a direct effect on the part failure rate and appears in
the models as a correction factor. Many of the components covered by the MIL-217 specification are
available in several quality levels and each has an associated correction factor.

Environmental Considerations

Environmental stress is of major concern in establishing the failure rate for components and parts included
in a system. Environmental stresses can be quite different from one application environment to another
and can subject the equipment to a controlled environment with constant temperature and humidity, or
an environment with rapid temperature changes, high humidity, high vibration and high acceleration
(Figures 23, 24, 25, 26, 27, 28, 29, and 30).

Example: Failure Rate for Various Parts

Switch
In MIL-HDBK-217 equation is determined for switch failure rate:

Figure 23. A comparison between temperature factor in MIL-217 between diode (dashed) and MOSFET
(solid)
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Figure 24. A comparison between temperature factorin MIL-217 among diode and MOSFET and thyristor
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Figure 25. A comparison between temperature factor in MIL-217 between different switches
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Figure 26. different values of environmental factor in MIL-217
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Figure 27. different values of voltage factor for diode in MIL-217
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Figure 28. a comparison between values of voltage factor for diode (left) and BJT (right) in MIL-217
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Figure 29. different values of factor for a capacitor in MIL-217
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Figure 30. A step down buck converter
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. is temperature factor that deduces from equation:

1 1
T =expi—1925 X (———— — —
! P (T,+273 298)

J

T, is junction temperature that is related to MOSFET power losses. So, for determination of ., one
important step is MOSFET power losses evaluation. Reduction of power losses result to decrement of &,
and therefore failure rate comes down. &, that is quality factor is determined by packaging and covering
method that for commercial applications it is “lower” quality and is equal to 5.5. Other quality factors
that have less value are for specific applications such as military and aerospace. For example, using
JANTX package quality which has m, equal to 1.0 results to lower switch failure rate.

Diode

Equation 10 expresses diode failure rate

— P 6
N, =N X X XX T, X T, Failure / 10" Hours

7, has relation to diode power losses. Lower power losses cause smaller &, and failure rate.

7 = exp{1—3091 x (; - L)
' T] + 273 298

7 is electrical stress factor that is related to rated and applied voltage. Equation 12 indicates this rela-
tion. Whatever the portion of applied voltage to rated voltage becomes smaller, this factor gets smaller
too. Hence, selection of diode with higher rated voltage, results to lower failure rate. But, there is one
important fact that should be considered for diode selection. In fact, choosing diodes which have larger
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rated voltage may have larger forward voltage that can increase diode conduction loss and it affects x.
Therefore, optimizing between different parameters is required to choose an appropriate diode.

_ Applied voltage , ;3

s Rated voltage

Inductor

For inductor, the following equation is used to calculate failure rate

A, =y Xt X, X T, Failure /10° Hours

A, 1s equal to 0.00003 for inductors which have fixed inductance.
7 is temperature factor that can be obtained:

-0.11 1 1
7, = exp( — ( -—))
8.617x10™ T,,+273 298
Where:
LIx11.5X P,
T=T,+ WL0A6766

As it is clear in equations 115, inductor failure rate has direct relation with power losses. However,
inductor failure rate is much lower than other components and has not been any reports that inductor
failure rate makes problem for reliability of power electronic converters.

Capacitor

The other component is capacitor that equation 16 expresses failure rate for it:

_ ; 6
>\p = N, X T X X, X T, X, Failure / 10° Hours

. 18 determined by ambient temperature:

0.15 1 1
T, =€exp — x( — )
8.617x10 298 T,+273

n.=C" (Cisin wf unit)
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As it is presented, greater rated voltage leads to smaller &, which results in lower failure rate. Con-
sequently, one method to failure rate reduction is using capacitor which has higher rated voltage.

g Applied voltage to capacitor

Rated voltage
S
T, = (—O 6)5 +1

Controller IC

In MIL-HDBK-217, section 5 there are some standard formulas to determine ICs’ failure rate. But it
is too complicated to use them. In some websites of manufacturers there are reliability accelerated test
results. Component failure rate can be deduced from these results. As an example, one of these tests is
HTOL that is based on Arrhenius acceleration model. In this test, component will be tested in tempera-
ture which is stressed more than normal use condition. Acceleration factor is defined and then failure
rate will be evaluated. A which is evaluated is upper bound failure rate that is expected to be measured.
Thus, for different ICs, failure rate is evaluated by results of tests which are done by manufacturers or
with FIT data that is presented directly in websites of manufacturers.

E | 1 1
=¢eX 4 — ——
AT p{KB |:Tuse 7;tress :|}

4= 22 (7,2xY +2)
2x N x A, xt

Example: Buck Converter

In this section, a Buck converter is considered to be investigated as reliability point of view with assessing
switching frequency influence on power losses of mentioned components that can affect the reliability
of those components and total converter reliability (Javadian, & Kaboli, 2013).

In the following, evaluation of power losses of each component and the possible procedures to losses
reduction are discussed.

MOSFET Switch Power Losses

MOSFET losses are the summation of conduction and switching losses. Conduction losses are product
of terminal current and voltage during on-period of MOSFET which can be estimated. Switching losses
are product of terminal current and voltage during transitions between on-period and off-period for
MOSEFET which can be estimated.

P

conduction

=R x I’

rms
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1
E I/:)ff X Ion X (ton + toff) x f;

switching, CCM =

Choosing a MOSFET which simultaneously has lower R, turn-on and turn-off time means to have
lower power losses that causes to smaller failure rate.

Diode Power Losses

Diode losses consist of conduction and switching losses. Conduction loss is because of product of forward
voltage dropped on diode during on-state and diode current that can be evaluated.

P

vondcion = Vg X (1= D) x1,

Switching loss is caused by reverse recovery loss related to P-N junction during transition of turn-off
time. Turn-on loss can be negligible. There is one precise method in for evaluation of diode turn-off loss.
But using that method needs a lot of data and estimation. Therefore, in this section Pspice simulation
with Pspice model of used diode which is MUR460 has been considered to determination of E .. This
E , has been measured equal to 3.34 pJ. Thus, switching loss of free-wheel diode for proposed Buck
converter can be determined.

[?s'witching = E()ff X fs

Choosing a Diode which simultaneously has lower V and lower reverse recovery loss means to have
lower power losses that causes to smaller failure rate.

Inductor Power Losses

Inductor losses are caused by magnetic core loss and copper loss of inductor wiring. There have been
some studies for core loss during non-sinusoidal operation that are much complicated whereas in this
paper, magnetic core loss during CCM operation is estimated to be simplified.

P :1.5><K><fs"‘><ABﬂxVe

core

Because of ripple in inductor current, copper losses consist of two parts named AC and DC loss.
DC loss is caused by DC component of inductor current while AC loss is caused by inductor ripple cur-
rent. This ripple has a main component frequency which is equal to switching frequency and the other
components are harmonics of f. DC loss is based on interaction between DC current and R _ that can be
measured in situation which conducts just DC current through the inductor wiring. AC loss is the result
of interaction between AC components of inductor current that are calculated and related values of R
which are estimated by equation 29. Total copper losses are deduced.
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(—1)h X Al k— k :

b =— L P xsin|hx (1—- D) x

h h*> x(D—-D*)xn’ [ ( : n]

b
Irms,h = —}’2
R L,

ach O X Ah ch X [ﬂ’-r\fire - ﬂ(rwire 6h )2]

5 - 0.066

P = Rdc X ch + Z(Rac,h X ]rzms,h

copper

Capacitor Power Loss
It should be noted just ambient temperature is involved in capacitor failure rate. Nevertheless, it is
reasonable that increasing in capacitor temperature which can be occurred because of ESR loss, affect

the temperature of the air near the component. Thus, the capacitor loss during choosing an appropriate
capacitor should be taken into account. Hence, capacitor loss is presented in table 1 and table 2:

= ESR x I*

loss ,capacitor rms.ripple

Example of System Reliability Estimation: MOSFET Driver
Comparison with Reliability Consideration

One of methods to choose optimum reliability state of system is comparison of different topologies that
can be used to achieve the design goal. For the aim of this section, that is Buck Converter design, two

Table 1. Application factor of the switch Table 2. Packaging factor
Application Factor — i, Quality Factor — &,

Application (P, Rated Output Power) T, Quality T,

Linear Application (P_ < 2w) 1.5 JANTXV 0.70

Small Signal Switching 0.7 JANTX 1.0

Power FETs(Non-linear, P >2w) JAN 2.4

2w <P <5w 2.0 Lower 55

Sw <P < 50w 4.0 Plastic 8.0
50w <P < 250w 8.0
P > 250w 10
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options for types of MOSFET switch are available. One option is N-channel MOSFET and the other is
P-channel MOSFET. Since the N- channel MOSFET source in the buck topology is not connected to
circuit ground or constant voltage reference, so MOSFET gate driver has more complexity than the other
topologies in which MOSFET source is connected to circuit ground. 4 topologies for Buck converter are
presented in Figures 31, 32, 33, and 34. Using N-channel MOSFET needs isolation between MOSFET
gate signal and MOSFET source pin. This isolation, in Figure 33 is established by bootstrap technique
which exists in IR2113 and in Figure 34 is established by using optocoupler. But using P-channel MOS-
FET does not need this kind of isolation. Because P-channel MOSFET source will be connected to input
voltage and consequently voltage of MOSFET source is constant and there is not problem for providing
gate signal without isolation. It should be noted that there may be some other methods for gate isolation
but in this section just these methods are considered.

In Figures 31 and 32 MOSFET switch is P-channel type. When current passes through R, volt-
age drop between gate and source goes up and MOSFET turns on. This method can be used only for
input voltage range under 50 volts. Because of higher input voltage, power losses of R, and R, will be
a problem and increment of R, and R, resistance to reduction of power losses, results to bad MOSFET
switching performance. In Figure 2, auxiliary switch is used to enhance current injection to MOSFET
gate which lead to better performance. But in Figure 32, controller IC supply the whole current needed
for P-channel MOSFET drive.

In Figure 33, MOSFET is N-channel type and IR2113 driver which is designed to use bootstrap tech-
nique to charging gate capacitor is used. In Figure 34, optical isolation between controller and driver is
designed to separate signal and power zones. ICL7667 has a floating ground point that needs an isolated
power supply. There are some DC power supplies that because of isolation between input and output
zones are proper for this propose.

After requirements that were obtained before, whole converter reliability can be evaluated. Proposed
Buck converter specifications are presented in Table 3. Operating point is located in CCM.

Figure 31. Reliability model of Buck converter

Rs(t) Ro(t) RL(t) Re(t)

A 4
v
Y

Figure 32. Buck converter with P-channel MOSFET without auxiliary switch
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Figure 33. Buck converter with P-channel MOSFET with auxiliary switch
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Figure 34. Buck converter with N-channel MOSFET and boot strap driver
Switch [nductor lo
1 { [
- i -
Vi A& ==y
: Diode Capacitor 0 Load
Boot strap driver
Table 3. Proposed buck converter specification
P, \A \A L C D F,
60W 30V 15V 375uH 1.5uF 0.5 50KHz

In each of 4 converter topologies that are presented, it is assumed that different drivers do not have
important effect on converter component operation just on MOSFET switch operation and switch loss.
One important difference between N-channel and P-channel MOSFET is input capacitor values. Input
capacitor in products of some manufacturer has been assessed and it is deduced that the average of input
capacitor in P-channel MOSFETS is more than N-channel MOSFETs. Whatever input capacitor is higher,
charge interval will takes more time and consequently MOSFET switching loss becomes higher. Higher
loss results to higher switch failure rate. (Figure 35 and 36)

In Figure 37 failure rate of different drivers which are used in Figures 38 are shown. These failure
rates are calculated based on data of manufacturers for the failure rate of ICs and failure rate prediction
of MIL-HDBK-217 for diodes, capacitors and resistors which are used in driver circuits. Details of driver
circuits can be seen in application note which are presented in websites of manufacturers. As it is seen
in Figure 37, drivers’ failure rate for P-channel MOSFET are lower than N-channel MOSFET drivers.

For reliability comparison between 4 topologies that are presented, 2 switches of types P-channel
and N-channel are selected to use datasheet parameters and spice simulation to calculate loss and then
evaluate switch failure rate. It should be noted that to use available spice models, 2 switches of IRF are
selected for spice simulation. IRF540N and IRF5210 are switches which used in converter simulation.
Other power electronic components are same and gate signal is ideal. In spice simulation, power loss of
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Figure 35. Buck converter with N-channel MOSFET and optical isolation
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Figure 36. Power losses in switch driver for various drive topologies

Non-isolated driver for P-type  Non-isolated driver for P-type Boaot strap driver Isolated driver
switch switch with external switch

Figure 37. A comparison between failure rates of different BUCK converter topologies

Non-isolated drlver for P-type  Non-isolated driver for P-type Boot strap driver Isolated driver
switch switch with external switch
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Figure 38. Total Buck Converter failure rate

Driver Switch Diode Capacitor Inductor

P-channel MOSFET is about 0.99 watt but power loss of N-channel MOSFET is 0.67 watt. Therefore,
it is evident that switch failure rate for N-channel MOSFET is less than P-channel MOSFET. As already
mentioned, resistance of R, and R, have affect on MOSFET switching performance. In 4 cases, spice
simulation for P-channel MOSFET with varied R and R, were done. Whatever these resistors have more
resistance, power loss of these resistors are less but switching performance drops more down and power
loss of main MOSFET switch increases that results to higher switch failure rate. In Figure 38 power loss
of R, R, and main P-channel MOSFET switch in 4 cases of varied resistors of driver are shown. Also,
failure rate of P-channel MOSFET is evaluated. For each of R, and R, equal to 15 ohm, power loss of
switch is 1.475 watt and failure rate of switch equals to 4.15 failures per million hours. In this case,
power loss of driver is very high to reduce main switch failure rate. However, the overall failure rate of
converter using P-channel MOSFET switch is still higher than using N-channel MOSFET switch and
IR2113 driver. The difference of total failure rate in the cases that the resistance of R, and R, are greater
than 15 ohm will be greater. Consequently, it is obvious that using N-channel MOSFET results to lower
failure rate for whole converter failure rate.

Other Standards
Fides is a guide allowing estimated reliability calculation for electronic components and systems. The

reliability prediction is generally expressed in FIT or MTBF. FIDES Methodology is based on the physics
of failures and supported by the analysis of test data, field returns and existing modeling.

SUMMARY AND CONCLUSION

In this chapter, probability calculation was used for reliability prediction. Reliability models from com-
ponent to system levels were described. The results of this chapter are summarized as follows.

1. Reliability predictions provide a quantitative basis for evaluating product reliability. You can use
the information from a reliability prediction to guide design decisions throughout the development
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cycle. When an initial design concept is proposed, a reliability prediction can indicate the design
feasibility from a reliability standpoint. Even though these early stage predictions are based on
limited design information and are approximate at best, they can give direction to your design deci-
sions, which may be critical to product success. Reliability design begins with the development of
a system model. Reliability is defined in terms of probability. Probabilistic design is a discipline
within engineering design. It deals primarily with the consideration of the effects of random vari-
ability upon the performance of an engineering system during the design phase. Typically, these
effects are related to quality and reliability. Thus, probabilistic design is a tool that is mostly used
in areas that are concerned with quality and reliability.

2. Test of samples.

3. One of the most widely used reliability prediction methodology handbook is MIL-HDBK-217,
the Military Handbook for “Reliability Prediction of Electronic Equipment”. MIL-HDBK-217 is
published by the Department of Defense. It contains failure rate models for numerous electronic
components. These models may incorporate predictions based on failure rates taken from historical
data. Various parts of a converter has different rate of failure. A failure in a system occurres in the
part with highest rate of failure.

4.  Series and parallel models are two main types of reliability models of a converter. In series model,
the successful operation of the system depends on the proper functioning of all the system com-
ponents. A component failure represents total system failure. Parallel configuration, or the use
of redundancy, is one of the design procedures used to achieve extremely high system reliability,
greater than the individual component reliabilities.

The presented tools in this chapter are used for reliability re-evaluation of power converter during
the operation process or optimal design process which are presented in the next chapters. Before that,
in view of the considerable importance of temperature in all reliability models, we dedicate chapter 4
to this topic.
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KEY TERMS AND DEFINITIONS

Mean Time Between Failures (MTBF): A Well-known parameter which is used in reliability cal-
culation.

Probability: A mathematical tool for analysis of complex systems.

Reliability Model: A model of probability for reliability calculation.

Useful Life: Time interval of system normal operation.
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Chapter 4
Thermal Analysis

ABSTRACT

Over temperature is one of the main reasons of failure in electric power converters. In addition, some
of other failure factors such as dielectric breakdown act as over temperature in damaging process of a
converter. In the previous chapter, it is emphasized that temperature factor is a key index in reliability
calculation. Unlike fully electrical variables, thermal calculations require details of geometry of the
system and its environment. In this chapter, thermal analysis as the most important factor in failure of
converters is presented. Two main approaches for this goal are presented: numerical and lumped mode.
Principles of these methods are described with various examples and a comparison is presented. Basic
principles of thermal modeling are described and concept of sample node is explained. Methods for
thermal management of an electric power converter are described. These methods are at both compo-
nent and system levels and contain various heat transfer mechanisms like conduction and convection.
Theoretical methods and practical considerations for heat sink selection and proper mounting are pre-
sented. Thermal insulation classes and various standards related to thermal management are expressed.
Industrial samples are presented to show application of theoretical topics in real world.

INTRODUCTION: FAILURES DUE TO THERMAL PROBLEMS

This chapter is considered as a support for reliability calculation as it is shown in Figure 1. Over tem-
perature is one of the main reasons of failure in the systems. In the opposite of other failure factors (for
example: dielectric breakdown), over temperature calculation is not performed easily as the analysis of
other failure factors are taken place. Thus, in this chapter, temperature calculations of electrical machines
and power electronic converters are explained.

METHOD OF HEAT TRANSFER

There are three modes of heat transfer from a source with higher temperature to a region of lower tem-
perature.

DOI: 10.4018/978-1-4666-9429-3.ch004
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Figure 1. State of chapter 4 in the flowchart of the book
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Conduction heat transfer occurs when there is a temperature gradient in a system. Energy is transferred
from the high temperature region to the low temperature region. The energy transferring requires a mate-
rial medium to occur. The heat transfer rate is proportional to the temperature gradient in the direction
of the heat flow, the area and a property of the system.
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Convection

Another means of heat transfer is convection. In convection heat transfer, simply the heat is transferred
away from the hot or cold surface. There are a number of concerns to arrive at a adequate analytical
treatment of the problem. For example, for the case of a hot plate in front of fan, the velocity at which
the air blows over the hot plate obviously influences the rate of heat transfer.

Radiation

The third means of heat transfer is radiation. In contrast to the mechanism of conduction and convec-
tion, where energy transfer through a material medium is involved, heat may also be transferred through
region where a perfect vacuum exists.

THERMAL ANALYSIS USING FINITE ELEMENT METHOD

In mathematics, the finite element method (FEM) is a numerical technique for finding approximate
solutions to boundary value problems for differential equations (Gorginpour, Jandaghi, & Oraee, 2011).
It uses the calculation methods to minimize an error function and produce a stable solution. FEM en-
compasses all the methods for connecting many simple element equations over many small subdomains,
named finite elements, to approximate a more complex equation over a larger domain.

Structure of the Calculation

A typical work out of the method is dividing the domain of the problem into a collection of subdomains,
with each subdomain represented by a set of element equations to the original problem, systematically
recombining all sets of element equations into a global system of equations for the final calculation
(Boglietti, Cavagnino, Staton, Shanel, Martin, & Mejuto, 2009). The global system of equations has
known solution techniques, and can be calculated from the initial values of the original problem to ob-
tain a numerical answer. The subdivision of a whole domain into simpler parts has several advantages:

Accurate representation of complex geometry
Inclusion of dissimilar material properties
Easy representation of the total solution
Capture of local effects.

Numerical methods provide a prediction of heat flows. What this means is that it will give a visual
or post-processed result of a simulation but the quantitative or absolute accuracy of the result is sensi-
tive to the inclusion and accuracy of the appropriate parameters 1. This method is more appropriate for
precise modeling to optimization (Wei, Ghosh, Velusamy, Sankaranarayanan, Skadron, & Stan, 2006).
Numerical methods can give an insight into patterns that are difficult, expensive or impossible to study
using experimental methods. Experiments can give a quantitative description of flow phenomena using
measurements for one quantity at a time, at a limited number of points and time instances. If a full scale
model is not available or not practical, scale models or dummy models can be used. The experiments
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can have a limited range of problems and operating conditions. Simulations can give a prediction of
flow phenomena using software for all desired quantities, with high resolution in space and time and
virtually any problem and realistic operating conditions.

Methodology

In the first step, the element equations are simple equations that locally approximate the original com-
plex equations to be studied, where the original equations are often partial differential equations. The
process is to construct an integral of the inner product of the residual and the weight functions and set
the integral to zero. In simple terms, it is a procedure that minimizes the error of approximation by fit-
ting trial functions into the partial differential equations. The residual is the error caused by the trial
functions, and the weight functions are polynomial approximation functions that project the residual.

In the second step, a global system of equations is generated from the element equations through
a transformation of coordinates from the subdomains’ local nodes to the domain’s global nodes. This
spatial transformation includes appropriate orientation adjustments as applied in relation to the reference
coordinate system. The process is often carried out by FEM software using coordinate data generated
from the subdomains.

Advantages

FEA is a good choice for analyzing problems over complicated domains, when the domain changes,
when the desired precision varies over the entire domain, or when the solution lacks smoothness (Sta-
ton, Boglietti, & Cavagnino, 2005). For instance, in a frontal crash simulation it is possible to increase
prediction accuracy in “important” areas like the front of the car and reduce it in its rear (thus reducing
cost of the simulation). Another example would be in numerical weather prediction, where it is more
important to have accurate predictions over developing highly nonlinear phenomena rather than rela-
tively calm areas. FEM allows detailed visualization of where structures bend or twist, and indicates the
distribution of stresses and displacements. FEM software provides a wide range of simulation options
for controlling the complexity of both modeling and analysis of a system. Similarly, the desired level
of accuracy required and associated computational time requirements can be managed simultaneously
to address most engineering applications. FEM allows entire designs to be constructed, refined, and
optimized before the design is manufactured.

This powerful design tool has significantly improved both the standard of engineering designs and
the methodology of the design process in many industrial applications. The introduction of FEM has
substantially decreased the time to take products from concept to the production line. It is primarily
through improved initial prototype designs using FEM that testing and development have been acceler-
ated. In summary, benefits of FEM include increased accuracy, enhanced design and better insight into
critical design parameters, virtual prototyping, fewer hardware prototypes, a faster and less expensive
design cycle, increased productivity, and increased revenue.

Figures 2 and 3 show a typical electronic board. To investigate the temperature rise, this beard is
analyzed by FEM. Figures 4, 5, 6, and 7 shows the results of this analysis. Some hot spots are seen in
the board and should be thermally managed. A similar study can be done on an electric machine as
shown in Figure 8.
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Figure 2. A PCB board (front)

m -

Figure 3. A PCB board (back)
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Figure 4. Temperature profile (Front) Figure 5. Temperature profile of components

Figure 6. Temperature profile (back)
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Figure 7. Temperature profile (components)

Figure 8. Temperature profile of a rotor (3-D)
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Example: FEM Analysis of Toroid Transformer

To show application of the above mentioned numerical method, a toroid transformer is analyzed using
numerical software. The simulation is run using FLUENT software. The geometry of the transformer is
set up using GAMBIT software and then it is imported to the FLUENT software to solve the Equation 5.

A large cylinder is placed symmetrically around the transformer to play the role of surroundings. In
order to reduce the number of required meshes, and also to reduce the computational time, it is preferred
to model only one forth (90 degrees) of the transformer instead of its full circular shape. This should not
cause serious problem because the actual heat transfer through the symmetry surface at steady state is
zero. Figure 9 shows the transformer section which is imported into FEM software.

Figure 9. Transformer section in a FEM based software
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Figure 10. Velocity vectors
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Once all the required parameters are defined, the model can be simulated. Simulation of course
needs initial values for say, velocities. Since the heat convection mode is natural, it is reasonable to set
the initial values of velocities to zero. In order to simulate the thermal behavior of the model, FLUENT
solves the continuity equation and energy balance simultaneously . As FLUENT iterates, it can show
the residuals and hence, it can be easily observed if the solution diverges or converges.

Since FLUENT solves the equations for all of parameters velocity, temperature, pressure, density, etc,
the plots for any of these parameters can be obtained. The velocity vectors and pressure along a surface
crossing origin are shown in Figure 10 and Figure 11, respectively.

The results show the symmetry that would be expected around the surface of the core of the transformer.

Lumped Thermal Model

FEM techniques for analyzing the temperature profile are usually accurate tools and yield the temperature
of many nodes in the studied system. However, these methods usually have a long run time and they suf-
fer from divergence problems. Especially in the optimization process with iterative solving techniques,
it is an important limitation. Other alternative technique for analyzing the temperature is usage of a
thermal model. A thermal model is a summarized model of the one which is used in FEM. In this sum-
marized model, the number of nodes is limited to a few nodes. Therefore, the set of thermal equation
become small and it can be solved rapidly. Thus, the run time decreases and the temperature profile is
achieved in a reasonable time interval (Gorginpour, Oraee, & McMahon, 2014). The cost paid for this
short convergence time is decreasing in the accuracy of the solutions. Regarding to these characteristics,
thermal models are used in the design process to reach to an acceptable design and then the accuracy of
the design is raised with a FEM based analysis.
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Figure 11. Contours of pressure
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Thermal Analysis

Thermal models facilitate the design and analysis of cooling systems. The underlying idea of such
models is the formal similarity between heat transfer and electric circuits. Thermal quantities and their

electrical counterparts are listed in Table 1.

Figure 12 shows a typical heat transfer problem, in which a lossy system dissipates some energy into
its ambient. The thermal equivalent for this typical problem is shown in Figure 13.
In this circuit, T, and T, are the ambient and system temperatures, respectively; P, is the power loss
in the system and R, is the thermal resistance of the heat transfer path. Using this equivalent circuit the

following relationship can be readily obtained.

Table 1. Thermal and electrical equivalent pairs

ey

Thermal Quantity

Electrical Quantity

Heat current (power), P(W)

Current, I(A)

Temperature, T(°K)

Voltage, V(V)

Thermal resistense, R(°K/W)

Resistance, R(Q)

Thermal capacity, C(J/°K)

Capacitance, C(F)
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Figure 12. A simple heat transfer layout
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Figure 13. Thermal equivalent circuit of the simple heat transfer layout

It is worth noting that the thermal capacity is not considered in this study, as it does not affect the
steady state temperature.

Figure 14 shows the equivalent thermal model of stator of an electric motor in two levels (Boglietti,
Cavagnino, Lazzari, & Pastorelli, 2003). In advanced level, the stator is divided into some parts and a
node is considered for each part. In simple level. All of stator is considered as a unique part. A more
precise model is shown in Figure 15.

Here, we continue the method with some different type examples.

169



Figure 14. Two various methods of thermal equivalent circuit
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Thermal Modeling with Symmetry

In this section, a method for analysis of thermal behavior of toroidal transformers is proposed. This ma-
chine was analyzed in previous section with FEM. Regarding the symmetry in its structure, its thermal
model is simple. The method enables prediction of temperature distribution within the transformers
(Swift, Molinski, & Lehn, 2001).

A toroidal transformer has a ring shaped core with a circular cross section. Primary and secondary
windings are wound on such core. Figure 16 shows this structure and its vertical cross section.

As the whole setup has a polar symmetry, there is no circular heat transfer (Thorough directionl).
On the other hand, the heat generated within the core will flow through core iron, winding copper and
surrounding air, consecutively (Thorough direction 2).

Figure 17 shows the horizontal cross section of toroidal transformer. A polar symmetry also exists in
direction 1 in this figure. Therefore, we will start thermal modeling along the radial axis.

Figure 16. Toroidal transformer and its cutoff cross section
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Figure 17. Horizontal cross section of toroidal transformer

As mentioned earlier, thermal modeling requires a transition from a distributed phenomenon to a
lumped model. To do so, a differential element of a form of a sector is cut out from the transformer, the
view angle of which is @, as shown in Figure 17. In the following section, heat transfer behavior of this
element is examined and its heat sources and thermal resistances are computed 2,3.

Repeatability is the main feature of differential element, i.e., the whole structure is made up of several
such differential elements placed one next to another. As shown in Figure 17, the differential element
comprises m wires of primary winding in each layer, n wires of secondary winding in each layer and a
section of core. As windings are uniformly distributed around the core, ratio n/m is constant regardless
of where the differential element is taken from 9.

Heat transfer of a wire to ambient is occurred by convection because a wire has low contact area
with its surroundings and the rate of heat transfer through conduction is poor. Heat transfer equation of
a single wire through convection obeys equation (2).

P

loss

= hAAT 2)

where P, is the power dissipation of wire, A is its cross section area and AT is the temperature differ-
ence between wire and its ambient. In this equation constant h is presented by as below.
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Figure 18. Differential element
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h=N,

u

3)

QU=

where d is hydraulic diameter that is equal to wire diameter, k is convection constant of ambient and
is equal to 0.026 W/m. ° C in this study, and Nu is the Nowselt constant. This constant is expressed as
follows 4.

4

N, =m (Ra) 4)
where m and c are two constants and Ra is Riely number that is presented in the following equation 4.

3
Ra = o.7gBATTd (5)

In this equation g is gravity acceleration and equals to 9.8m/s? v is a constant and is equal to
0.0000156m?/s and P is equal to the following relation 4.

B=(AT /2+273)" ©)
Therefore, thermal resistance in convection is equal to the following equation.

R,=— (7)

In this way, thermal equivalent circuit of differential element for a toroidal transformer is shown in
Figure 7. It is assumed that this transformer has one primary and secondary layer. The differential ele-
ment is related to m wires in primary and n wires in secondary and for sector angle ¢ (see Figure 17).
Current sources P_and Ps are the power loss in primary and secondary windings, respectively. If the
number of primary winding turns is equal to N and for secondary winding is equal to Ns, then these
current sources can be expressed as follows.

P=(P |/N)X (8)
P cup P’ 9m
P=(P,/N)>= ©
N cus s 2,]_Y

where Pcup and Pcus are the total copper loss in primary and secondary windings, respectively.
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In calculation of thermal resistance R and R, the temperature difference AT is equal to temperature
difference between two neighborhood point. For example in calculation of R the temperature difference
is equal to Tnp—TnC

The current source P is the core loss in differential element and is expressed by

c ctotal 2

P=P iNﬂ (10)
T

and the core thermal resistance R is equal to the following equation

R:

!
— 11
© M (1)

where [ is radial of core, A_is area of core in this element and A is conductivity of core.
Figure 20 shows the thermal equivalent circuit.

Figure 20. Thermal equivalent circuit for the differential element

Secondary winding Primary winding
temperature temp?rature
Rs y R
MW 2 * Core
Ps Pp
Re .‘:

Ambient — AN AN
temperature
s Pe

Secondary winding Primary winding

175



Table 2. Charactristics of transformers used in experimental setup

Thermal Analysis

Vi/Vo Pn (W) N1 D1 (mm) N2 D2 (mm)
220/24 50 1725 0.28 212 0.80
220/24 200 1085 0.60 127 1.80
220/24 500 505 0.95 58 2.80

To verify theoretical prediction and simulation results, a test setup has been prepared. This setup is
constructed by means of a toroidal transformer, several temperature sensors, which have been put in
different layers of transformer windings, a load and some instrumentation devices.

The temperature sensor used is AD590. It is a temperature-controlled current source with high im-
munity against noise, whose output signal can be transmitted through long wires. Another important
feature of ADS590 is its small size, which enables putting it in winding layers.

To verify results for a wide range of rated power and size of transformers, three transformers with
different sizes and rated powers have been employed in this experiment. The characteristics of these
transformers are shown in Table 2.

The photographs of setup are shown in Figure 21. The transformers, the transmission wires and the
instrumentation devices are clearly observed.

Tables 3 and 4 show the theoretical predictions and results of experiments, respectively. As can be
seen, the experimental results and theoretical calculations are in well agreement. Results show that the
core of transformer is its hotspot.

The difference between the measured and calculated values can be due to the fact that the winding
wires of transformers in experimental setup had a rectangular cross section, which causes non-uniform
heat distribution and transfer in various directions.

Figure 21. Experimental setup for temperature measurement
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Table 3. Experimental results of temperature in different points of transformers

Temperature in the middle of primary Temperature between primary and Temperature in the outer layer of
# winding (° C) secondry windings (° C) secondry windings (° C)
1 65 61 57
2 68 62 58
3 73 68 61

Table 4. Theoretical results of temperature in different points of transformers

Temperature in the middle of primary Temperature between primary and Temperature in the outer layer of
# winding (° C) secondry windings (° C) secondry windings (° C)
1 61 59 53
2 63 59 55
3 70 65 62

The simulation and experimental results show the core of transformer is its hotspot and the bottom
layer of primary winding which is close to the core is affected by the most thermal stress.

Thermal Modeling Without Symmetry
Example: Thermal Modeling of Stator Bar

The stator winding in a large electric machine as shown in Figure 22 must be able to carry the rated
current without exceeding specified thermal limits. A medium material like water is usually used to
transfer the heat generated in stator bar. Therefore, it is necessary to place a number of channels for
cooling water inside the stator bar. On the other hand, an AC current carrying conductor embedded in
a narrow slot in a magnetic material drives magnetic flux around itself and this alternating leakage flux
induces alternating voltages along the length of the strips. If solid conductors are used, these voltages
would cause circulating currents around the bar, resulting in unacceptable eddy current loss and heating.
In order to minimize this effect, the conductor is divided into strips lightly insulated and arranged in a
number of stacks along the bar width (Figures 23 and 24). The strips are transposed along the length of
the bar using the Roebel method. Figures 25 and 26 show a typical view of this method. In this figure
three different cross sectional areas of stator bar along its length are shown. Some of these strands are
hollow type to pass the cooling water. In this example, a thermal model is presented considering the
displacement of conductors. The proposed model is a thermal equivalent circuit with structure variabil-
ity in the length of stator bar because of conductor displacement. The network structure is different for
each transposition step, but does not change between two successive transposition steps. Therefore, the
thermal model consists of different electric networks connected by lateral thermal resistances. Variations
of equivalent network affect hot spot of stator bars.

The developed thermal model enables determination of temperature of copper strands in the bar and
water temperature at the bar outlet caused by losses dissipated in bar, heat transfer and the number of
blocked hollow strands. In order to determine the temperature of the copper strands, the length of the bar
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Figure 22. A turbogenerator cutaway

Figure 23. The cross sectional area of a stator bar
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is divided into a number of parts equal in number with transposition steps. The cross sectional area of
the bar is fixed between two successive transposition steps and a thermal equivalent circuit is derived for
each cross section. In thermal equivalent circuits, node voltages, current sources and resistances represent
node temperature, heat loss and thermal resistance, respectively. Therefore, the complete equivalent cir-
cuit of stator bar consists of different networks which are connected by lateral thermal resistances. These
lateral resistances model water temperature rise in hollow conductors along the length of the bar 12.
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Figure 24. Cutaway of a stator bar, (a): insulator holder of bar, (b): insulator between column, (c):
copper strand, (d): hollow strand with cooling water channel, (e): insulator of strand
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Figure 25. Transposition of stator bar according to the Roebel method
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Figure 26. Various pattern in transposition of stator bar according to the Roebel method
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Figure 27 shows the thermal equivalent circuit of anormal and hollow conductor in the bar, respectively.

1

gl - E’Rl = 2Rcu1 + 2Rin51 + RinsQ (12)
1
1

gZ - R_’RZ = Rcul + Rinsl + RinsZ + RinsS + RcuZ (13)
2
1

gS - R_7R3 = 2Rnu2 + 2Rin53 + Rins2 (14)
3
1

g4 = R_’R-L = 2Rcu3 + 2Ri”~V4 (15)
4
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Figure 27. Thermal equivalent circuit of a hollow and filled conductor

1
gSZE’RSZR

5

+R ,+R . +R

cu3 ins4 insS cu4

1
g6 :R_’R6 :RW+Rcu4

6

where

R_,,. conduction thermal resistance between two normal conductors along vertical direction.

ul

R_,. conduction thermal resistance between two hollow conductors along vertical direction.

R ;. conduction thermal resistance between two normal conductors along horizontal direction.
R, conduction thermal resistance between two hollow conductors along horizontal direction.
R. . conduction thermal resistance of normal conductor insulation.

nsl

R, , conduction thermal resistance of hollow conductor insulation.

R, . conduction thermal resistance of insulation between two columns.
R. , conduction thermal resistance of bar insulation.

R convection thermal resistance of water channel.

(16)

a7

Figure 28 shows the thermal equivalent circuit for the bar cross section. In this network, water tem-
perature at hollow conductors is considered constant. Therefore, voltage sources are used to represent
water temperature at hollow conductors in each cross section and are shown as their Norton equivalent
(P,). Other current sources are solid conductor copper loss (P|) and hollow conductor copper loss (P,),

which are expressed based on total loss of the generator.

The voltages at network nodes (which represent node temperatures) are calculated by solving the

following system of equations:

[¥lr]=11)
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Figure 28a. Thermal equivalent circuit of a cross section
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where [Y] is the admittance matrix constructed from the network topology.

To calculate the temperature at different points along the bar, all thermal equivalent circuits of cross
sections should be processed. Since it is assumed that water temperature is constant between two suc-
cessive transposed steps, it is necessary to consider water temperature rise between two successive cross
sections. Therefore, water temperature in a cross section is expressed as follows:

Nu
d

T.,-T,=F

+1 i

where T, and T, | represent water temperature in the i and i+1 cross sections, respectively, P, represents
heat power entering water channels in the i cross section, N is the Nouselt constant and d is hydraulic
diameter.

Having calculated water temperature rise between two successive cross sections, further process in
subsequent cross sections will be possible. Figure 29 shows two consecutive sections of the bar.

Tables 5 and 6 show the electrical and thermal specifications of the stator bar used in simulation,
respectively.

Figures 30, 31, and 32 show the thermal equivalent of stator and rotor of the generator.

Figures 33, 34, 35, and 36 show the result of this analysis. Figure 33 shows the temperature of vari-
ous nodes in the bar. It can be seen that there is a symmetry in this result. Figure 34 show FEM analysis
of bar and it verify this symmetry. Figure 35 show the temperature rise of the cooling water in the bar.
Figure 36 shows a comparison between simulation analysis and experimental results.
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Figure 28b. Completed thermal equivalent circuit of a cross section
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Figure 29. Thermal equivalent models of Two Consecutive segment of stator bar
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Table 5. Electrical specifications of stator bar

Parameter Value
Rated current (A) 9150
Length (m) 7
Number of strands per column 19
Number of columns 4
Number of hollow conductors 20
Number of transpose nodes 38
Transposition angle (°) 360
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Table 6. Thermal specifications of stator bar

Parameter Value
Strand insulation Paper
Column insulation Mica
Cooling material Water
Inlet water flow (m/min) 24
Inlet water temperature (°C) 40

Figure 30. Thermal model of stator and rotor cores
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Figure 31. Thermal model of stator bars
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INSULATION CLASS

The electrical insulation system for wires used in generators, electric motors, transformers, and other
wire-wound electrical components is divided into different classes by temperature and temperature rise.
The electrical insulation system is sometimes referred to as insulation class or thermal classification.
The different classes are defined by NEMA, Underwriters Laboratories (UL), and IEC standards 17.
The maximum hot-spot operating temperature is reached by adding the rated ambient temperature of
the machine (often 40°C), a temperature rise, and a 10 °C hot-spot allowance. Electrical machines are
usually designed with an average temperature below the rated hot-spot temperature to allow for accept-
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Figure 32. Thermal model of rotor

Rotor bar
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able life. Insulation does not suddenly fail if the hot-spot temperature is reached, but useful operating
life declines rapidly; a rule of thumb is a halving of life for every 10 °C.

Older editions of standards listed materials to be used for the various temperature classes. Modern
editions of standards are proscriptive, only indicating that the insulation system must provide acceptable
life at the specified temperature rise.

In large machines, different systems may be used according to the predicted temperature rise of the
machine; for example, in large hydroelectric generators, stator windings may be Class B but the more
difficult to cool rotor winding may be Class F.
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Figure 33. Temperature profile of stator bar resulted from thermal model
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Figure 35. Temperature profile of cooling water resulted from thermal model
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A critical factor in the reduced life of electrical equipment is heat. The type of insulation used in
a motor depends on the operating temperature that the motor will experience. Average insulation life
decreases rapidly with increases in motor internal operating temperatures.
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Table 7.

NEMA Letter Class Maximum Hot Spot Temperature Allowed
A 105°C

130°C

155°C

180°C

200°C

220°C

Alz|Zm|TH|w

NEMA has established safe maximum operating temperatures for motors based on an average 20,000
hour lifetime. These maximum temperatures are the sum of the ambient and maximum temperature rise
ratings of the motor.

There are four NEMA insulation classes based thermal endurance of the system for maximum tem-
perature rating purposes. These are listed on the motor’s nameplate and are either A, B, F, or H. These
codes indicate the maximum temperature the motor insulation can withstand without failure.

Class A insulation was the standard insulation used on older U Frame motors between 1952 and 1964.
Since 1964, T Frame motors use class B insulation as the standard insulation. Most common fractional
horsepower motors use either insulation class A or B.

Class B is used on most integral horsepower motors. Classes F and H are generally used for NEMA
motor designs which are special applications. Do not confuse the NEMA insulation classes with the
NEMA motor designs which are also given by letters.

NEMA insulation ratings assume the motor is operating within its rated ambient temperature. Am-
bient temperature is the air temperature surrounding the motor and is also indicated on the nameplate.

Motors should be replaced by motors with the same or higher insulation class to avoid reductions in
motor life and nuisance tripping of the motor overload device. Each 10 Degree C rise above the motor’s
rating can reduce motor life by one-half.

SUMMARY AND CONCLUSION

Over temperature is one of the main reasons of failure in the systems. It has a dominant role among the
failure factors which were described in chapter 2. In this chapter, thermal management and modeling of
an electric power converter was described. The main topics of this chapter are summarized as follows:

1. There are three modes of heat transfer from a source with higher temperature to a region of lower
temperature. Among them, conduction heat transfer is the most important method in electric power
converter. As they usually work at a low temperature, radiation method is not very effective. On
the other hand, natural convection based methods are not effective and forced convection cooling
methods are not very reliable because of using active part in cooling process.

2. Atheoretical thermal model is normally used as a first order estimate. Thermal analysis can be car-
ried out by numerical analysis or lumped models. Numerical method is not fast but very accurate.
FEM is a tool for numerical thermal analysis. FEM is best understood from its practical application
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and it is applied in engineering as a computational tool for performing engineering analysis. It in-
cludes the use of mesh generation techniques for dividing a complex problem into small elements,
as well as the use of software program coded with FEM algorithm. Lumped models are very fast
and can be used for optimization. Their accuracy is less than numerical methods. Thermal models
facilitate the design and analysis of cooling systems. The underlying idea of such models is the
formal similarity between heat transfer and electric circuits.

3. Proper heat sink helps a lossy system to work in a lower temperature than natural convection con-
dition. Forced air and water cooling can be used for temperature control of the systems with high
power losses.

In this point, we can predict the temperature and the reliability of a designed power converter or
remaining useful life of an operating converter. However, there are many unwanted factors which can
not be modeled in reliability calculations. In addition, there are many human errors in implementation
of the power converters. Therefore, it is necessary to test the stability of a product, especially an electric
power converter. In the next chapter, we discuss reliability measurement.
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Thermal Modeling: An equivalent electric network for temperature calculation.
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Chapter 5
Reliability Measurement

ABSTRACT

After calculation of reliability, the system is constructed. It is important to measure the calculated useful
life of the system. Reliability measurement tests can also be used for the converter operating in service to
estimate the remaining useful life of the converter. In this chapter, various methods of tests for this goal
are presented. The main approach is accelerated aging test that reduce the time needed for failure in a
system. In this method, the device is tested under conditions beyond its defined nominal specifications.
Limits for this harsh condition is determined based on the calculations which are presented in chapters
3 and 4. If a problem occurs in implementing and operating process of the converter, accelerated aging
tests decrease the time to failure. Theoretical concept of accelerated aging tests is described. Standard
tests of electric power converters are presented. Equipment and test chambers for standard tests are
explained. These tests contain all four various failure factors which are presented in chapter 2. Sample
industrial examples are presented to demonstrate the procedure of the tests. Some accelerated aging
tests may lead to destruction of the converter. Difference between destructive and nondestructive tests
is presented. Sample devices after accelerated aging tests are shown. Measuring devices for system
parameter identification are introduced. Various types of tests are expressed in details for some of the
most important tests like electric withstand tests.

INTRODUCTION

In Chapter 2, we reviewed the most important failure factors of an electric power converter. However,
there are still many unknown failure factors that they become important in special cases. For example,
one of the loss factors in electrical machines was stray load loss. This is an unknown factor and cannot
be modeled precisely. In many cases, it is a small percent of failure factors. However, it may be dominant
factor for the motors operating in special conditions. Theoretical analysis cannot consider all factors about
reliability of a converter (Lu, & Rudy, 2001). Therefore, we need to test the reliability of a converter
after implementation and before popular allocation. We study the commonly used methods for reliability
testing in the current chapter. Figure 1 shows the state of this chapter in the flowchart of the book. But,
here is a problem. Assuming an exponential distribution, a reasonable assumption for electronic com-
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Figure 1. State of chapter 5 in the flowchart of the book
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ponents, the specific prediction for the product is simply a matter of determining operating hours and
types of failures expected. The failure rate of the product can be determined from the following equation:

Failure Rate = Number of Failures / Operating Time

The advantage of predicting from field and test data is that the reliability results can be accurately
determined including the associated uncertainty of the estimate (Wong, Albrecht, Allan, Billinton, Chen,
Fong, Haddad, Li, Mukerji, Patton, Schneider, Shahidehpour, & Singh, 1999). The disadvantage is the
difficulty of obtaining and assessing accurate field and test data. In addition, more important problem
is the time interval that is necessary for fault occurrence.

193



Reliability Measurement

EFFECT OF TEST ON EQUIPMENT

In reliability tests, at each test one or some parameters of environmental conditions are stressed more
than typical state to reduction of test time less than real state. Then, there are some determined relations
between this accelerated test results and typical condition results that are used to finding failure rates
and reliability evaluation. One of the main concerns in these tests is this question: Does the over stress
test have improper effect on the equipment? This question become more important when we want to
evaluate the reminder useful life of a converter (Saha, 2003). In this case, the reliability tests must have
no destructive effect on the equipment.

Destructive Tests

In destructive testing, tests are carried out to the specimen’s failure, in order to understand a specimen’s
structural performance or material behaviour under different loads. These tests are generally much easier
to carry out, yield more information, and are easier to interpret than nondestructive testing. Destructive
testing is most suitable, and economic, for objects which will be mass-produced, as the cost of destroy-
ing a small number of specimens is negligible 2.

Non-Destructive Tests

Nondestructive testing is a wide group of analysis techniques used in science and industry to evaluate
the properties of a material, component or system without causing damage. Because NDT does not
permanently alter the article being inspected, it is a highly valuable technique that can save both money
and time in product evaluation, troubleshooting, and research (Thebaud, Woirgard, Zardini, Azzopardi,
Briat, & Vinassa, 2003). Common NDT methods include ultrasonic, magnetic-particle, liquid penetrant,
radiographic, remote visual inspection (RVI), eddy-current testing, and low coherence interferometry.
NDT is commonly used in forensic engineering, mechanical engineering, electrical engineering, civil
engineering, systems engineering, acronautical engineering, medicine, and art.

To show the difference between DPA and NDT an insulator is a good example. Figure 2 shows the
nonlinear I-V characteristic of a typical isolator. If the test voltage causes to nonlinear breakdown of the
isolator, a DPA occurs. If the applied is less than the voltage for breakdown, the isolator is not damaged
during the test as shown in Figure 3.

Arrhenius Method
Common way to determine a life stress relationship are

Arrhenius model

Eyring model

Inverse power law model
Temperature—humidity model
Temperature non-thermal model
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Figure 2. V-1 characteristics of an electric insulator
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Arrhenius’ equation is a simple but remarkably accurate formula for the temperature dependence of
reaction rates. Arrhenius provided a physical justification and interpretation for the formula. Currently,
it is best seen as an empirical relationship. It can be used to model the temperature variation of diffusion
coefficients, population of crystal vacancies, creep rates, and many other thermally-induced processes/
reactions.

A historically useful generalization supported by Arrhenius’ equation is that, for many common
chemical reactions at room temperature, the reaction rate doubles for every 10 degree Celsius increase
in temperature.

Both the Arrhenius activation energy and the rate constant k are experimentally determined, and
represent macroscopic reaction-specific parameters that are not simply related to threshold energies and
the success of individual collisions at the molecular level. Consider a particular collision (an elementary
reaction) between molecules A and B. The collision angle, the relative translational energy, the internal
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(particularly vibrational) energy will all determine the chance that the collision will produce a product
molecule AB. Macroscopic measurements of E and k are the result of many individual collisions with
differing collision parameters. To probe reaction rates at molecular level, experiments are conducted
under near-collisional conditions and this subject is often called molecular reaction dynamics.

Accelerated Testing

Life data analysis involves analyzing times-to-failure data obtained under normal operating condi-
tions in order to quantify the life characteristics of a product, system or component. For many reasons,
obtaining such life data (or times-to-failure data) may be very difficult or impossible. The reasons for
this difficulty can include the long life times of today’s products, the small time period between design
and release, and the challenge of testing products that are used continuously under normal conditions.
Given these difficulties and the need to observe failures of products to better understand their failure
modes and life characteristics, reliability practitioners have attempted to devise methods to force these
products to fail more quickly than they would under normal use conditions. In other words, they have
attempted to accelerate their failures.

Advantages of Accelerated Testing

The purpose of accelerated life testing (ALT test) is to induce field failure in the laboratory at a much
faster rate by providing a harsher, but nonetheless representative, environment. In such a test, the product
is expected to fail in the lab just as it would have failed in the field—but in much less time. The main
objective of an accelerated test is either of the following 4:

e  To discover failure modes
e  To predict the normal field life from the high stress lab life

Various Types of Tests
An Accelerated testing program can be broken down into the following steps:

Define objective and scope of the test

Collect required information about the product

Identify the stress(es)

Determine level of stress(es)

Conduct the accelerated test and analyze the collected data.

Manufacturers follow specific industry standards when creating electrical products. To ensure their
creations meet those standards, the products must undergo automated or manual testing processes to
ensure the specifications are met. Testing also is a way to uncover glitches and problems with a design
before it’s integrated into a larger project. Testing allows engineers to identify the difference between
what they expect their creations to do and what they actually accomplish.
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Acceptance and Qualification Tests

Acceptance testing and qualification testing are engineering processes that products undergo before they
are deemed safe and ready to use. Cables, electrical wiring and software templates that run electrical
panels are subject to a realm of rigorous tests to meet industry and government safety standards, such as
those set by the Insulated Cable Engineers Association or the American Society for Testing and Materi-
als. There typically is a range of tests that occur between the qualification of an electrical product and
its final acceptance.

Typically the first step in the testing process is a materials test to ensure each piece of the finished
electrical product meets or exceeds expected standards. You can’t expect a cable or wire to perform ef-
fectively and pass the qualification process with substandard materials. The next step is the qualification
testing phase that determines whether the overall design is credible. Again, this is an important phase to
complete before you even begin manufacturing, because a flawed design will result in a flawed finished
product

Before an electrical cable or wire can pass the acceptance testing stage, it goes through exhaustive
field testing. Field tests usually include testing while the cable or wire is still on the spool, how it passes
the initial installation process and how it interfaces with the existing structures into which it will eventu-
ally be used. The cable or software system is run through a wide range of scenarios to test its strength
and sustainability under a variety of circumstances. The final stage involves acceptance testing, which
is performed after installation and field testing are complete. The product runs through its normal ap-
plication. The acceptance testing process primarily is performed to test the installation and ferret out any
bugs. Acceptance testing should not exceed the capabilities designed into the product.

Industry standards in the electrical industry guide the qualification testing process and usually include
aging tests as well as comparisons to similar products. Manufacturers of different cables or software
platforms must comply with a set of industry qualification testing standards. Once the product passes

Figure 4. Short circuit protection test of a power supply
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Figure 5. Functional temperature rise test of a converter

a

the materials and qualification tests, it can then go to production. Production testing occurs periodically
during and after the manufacturing process. Again, industry standards are used to measure the viability
of the product as it goes through production. Similarly, in the software industry, each step of a software
application is assessed as it’s built.

Figure 6 shows standard test sheet for permissible defectives for qualification approval test. This is
a test sheet for a capacitor and includes many various tests. The number of permissible defectives are
different in various tests.

Figure 4 shows short circuit test of a high voltage power supply. In this test, the output of the power
supply is connected to a load with very low impedance by a contactor. Figure 5 shows temperature rise
test of a converter in normal condition.

Test Chambers
An environmental chamber is an enclosure used to test the effects of specified environmental conditions
on biological items, industrial products, materials, and electronic devices and components.
Such a chamber can be used:
1. asastand-alone test for environmental effects on test specimens

2. as preparation of test specimens for further physical tests or chemical tests
3. asenvironmental conditions for conducting testing of specimens
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Figure 6. Typical standard test sheet for permissible defectives for qualification approval test IEC
publication 60384-4 ed.4.0 (Copyright © 1998 of publication IEC Geneva, Switzerland. www.iec.ch)

Sub- Number of specimens (n)
clause and number of issible defectives (pd)
Group Test of this Per For four or less values For six values
No. publi- | value " to be tested ') to be tested "
cation n an pd pd total én pd pd total
0 High surge current @ | 4,21
Visual examination 4.2
Dimensions 4.2
Leakage current 4.1
Capacitance 432 30 120 1 180 29
Tangent of losa 4338
angle
impadance ¥ 434
Spare specimens 2 8 12
1 L] 1] 1 T L]
| 1A |Robustness of 4.4 3 12 13 18 13
1 terminations 1 [ l 1 t
I 1 I 1 1 i
I Resislance {0 & 4.5 : : 1 I :
| soldering heat 1 1
= = B v I el s
1 1B | Solderability 9 46 B | 4_! 1 4' -! )
I 1
| Rapid change of 4.7 : | : : :
| temperature 1 1 I 1 1
| 1 1 I 1 1
| Vibration 4.8 I | | i 1
| 1 1 I I 1
I Bump or shock 4 4.9 0r 1 | I ' 1
! 4.10 I 1 I ! I
—— - - . s s T | |
1 Climatic sequence | 4.11 9 as 23 4 54 2d 6
2 Damp heat, steady | 4.12 5 20 1 30 293
state
3 Endurance 4.13 5 20 1 30 2®
4A Surge voltage 4.14 2 8 12 1
4B Reverse voltage 4 4.15 1
Pressure relief 4 2 8 12 1
4.18
BA Storage at high 417 2 B 12 1
temperature 1
5B Storage at iow 4.18 2 8 12 1
temperature 4
6 Characteristics at 419
high and low
temperature 3 12 1 18 23
Charge and 4.20
discharge
" Case size/voliage combinations, see 3.4.1,
2 For solid electrolyte capacitors anly and if prescribed by the detail specification.
3 Not more than one defective is permitted from any one value.
# If prescribed in the detail specification.
5) Not applicable to capacitors with screw terminations or other terminations not designed 10 be soldered, as
stated in the detail specification.
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Thermal Tests

Temperature cycling (or temperature cycle) is the process of cycling through two temperature extremes,
typically at relatively high rates of change. It is an environmental stress test used in evaluating product
reliability as well as in manufacturing to catch early-term, latent defects by inducing failure through
thermal fatigue.

Figures 7 and 8 shows a typical test chamber for thermal cycling test of electronic boards.

There are two types of temperature measurement: contact and contactless methods. Figures 9 to 11
show temperature measurement of a transformer winding with a temperature sensor which is mount on

Figure 7. A thermal cycling chamber, (Source: Garouk Co. with permission)

Figure 8. An environmental chamber, (Source: Garouk Co. with permission)
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Figure 9. Mounting of atemperature sensor for test Figure 10. A temperature sensor

Figure 11. Temperature measurement of a transformer
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the winding. Figure 12 shows the same transformer under temperature rise test with contactless tempera-
ture measuring device. Figure 13 shows the result of temperature rise test on this transformer. Figures
14 and 15 show typical test scenario for thermal cycling and thermal shock tests.

If the temperature rise resulted from thermal tests is more than allowable value, we can continue the
test to check the precise location of the fault. Figures 16, 17, 18, and 19 show the result of thermal test
on a transformer. It can be seen that one side of the transformer winding is damaged. It may be because
of lack of proper cooling in this side.

Figure 12. Remote temperature sensing

Figure 13. A typical temperature rise test result
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Figure 14. A scenario for thermal cycling
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Electrical Tests

Electrical field is an important failure factors in power converters. Under normal conditions, any electrical
device will produce a minimal amount of leakage current due to the voltages and internal capacitance
present within the product. Yet due to design flaws or other factors, the insulation in a product can break
down, resulting in excessive leakage current flow (Wen, Baosheng, Wei, Xuetao, Kai, Okamoto, &
Suzuoki, 2014). This failure condition can cause shock or death to anyone that comes into contact with
the faulty product (Thomson, & Fenger, 2001).

203



Reliability Measurement

Figure 16. Transformer damage in thermal cy- Figure 17. Transformer damage in high tempera-
cling test ture test

Figure 18. Damage of winding in thermal cycling Figure 19. Transformer insulation damage in
test of a transformer thermal cycling test

Sample Test Equipment: Hipot

Traditionally, hipot is a term given to a class of electrical safety testing instruments used to verify elec-
trical insulation in finished appliances, cables or other wired assemblies, printed circuit boards, electric
motors, and transformers. The test is done as differential mode or common mode (Figure 20). The test
is usually done with higher voltage (for example: twice the nominal voltage). To prevent core saturation
in electrical machines, a double frequency source is used as shown in Figure 21. Figures 22, 23, 24, and
25 shows electric withstand test for some devices. A hipot tester is an electronic device used to verify
the electrical insulation in a device or other wired assembly that could subject someone to a shock if it
failed. It generally consists of:
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Figure 20. Hi-pot test
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Figure 21. Double frequency hi-pot used for transformers
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Figure 22. An onboard hi-pot

Figure 23. A high voltage test set up, (up): high voltage source, (left): high voltage capacitor, (right):
cable under test
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Figure 24. Typical test of a connector

1. A source of high voltage,

2. A current meter,

3. A switching matrix used to connect the high voltage source and the current meter to all of the
contact points in a cable.
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Hipot testers may also have a microcontroller and a display to automate the testing process and dis-
play the testing results.

In a typical wired assembly a hipot test should connect all circuits in common to ground. Then, one
by one the tester will disconnect a given circuit from ground and connect that circuit to high voltage.
The current that flows is monitored to verify that it is low enough.

A hipot test or dielectric withstanding voltage test verifies that the insulation of a product or com-
ponent is sufficient to protect the operator from electrical shock. In a typical hipot test, high voltage is
applied between a product’s current-carrying conductors and its metallic shielding. The resulting current
that flows through the insulation, known as leakage current, is monitored by the hipot tester. The theory
behind the test is that if a deliberate over-application of test voltage does not cause the insulation to break
down, the product will be safe to use under normal operating conditions for a long time.

In addition to over-stressing the insulation, the test can also be performed to detect material and
workmanship defects, most importantly small gap spacings between current-carrying conductors and
earth ground. When a product is operated under normal conditions, environmental factors such as hu-
midity, dirt, vibration, shock and contaminants can close these small gaps and allow current to flow.
This condition can create a shock hazard if the defects are not corrected at the factory. No other test can
uncover this type of defect as well as the Dielectric Withstand test 15.

Three types of hipot tests are commonly used. These three tests differ in the amount of voltage ap-
plied and the amount (or nature) of acceptable current flow:

° Dielectric Breakdown Test: The test voltage is increased until the dielectric fails, or breaks
down, allowing too much current to flow. The dielectric is often destroyed by this test so this test
is used on a random sample basis. This test allows designers to estimate the breakdown voltage of
a product’s design and to see where the breakdown occurred.

e  Dielectric Withstand Test: A standard test voltage is applied (below the established Breakdown
Voltage) and the resulting leakage current is monitored. The leakage current must be below a pre-
set limit or the test is considered to have failed. This test is non-destructive and is usually required
by safety agencies to be performed as a 100% production line test on all products before they leave
the factory.

o Insulation Resistance Test: This test is used to provide a quantifiable resistance value for all of a
product’s insulation. The test voltage is applied in the same fashion as a standard hipot test, but is
specified to be Direct Current (DC). The voltage and measured current value are used to calculate
the resistance of the insulation.

Types of High Voltage Test

There are mainly four types of high voltage testing methods applied on high voltage equipment and
these are

1. Sustained low frequency tests.
2. Constant DC test.

3. High frequency test.

4.

Surge or impulse test.
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All of these tests are done based on a defined scenario. Figure 26 shows the scenario for amplitude
of applied voltage in low and high frequency tests and DC test. To perform the impulsive voltage test,
we need an impulse generator as shown in Figure 27. The amplitude of applied voltage depends on test
time duration as shown in Figure 28. Figure 29 shows a typical impulse voltage.

Low Frequency Test

This test is generally done at power frequency. This is most commonly used high voltage test, carried on
H.V. equipment. This test i.e. sustained low frequency test are carried out on a specimen of insulating
material to determine and ensure, dielectric strength, dielectric losses of the insulating material. This

Figure 26. Voltage profile in a high voltage test
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Figure 28. Maximum expected overvoltage versus duration of transient IEC publication 60146-2 ed.2.0
(Copyright © 1999 of publication IEC Geneva, Switzerland. www.iec.ch)
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test is also carried out on high voltage equipment and high voltage electrical insulators to ensure the

dielectric strength and losses of these equipment and insulators.

High voltage is applied across a specimen of insulation or equipment under test by means of a high
voltage transformer. A resistor is connected with series with the transformer to limit the short circuit
electric current in the event of breakdown occurred in the device under test. For this test the power
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frequency high voltage is applied to the specimen or equipment under test for a long specific period to
ensure the continuous high voltage withstanding capability of the device.

High Voltage DC Test

High voltage DC test is normally applicable to those equipments which are used in high voltage DC
transmission system. But this test is also applicable for high voltage AC equipments, when high voltage
AC testing is not possible due to unavoidable condition. For example mainly at site, after installation of
equipments it is quite difficult to arrange for high voltage alternating power as high voltage transformer
may not be available at site. Hence, high voltage test with alternating power is not possible at site after
installation of equipment. At that situation high voltage DC test is most suitable.

In high voltage direct electric current test of AC equipment, direct voltage about two times of the
normal rated voltage is applied across the equipment under test for 15 minutes to 1.5 hours. Although
high voltage DC test is not complete substitute of high voltage AC test but still it is applicable where
HVAC test is not at all possible.

Figures 30 and 31 show low frequency test of a PCB for detecting the possible internal and external
problems.

High Frequency Test

The insulators used at high voltage transmission system, may be subjected to breakdown or flash-over
during high frequency disturbances. The high frequency disturbances occurs in the HV system due to
switching operations or any other external causes. High frequency in power may cause failure of insulators
even at comparatively low voltage due to high dielectric loss and heating. So the insulation of all high
voltage equipment must ensure the high frequency voltage withstanding capacity during its normal life

Figure 30. High voltage external test of a PCB
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Figure 31. High voltage internal test of a PCB
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span. Mainly sudden interruption of line electric current during switching and open circuit fault, gives
rise to the frequency of voltage wave form in the system.

It is found the dielectric loss for every cycle of the power is nearly constant. So at high frequency
the dielectric loss per second becomes much higher than that of normal power frequency. This fast and
large dielectric loss causes excessive heating of the insulator. Excessive heating ultimately results to
insulation failure may be by blasting of insulators. So to ensure this high frequency voltage withstanding
capacity, high frequency test is carried out on high voltage equipments 18.

Surge Test or Impulse Test

There may be great influence of surge or lighting on the transmission lines. These phenomena can
breakdown transmission line insulator and it may also attack, the electrical power transformer connected
at the end of the transmission lines. Surge test or impulse tests are very high or extra high voltage tests,
carried out for investing the influences of surges or lightning on the transmission equipment. Normally
direct lightening strokes on transmission line is very rare. But when a charged cloud comes closer to the
transmission line, the line is oppositely charged due to the electrical charge inside the cloud. When this
charged cloud is suddenly discharged due to lightning stroke nearby, the induced charge of the line no
longer bound but travel through the line with velocity of light. So it is understood that even when the
lightnings do not strike the transmission conductor, directly, still there will be a transient over voltage
disturbance.

MECHANICAL TESTS

Mechanical forces are reason of crack generation.
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Sample Test: Vibration

Vibration testing is accomplished by introducing a forcing function into a structure, usually with some
type of shaker. A shaker is a device used in vibration testing to excite the structure either for endurance
testing or modal testing. Figure 32 shows a typical block diagram of a magnetic shaker. Alternately, a
DUT (device under test) is attached to the “table” of a shaker as shown in Figure 33. Vibration testing is
performed to examine the response of a device under test (DUT) to a defined vibration environment. The
measured response may be fatigue life, resonant frequencies or squeak and rattle sound output (NVH).

For relatively low frequency forcing, servohydraulic (electrohydraulic) shakers are used. For higher
frequencies, electrodynamic shakers are used. Generally, one or more “input” or “control” points located
on the DUT-side of a fixture is kept at a specified acceleration. Other “response” points experience
maximum vibration level (resonance) or minimum vibration level (anti-resonance). It is often desirable to
achieve anti-resonance in order to keep a system from becoming too noisy, or to reduce strain on certain
parts of a system due to vibration modes caused by specific frequencies of vibration.

The most common types of vibration testing services conducted by vibration test labs are Sinusoidal
and Random. Sine (one-frequency-at-a-time) tests are performed to survey the structural response of the
device under test (DUT). A random (all frequencies at once) test is generally considered to more closely
replicate a real world environment, such as road inputs to a moving automobile.

Figure 34 shows a typical frequency dependent vibration characteristic.

Most vibration testing is conducted in a ‘single DUT axis’ at a time, even though most real-world
vibration occurs in various axes simultaneously. MIL-STD-810G, released in late 2008, Test Method
527, calls for multiple exciter testing. The vibration test fixture which is used to attach the DUT to the
shaker table must be designed for the frequency range of the vibration test spectrum. Generally for smaller

Figure 32. A simplified diagram of a shaker
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Figure 33. A practical shaker

Figure 34. Typical vibration test scenario
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Figure 35. Mounting of vibration sensors on a motor IEC publication 60034-14 ed.3.0 (Copyright ©
2003 of publication IEC Geneva, Switzerland. www.iec.ch)
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Figure 36. A vibration sensor

fixtures and lower frequency ranges, the designer targets a fixture design which is free of resonances in
the test frequency range. This becomes more difficult as the DUT gets larger and as the test frequency
increases, and in these cases multi-point control strategies can be employed to mitigate some of the
resonances which may be present in the future. Figure 35 shows proper mounting position of vibration
sensors on a rotating machine according to IEC standard. A typical vibration sensor is shown in Figure
36. Devices specifically designed to trace or record vibrations are called vibroscopes

Figures 37, 38, and 39 show various vibration test scenario for railway application. Figure 40 shows
the allowable displacement of a motor.

Sample Test: Shock

Figure 41 shows a half-wave sinusoidal mechanical force for shock testing. Figure 42 shows allowable
frequency response of shock test with the force shown in Figure 41.
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Figure 37. Typical vibration standard test sheet for body mounted railway equipment IEC publication
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IEC 61373 ed.2.0 (Copyright © 2010 of publication IEC Geneva, Switzerland. www.iec.ch)
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Figure 38. Typical vibration standard test sheet for bogie mounted railway equipment IEC publication
IEC 61373 ed.2.0 (Copyright © 2010 of publication IEC Geneva, Switzerland. www.iec.ch)
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Figure 39. Typical vibration standard test sheet for axle mounted railway equipment IEC publication
IEC 61373 ed.2.0 (Copyright © 2010 of publication IEC Geneva, Switzerland. www.iec.ch)
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Figure 40. Elastic displacement of a motor IEC publication 60034-14 ed.3.0 (Copyright © 2003 of
publication IEC Geneva, Switzerland. www.iec.ch)
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Sample Test: Dynamometer

A dynamometer can also be used to determine the torque and power required to operate a driven ma-
chine such as a pump. In that case, a motoring or driving dynamometer is used. A dynamometer that is
designed to be driven is called an absorption or passive dynamometer. A dynamometer that can either
drive or absorb is called a universal or active dynamometer.
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Figure 41. Typical shock standard test sheet. IEC publication 60068-2-27 ed.4.0 (Copyright © 2008 of
publication IEC Geneva, Switzerland. www.iec.ch)
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A dynamometer consists of an absorption (or absorber/driver) unit, and usually includes a means for
measuring torque and rotational speed. An absorption unit consists of some type of rotor in a housing.
The rotor is coupled to the engine or other equipment under test and is free to rotate at whatever speed is
required for the test. Some means is provided to develop a braking torque between the rotor and housing
of the dynamometer. The means for developing torque can be frictional, hydraulic, electromagnetic, or
otherwise, according to the type of absorption/driver unit.
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Figure 42. Typical shock standard test sheet. IEC publication 60068-2-27 ed.4.0 (Copyright © 2008 of
publication IEC Geneva, Switzerland. www.iec.ch)
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One means for measuring torque is to mount the dynamometer housing so that it is free to turn except
as restrained by a torque arm. The housing can be made free to rotate by using trunnions connected to
each end of the housing to support it in pedestal-mounted trunnion bearings. The torque arm is connected
to the dyno housing and a weighing scale is positioned so that it measures the force exerted by the dyno
housing in attempting to rotate. The torque is the force indicated by the scales multiplied by the length of
the torque arm measured from the center of the dynamometer. A load cell transducer can be substituted
for the scales in order to provide an electrical signal that is proportional to torque.

Another means to measure torque is to connect the engine to the dynamometer through a torque sens-
ing coupling or torque transducer. A torque transducer provides an electrical signal that is proportional
to the torque.

With electrical absorption units, it is possible to determine torque by measuring the current drawn
(or generated) by the absorber/driver. This is generally a less accurate method and not much practiced
in modern times, but it may be adequate for some purposes.

When torque and speed signals are available, test data can be transmitted to a data acquisition system
rather than being recorded manually. Speed and torque signals can also be recorded by a chart recorder.

Figure 43 shows a typical dynamometer. T consists of a stand for fixing the device under test and
a programmable rotary equipment. Speed and torque is programmed in the rotary equipment and then
they applied to the device under test.

221


http://www.iec.ch

Reliability Measurement

Figure 43. A practical dynamometer

Figure 44. Relation between vapor density and relative humidity and temperature
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ENVIRONMENTAL TESTS
Sample Test: Corrosion

From general experience of life, we probably have some idea about what corrosion is and have experi-
enced the higher levels of corrosion that occur in the presence of moisture and the hostile gas species
that are often present in the atmosphere. Figure 44 shows increasing the water vapor density in the air
with increasing the ambient temperature.

The phenomenon of corrosion involves reactions which lead to the creation of ionic species, by ei-
ther loss or gain of electrons. Take the case of the rusting of iron, where metallic iron is converted into
various oxides or hydroxides when exposed to moist air.

Figures 45 and 46 show the typical result of humidity test applied to transformers.

Figure 45. Effect of humidity on the core of a Figure 46. Effect of humidity on the core of a
transformer transformer

Sample Test: Electromigration

Electromigration is an electrochemical process where metal on an insulating material, in a humid envi-
ronment and under an applied electric field, leaves its initial location in ionic form and redeposits some-
where else. Such migration may reduce isolation gaps and ultimately lead to an electrical short circuit.
The process begins when a thin continuous film of water has been formed and a potential is applied
between oppositely charged electrodes. Positive metal ions are formed at the positively biased electrode
(the anode), and migrate toward the negatively charged cathode. Over time, these ions accumulate as
metallic dendrites, reducing the spacing between the electrodes, and eventually creating a metal bridge.
Electromigration is closely related to corrosion, with the anode being attacked, but which circuit ele-
ment is the anode is determined by the applied field rather than the oxidation potential of the metal used.

The rate of electromigration increases with temperature and has four prerequisites — a mobile metal;
a voltage gradient; a continuous film of moisture; soluble ions:
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Silver is the metal most susceptible to migration, since it is anodically very soluble and requires
a low activation energy to initiate the migration process. Copper, zinc, and lead will also migrate,
although only under much more severe conditions. Most other common electronic materials are
not susceptible to migration: iron, nickel, and tin because of their low solubility in water; gold,
platinum, and palladium because they are anodically stable.

The severity of electromigration increases with applied potential gradient, the time to grow den-
drites decreasing both with reducing electrode spacing and increasing voltage. The time to failure
is a log-linear function of voltage at low voltages, but reaches a minimum as the effect becomes
transport limited by the number of ions available.

How much moisture is needed has been hotly debated. Whether the moisture needed represents
just few monolayers, or several hundred monolayers, depends on the nature, structure, and poros-
ity of the surface, and on its affinity for water. For example, phenolic resin laminates are more
hygroscopic than ceramic substrates and are thus more susceptible to migration.

The type of surface has another effect on electromigration, because nucleation sites are required
for dendrites to initiate and grow, and these are provided by the surface roughness of the substrate
and the presence of sharp corners and kinks.

The rate of electromigration increases with relative humidity, but will become significantly worse
if changing conditions encourage the formation of water droplets. This has been reported as a
main factor in MLC failure due to tin and silver migration.

A soluble ionic species is essential to provide the conductive medium for the migration to occur,
and the nature of the ionic contaminants has a major impact on performance. The severity of
electromigration depends on the particular ionic species involved, and factors such as its mobility,
ionic radius, electronegativity, electron affinity, and charge to size. lonic contaminants come from
a wide range of sources such as activators in the flux, reaction products of the soldering process,
the breakdown of cleaning solvents, and fingerprints.

The move to finer pitch components, and consequently reduced spacings, makes electromigration

more likely, because the voltage gradients between conductors increase and it becomes more difficult to
eliminate the minute amounts of ionic contaminants which are sufficient to cause problems.

Three main methods have been used to reduce the electromigration problem:

Alloying any silver with an anodically stable metal such as palladium or platinum. This is one
reason (as well as the improvement in solderability) why palladium-containing silver alloys are
preferred to pure silver for MLC terminations

Using a coating of solder resist to shield the PCB surface from humidity and ionic contaminants.
Exposed epoxy glass is much more hydrophilic than most solder mask materials, and the improve-
ment in Surface Insulation Resistance is typically several orders of magnitude

Plating any silver with metals such as tin, nickel, or gold. In MLCs, the nickel barrier coating
improves resistance to electromigration as well as enhancing performance on exposure to molten
solder.
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Figure 47. IP test of a converter

Figure 48. IP test setup to prove protection against dust IEC publication 60034-5 ed.4.0 (Copyright ©
2000 of publication IEC Geneva, Switzerland. www.iec.ch)
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Figure 49. IP test setup to prove protection against splashing water IEC publication 60034-5 ed.4.0
(Copyright © 2000 of publication IEC Geneva, Switzerland. www.iec.ch)

[st— 1000 max, ——m1
Trous

Holes 20,4

et

' q,Oo

A\
Machine
en essal
Machine
under test

AL AAAIT, ' B |

Contrepoids

Counterwelight 386/90

Dimensions en millimétres Dimensions in millimetres

IP Test

The IP Code, International Protection Marking, IEC standard 60529, sometimes interpreted as Ingress
Protection Marking, classifies and rates the degree of protection provided against intrusion (body parts
such as hands and fingers), dust, accidental contact, and water by mechanical casings and electrical
enclosures. It is published by the International Electrotechnical Commission (IEC). Figure 47 shows a
converter under IP test. Figures 48 and 49 show standard test setups for IP test in IEC standard.

SUMMARY AND CONCLUSION

In this chapter, reliability measurement in electric power converter was described. The main approach
for this goal is accelerated aging tests. The advantage of predicting from field and test data is that the
reliability results can be accurately determined including the associated uncertainty of the estimate. The
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disadvantage is the difficulty of obtaining and assessing accurate field and test data.The main topics of
this chapter are summarized as follows:

1.  The purpose of accelerated life testing (ALT) is to induce field failure in the laboratory at a much
faster rate by providing a harsher, but nonetheless representative environment. In this method, at
each test one or some parameters of environmental conditions are stressed more than typical state
to reduce test time to less than real state. Then, there are some determined relations between this
accelerated test results and typical condition results that are used in finding failure rates and reli-
ability evaluation. The failure rate of the product can be determined.

2. Limitation of tests is determined by whether the test is destructive or not. Non-destructive testing
(NDT) is a wide group of analysis techniques used in science and industry to evaluate the proper-
ties of a material, component or system without causing damage. Instantaneous data logging of
tests can be used as a tool for preventing system damage during tests.

3. Arrhenius’ equation is a simple but remarkably accurate formula for the temperature dependence
of reaction rates. Additional stress can reduce the time to failure. A programmed time dependent
stress can be used to test real useful life of the converter.

4. Industry standards in the electrical industry guide the qualification testing process and usually in-
clude aging tests as well as comparisons to similar products. Manufacturers follow specific industry
standards when manufacturing electrical products. To ensure their products meet those standards,
the products must undergo automated or manual testing processes to ensure the specifications are
met. Testing also is a way to uncover glitches and problems with a design before it’s integrated
into a larger project. Testing allows engineers to identify the difference between what they expect
their products to do and what they actually accomplish

The data obtained from accelerated aging tests as well as reliability calculations shows an evaluation
of the converter condition from reliability point of view. It is usually necessary to make an improvement
on the converter to increase its useful life time. In the next chapters, we present some commonly used
as well as some novel methods for reliability improvement in electric power converters.
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Standard Test: A programmed test used for acceptance of a product.
Stress: The forces on a system that leads to failure.
Test Chamber: Equipment for performing programmed tests.
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Chapter 6
Reliability as a Figure of Merit

ABSTRACT

An electric power converter is specified by its system performance indices. Many system performance
indices like efficiency are important in design process of system. However, that doesn’t mean the con-
verter performance is necessarily adequate for a practical application. At the end of design process of
a converter, some desired specifications may not be achieved. In this chapter, reliability as a figure of
merit in design of a system is presented and compared with other indices. We want to highlight the ef-
fect of reliability considerations on the design methodology of a power converter. The most important
specification of a power supply or power converter is its robustness. Because any failure in power supply
leads to failure of the whole of the system. A power converter may have poor performance but operate
reliably and vice versa. In fact, this is a reliability based design approach to achieve a long useful life. It
is shown that in many systems, high efficiency is not a good choice for selection of system operating point.
A system can be inefficient but very reliable. Two complex examples are presented to show undesired
results of neglecting reliability in design process. Methods for more reliable operation of electric power
converters than high performance operation are proposed. A discussion about correct and intelligent
optimization of a system parameters and operating set point is presented.

INTRODUCTION

Quality of any system is expressed by some indices which are named as figure of merits. These indices
help users to have a smart selection among some systems with a common application (Rajaei, Kaboli, &
Emadi, 2008). For example, both electric and engine motors can be used for driving a vehicle. Selection
between these two choices can be done by difference of their efficiency as a figure of merit. An electric
power converter as a system also has various figure of merits (Kaboli, Haddadi, & Khaligh, 2008). Some
of the most important figure of merits in a power electronic converter are listed as follows:

e  Efficiency
° Power factor

e  Total harmonic distortion of voltage and current (input or output)
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e  Duty cycle

There are similar indices for electric machines too (Nasirian, Kaboli, & Davoudi, 2012). However,
some of these indices are more important in electric machines or in power electronics. For example,
regarding to switching nature of power electronic converters, harmonic distortion indices are more
important than electric machines.

It is a common scenes to use the above mentioned indices for characterizing the converters in many
literatures. In this chapter, we want to open another window for reader and it is reliability as a figure of
merit. Figure 1 shows the state of this chapter in flowchart of the book. Importance of this concept is
due to its conflict with some of well stablished indices like efficiency.

Figure 1. State of chapter 6 in the flowchart of the book
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Reliability as a Forgotten Quality Index

The performance of power electronic converters, especially in terms of efficiency and power density,
has been continuously improved by the intensive research and advancement in circuit topologies, control
schemes (Hasanzadeh, Zolghadri, Kaboli, & Homaifar, 2003), semiconductors, passive components, and
system integration technologies. In recent years, the automotive and aerospace industries have brought
stringent reliability constraints on power electronic systems because of safety requirements. The indus-
trial and energy sectors are also following the same trend to more reliable power electronic systems with
cost-effective and sustainable solutions.

Of course, high efficiency is an important goal; however, that doesn’t mean the converter’s perfor-
mance is necessarily adequate for a practical application. The published efficiency is usually a typical
value measured at 25°C ambient, at the nominal input voltage. As the temperature rises, losses for semi-
conductor (usually MOSFETSs) and copper traces can rise dramatically. At low line, there’s increased
input current loss. At high-line switching, losses increase; thus, efficiency goes down. With this in mind,
worst-case efficiency is more important than the quoted typical efficiency. Whereas efficiency values
can assist in comparing similar-sized converters with equal voltage and current ratings, they aren’t worth
much if the size, output voltage, or the output currents are different.

Design for Reliability (DFR) is not a new concept, but it has begun to receive a great deal of atten-
tion in recent years. In this chapter, we will try to answer these questions and, at the same time, we will
propose a general DFR process that can be adopted and deployed with a few modifications across dif-
ferent industries in a way that will fit well into the overall Product Development Process

RELIABILITY ORIENTED APPROACH

In the first part of this chapter, it will be discussed the challenges and exciting new opportunities in the
research on reliability of power electronics.

A figure of merit is a quantity used to characterize the performance of a device, system or method,
relative to its alternatives. In engineering, figures of merit are often defined for particular materials or
devices in order to determine their relative utility for an application. In commerce, such figures are often
used as a marketing tool to convince consumers to choose a particular brand

Itis usual that some of figure of merits such as efficiency are widely accepted by many users. However,
reliability is less applicable than these labels. In this section, it is shown that reliability consideration
leads to different results in design process.

Figure 2 shows a typical comparison between allowable surge current in various solid state switches.
It can be seen that diode as an uncontrolled switch is higher margin than semi-controlled and fully-
controlled switches. Figures 3, 4, and 5 shows real values for surge current in three various switches.

Example: Reliability in Motor Drive System
First, let us start with some basic clarifications. Traditional quality control assures that the product will
work after assembly and as designed. Whereas reliability provides the probability that an item will per-

form its intended function for a designated period of time without failure under specified conditions. In
other words, reliability looks at how long the product will work as designed, which is a very different
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Figure 2. Surge current capacity of various switches
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IFAV

Thyristor MOSFET/IGBT

Figure 3. Absolute maximum ratings of a Diode, (Source: ON Semiconductor Co. with permission)
MAXIMUM RATINGS
Rating Symbol Value Unit
Peak Repetitive Reverse Voltage VRRM 200 \
Working Peak Reverse Voltage VRwM
DC Blocking Voltage VR
Average Rectified Forward Current, T = 156°C IFav) A
Per Leg 8.0
Total Device 16
Peak Rectified Forward Current (Square Wave, 20 kHz), Iem 16 A
Tc = 154°C - Per Diode Leg
Nonrepetitive Peak Surge Current Iesm 100 A
(Surge applied at rated load conditions halfwave, single phase, 60 Hz)
Operating Junction Temperature and Storage Temperature Ty, Tstg -65 to +175 °C

Figure4. Absolute maximum ratings ofa MOSFET, (Published with permission of International Rectifier)

Absolute Maximum Ratings

Parameter Max. Units

Ipb @ Tc =25°C Continuous Drain Current, Vgg @ 10V 30
Ip @ Tc =100°C| Continuous Drain Current, Vgs @ 10V 21 A
Iom Pulsed Drain Current @ 120
Pp @T¢g =25°C Power Dissipation 214 w

Linear Derating Factor 1.4 W/°C
Vas Gate-to-Source Voltage +20 \
Eas Single Pulse Avalanche Energy® 315 mJ
lar Avalanche Current® 30 A
Ear Repetitive Avalanche Energy® 21 mJ
dv/dt Peak Diode Recovery dv/dt @ 8.6 Vins
Ty Operating Junction and -55to +175
Tsta Storage Temperature Range °C

Soldering Temperature, for 10 seconds 300 (1.6mm from case )

Mounting torque, 6-32 or M3 srew 10 Ibfein (1.1Nem)
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Figure 5. Absolute maximum ratings of an IGBT, (Published with permission of International Rectifier)

Absolute Maximum Ratings

Parameter Max. Units
Vces Collector-to-Emitter Voltage 1000 A\
lc @ Tc =25°C  |Continuous Collector Current (Silicon Limited) 55
Ic @ Tc = 100°C |Continuous Collector Current (Silicon Limited) 35 A
lem Pulse Collector Current, Vge = 15V @ 60
lim Clamped Inductive Load Current, Vg = 20V @ 80
Ve Continuous Gate-to-Emitter Voltage +30 \'4
Pp @ Tc =25°C |Maximum Power Dissipation 210 w
Pp @ Tc = 100°C [Maximum Power Dissipation 105
Ty Operating Junction and -55 to +175
Tsto Storage Temperature Range °C
Soldering Temperature, for 10 sec. 300 (0.063 in.(1.6mm) from case)
Mounting Torque, 6-32 or M3 Screw 10 Ibfin (1.1 N'-m)

objective than that of traditional quality control (Kaboli, Zolghadri, & Khaligh, 2008). Therefore, dif-
ferent tools and models apply to reliability that do not necessarily apply to quality and vice versa.

There are many various algorithms to implement a loss minimization control system for an ASD
system. In previous years, when ASD loss was considerable, the motor and its ASD are considered as
a unique part and loss minimization algorithm operates on general inputs and outputs of this set. In the
recent years, the ASD loss can be neglected comparison with motor loss and new loss minimization
techniques only operates on motor. In all of these methods, it is a common practice that ASD has not
been considered as a separate part and its loss is not controlled. Therefore, the ASD loss may reaches to
its limitation and it leads to low reliability in drive system.

In this section, a loss minimization study is performed on a motor drive system while ASD loss is
considered as a separate part. Thus, there are at least two variables in this problem and it converts the
loss minimization problem to a multi objective optimization problem. This work is done on a direct
torque controlled (DTC) induction motor drive because it is used in many ac drives (Kaboli, Zolghadri, &
Homaifar, 2003). Free parameters which are used in this optimization problem are the values of hysteresis
band of flux controller (HBFC) and hysteresis band of torque controller (HBTC). Other free parameters
of a DTC scheme like amplitude of flux reference and sampling frequency have an evident solution for
optimal working of drive. The optimization problem is constructed using inverter loss from ASD section
and motor loss from motor section. As the torque ripple is a major problem of DTC and it directly affects
on the performance of drive system, the torque ripple is also participated in the optimization process.
The preliminary study is presented based on analytical survey and is verified with computer simula-
tion and experimental results. In this section, some of open questions about performance of DTC are
answered too. Then, a cost function consisting motor losses, torque ripple and inverter losses is defined.
Minimization of this cost function leads to the optimum values for the flux and torque hysteresis bands 5.

The basic idea of the DTC concept, which its block diagram is shown in Figure 6, is to choose the
best vector of the voltage, which makes the flux rotate and produce the desired torque. During this rota-
tion, the amplitude of the flux remains inside a pre-defined band. Circular trajectory of the stator flux is
divided into six symmetrical sectors referred to the inverter voltage vectors. For each section, based on
the torque and flux errors, a proper vector set is proposed. The certain vectors are applied to the motor
so that the amplitude of the flux and torque remain constant.
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Figure 6. Block diagram of the DTC method
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The most commonly used procedure to optimize several criteria simultaneously is to combine them
linearly and introduce a weighting factor for each of them. It maight be possible to exist some limitations
for variables. Thus, optimization problem for a DTC based drive can be presented by:

k k k
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In this section, variation of DTC objective function components presented in (1) with hysteresis
band value of flux and torque controller is investigated. To evaluate the validity of theoretical analysis,
a DTC setup has been simulated with SIMULINK and implemented in laboratory. The specifications of
induction motor used in this study are presented in Table 1. The experimental setup, shown in Figure 7
consists of an induction motor, insulated gate bipolar transistor (IGBT) based inverter, and digital signal
processor (DSP) (TMS320C) based controller.

Motor Loss

Motor loss can be divided into two different categories: electrical loss and mechanical loss. In this study,
the motor output power is kept constant because its output torque is constant. Therefore, the mechanical
loss can be considered constant. The effect of torque ripple variation on the mechanical loss is neglected.
Electrical loss includes core loss and copper loss (Kaboli, Zolghadri, 2003). Core loss consists of hys-
teresis loss and eddy current loss which are presented by (2).

236



Reliability as a Figure of Merit

Table 1. Characteristics of induction motor

Parameter Value
Rated Power (KW) 5.5
Number of Poles 4
Stator Resistance () 0.18
Stator Inductance (mH) 56
Magnetizing Inductance (mH) 53
Rotor Resistance () 0.50
Rotor Inductance (mH) 56
Nominal Torque (N.m) 35
Nominal stator flux (Wb) 0.65

Figure 7. Block diagram of experimental setup

Solid State Converter

1

Electromechanical Mechanical Section
Converter

P =KB"
hys h éf‘ , (2)
l)eddy = KeB f

For each voltage harmonic a flux harmonic is generated in core. The relation between amplitude of
voltage harmonics and its order with its respective flux component density is expressed by (3).

V, = 4.44NfB, 3)

Therefore, Hysteresis and eddy current loss of core for each harmonics can be calculated by (2).
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Figure 8. Variation of voltage harmonics in DTC versus torque and flux hysteresis band
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To calculate the core loss, the frequency spectrum of stator voltage is calculated. This spectrum has
two major harmonics that vary versus parameters of flux and torque controller as shown in Figure 8.
Then the Hysteresis and eddy current loss of each voltage harmonics are calculate by (2) and (3). Sum-
mation of these harmonic losses results motor core loss 9.

The motor copper loss is calculated in similar way. For each current harmonic, the copper loss is
obtained by (4).

P =R I )

cu ac rms

Figure 9 shows variation of motor loss for different values of HBFC and HBTC (Kaboli, Zolghadri,
& Emadi, 2003).

Referring to Figure 8 can explain these behaviors. This figure shows that harmonics of stator voltage
in DTC which is produced by flux controller locate in high frequency for small values of HBFC. Equa-
tions (2) and (3) show that core hysteresis loss is decreased with increasing the harmonic frequency.
Therefore, Hysteresis loss is a small part of motor loss for small value HBFC. For great values of HBFC,
the generated harmonics shifted to low frequency and their amplitudes is increased according to (3).
Thus, Hysteresis loss of motor core grows up. On the other hand, the harmonics produced by torque
controller has such a high frequency that has not distinct effect on motor loss.
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Figure 9. Variation of motor loss versus torque and flux hysteresis band
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Inverter Loss
Each inverter switch is a combination of an insulated gate bipolar transistor (IGBT) with anti parallel
connection of a diode. The inverter switch loss is divided into conduction loss and switching loss which

are expressed in (5) and (6).

P =V I +r I o)

con sat™ av on~ rms
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E (i)=k +k,i, ©
E, (i) =k, +ki,

The inverter diode conduction loss is also presented in (7). The diode switching loss is neglected in
this study.

PD = VDIav + rDIrzms (7

Figure 10 shows variation of inverter loss for different values of HBFC and HBTC.
Torque Ripple

The most important characteristic of DTC is its fast torque response. When a proper vector is applied
to motor, the stator flux vector rotates very fast and the angle between the stator flux and rotor flux is
increased. Therefore, the amplitude of the motor torque is increased. If sampling period Ts is not low
enough, then torque waveform usually jumps to the out of torque hysteresis band. Therefore, motor which
is derived with DTC usually suffers from large torque ripple. This large torque ripple has undesired effect
on motor useful life and its load. The torque ripple AT is divided to two parts as shown in the following 11.

AT = AT, + AT, (8)
Where
AT =T+ L ©)
T, T, O
L . .
oL.L,

The first component is due to the stator and rotor resistances and acts in order to reduce the absolute
value of the torque. This component is proportional to the torque value and is independent of the volt-
age vector and motor speed. The second component represents the effect of the applied voltage vector
on the torque variation and is dependent on motor speed. As it can be seen in (9) and (10), the value of
the motor flux has no effect on the first contribution of the torque ripple; while, it influences mainly the
second contribution. The torque ripple is usually measured by (11).

T
14 7
5= |— < _1)’dt 11
T,-l(THv ) (11)
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Figure 11. Variation oftorque ripple versus torque
and flux hysteresis bands

Figure 10. Variation of inverter loss versus torque
and flux hysteresis bands
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Figure 11 shows variation of torque ripple for different values of HBFC and HBTC.

Combination of results obtained in the previous section is used for optimization of DTC according
to (1).

Figure 12 shows the variation of objective function versus HBFC and HBTC while motor and inverter
loss are considered as a unique part and torque ripple is neglected. It can be seen that the optimization
result leads to HBFC=HBTC=0. For this point, the normalized inverter loss is maximum and inverter
reaches to its thermal limit. This result is achieved while torque ripple is considered as shown in Figure
13. Therefore, combination of inverter loss with motor loss leads to over temperature in inverter switches.

Figure 14 shows the variation of objective function versus HBFC and HBTC while motor and torque
ripple are considered in objective function and inverter loss is neglected. The result of optimization is
similar to previous one and inverter operates with undesired loss in optimum point.
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Figure 12. Variation of objective function versus
torque and flux hysteresis bands with motor and
inverter loss as a unique part and without torque
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Figure 13. Variation of objective function versus
torque and flux hysteresis bands with motor and
inverter loss as a unique part and with torque

ripple
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Figure 15. Variation of objective function in-
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Figure 15 shows the variation of objective function versus HBFC and HBTC while three component
of objective function are normalized to their maximum values and then optimization is performed. It can
be seen that in the resulted optimum point all of these three components have suitable value.

As the HBFC has similar effect on all of objective function components, it is set to minimum value

and optimization is done on HBTC.

Example: Reliability in Power Electronic Converter Design

In a turn off RCD snubber, capacitor value is generally optimized using the minimum switching loss
method. In this section, capacitor value was optimized based on reliability considerations. The optimum
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capacitor value was calculated and compared with that found in the minimum switching loss method.
It is shown that reliability of switch and its snubber increase with new capacitor value while their ef-
ficiency remains almost unchanged.

In switching power converters, presence of a capacitor in parallel with the switch prevents the switch
voltage break down due to overvoltage during turn off time. In addition, it reduces the switch turn off loss.
Combining a capacitor with a resistor as well as a diode forms the well-known Resistor-Capacitor-Diode
(RCD) snubber in which a resistor is used to reduce the level of capacitor discharge current and a diode is
used to bypass the resistor during the switch turn off (Figure 16). In spite of the development of various
types of snubbers, RCD snubbers are more widely used due to their simple configuration and passive
elements. In this type of snubbers, as the capacitor value increases, the switch turn off loss decreases and
the capacitor stored energy increases which is dissipated in the resistor. In general, a capacitor value is
selected which results in minimum power loss. Although this value gives maximum efficiency, it may
not be the best choice from the reliability point of view. For obtaining the maximum efficiency, capaci-
tor value is determined based on the turn off power loss in both the switch and its snubber. However, in
terms of reliability, the amount of power dissipated in each element (i.e. (i) switch and (ii) its snubber)
must be taken into account individually. Reliability is considerably affected by the amount of turn off
power loss in switch and its snubber because the switching loss is a considerable portion of power loss
in the converters with high switching frequency.

In this section, the design of RCD snubber was described based on reliability considerations. The
power loss and reliability of switch and snubber was calculated for different capacitor values. Then, the
optimum capacitor value for maximum reliability was compared with the one resulted from the maxi-
mum efficiency design method. Furthermore, the effect of variation in converter specifications such as
its load and switching frequency on the proposed design was studied.

e  Loss Calculation: Losses in semiconductor components are divided into two categories: conduc-
tion loss and switching loss. The voltage drop in the on state resistance and the diode forward
voltage drop cause conduction losses. Switching losses appear in the power switches because the

Figure 16. RCD snubber to provide proper switch- Figure 17. Voltage and current waveforms for
ing of an inductive load MOSFET in switching
A
Snubber
diode ZS Inductive
foad Switch | Switch
mn I current | voltage
|
_ Snubber :
resistor |
|
|

Snubber Snubber 0
Switch diode T capacitor
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instantaneous power is non-zero during transition from ON state to OFF state and back. Switching
characteristics and switching losses are presented in which is reviewed in the next sections. Table
1 shows the different parts of power loss which is dissipated by the elements of circuit.

e  Conduction Loss: When the switch is ON, load current flows through it for DT and when it’s
OFF, load current flows through freewheeling diode for (1 — D)T.

e  Switching Loss: Waveforms of a transistor voltage and current for switching the inductive load
are shown in Figure 17. The case with no snubber is shown in Figure 17(a). The change of load
current is negligible in the turn off interval and it can be modeled by a current source (Figure 18
and Figure 19).

Switching waveforms for small, normal and large snubber capacitor are shown in Figure 17(b), (c)
and (d) respectively. In the case with snubber, when the switch is turned off its current decreases and
reaches zero. The difference between the load and switch currents flows in the diode D and charges the
capacitor C. A “normal” snubber capacitor is defined to be that which allows its voltage to reach the
level V at the same time as the transistor current reaches zero, as indicated in Figure 17(c). A “small”
and “large” series snubber capacitor allows the voltage to rise and reach full value V before or after the
switch current falls to zero, respectively.

Turn Off Switching Losses

During turn off, the switch can be modeled as a current source which its current decreases linearly and
reaches zero. The difference between the load and switch currents flows in the diode D and charges the
capacitor C up to source voltage V.

In order to simplify the equations, a per unit capacitor value x based on “normal” capacitor value
was used.

In order to obtain the formula of turn off switching losses as a function of x in presence of the snub-
ber, two cases are considered; “small” capacitor and “large” capacitor. In both cases it is assumed that
the switch current decreases linearly during the off time. When the capacitor is smaller than “normal”
value, its voltage reaches full value V before the switch is completely turned off. So, at first, its current
increases linearly and then becomes zero. At the same time the capacitor voltage increases in parabolic
manner and then it is fixed in voltage V. When the capacitor is greater than the “normal” value, it is
charged slowly so does not charge up to full value V during turn off time. Therefore the capacitor cur-
rent is equal to difference between the load and switch currents in the time interval 0 to 7, and is equal
to load current after turn off time. So the capacitor voltage increases in parabolic manner during turn
off time and then increases linearly.

Turn off switching energy loss is obtained by integration of switch instantaneous power over the turn
off time. Multiplying switching frequency by the switching energy results in turn off switching power loss.

Snubber diode energy losses is due to ON state resistance and forward voltage drop. Snubber diode
current is equal to capacitor current at the turn off time so the snubber diode energy losses.

Solving the above integral results in snubber diode power loss.
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Figure 18. Variation of OFF switching loss with
different snubber capacitor, (up): C=InF, (cen-

ter): C=2nF, (down): C=10nF
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Figure 19. Variation of ON switching loss with
different snubber capacitor
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Turn on Switching Losses

When the gate to source voltage of MOSFET reaches threshold value, it starts to be turned on. At first
drain current rises and reaches full value I for the time 7 then the drain to source voltage falls and
reaches zero for time 7,. At the interval 0 to 7, the freewheeling diode is still on and the drain to source
voltage is equal to V.

When the voltage fall time starts, the freewheeling diode is reverse biased and turned off. Circuit
model of converter at this interval is shown in Figure 20. According to this model the capacitor is dis-

Figure 21. Model of converter after the voltage
fall time interval

Figure 20. Model of converter in the voltage fall
time interval
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Figure 22. State space diagram of switch and its snubber with those failure rates
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charged on the snubber resistor R and the voltage source V,- Loop current i is expressed by the following
differential equation where it is assumed that the V/, is linear with slope —V/z,.

Solution of this differential equation results in the loop current which is reaches 1 at the end of in-
terval O toz, 1.

After the voltage fall, switch can be modeled as a resistor which is called ON state resistor. Figure
21 shows the model of converter after time 1,-In this case, the loop current is equal to discharge current
of capacitor on snubber and switch ON state resistor and therefore decreases exponentially. (Figure 22)

Plot of MTTF versus per unit capacitor is shown in Figure 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33,
34, 35, 36, & 37. As can be seen, by increasing the capacitor value, MTTF increase at first and then
decreases. Optimum capacitor value which is obtained from this method is a function of different pa-
rameters such as voltage, load current, switching frequency, rise and fall time and etc. which are required
to solve complex nonlinear equation.

RELIABLE OR HIGH PERFORMANCE
Reliability does not means high quality! This is the main statement of this chapter.

Example: Passive Current Limiting

A regulated power supply is an embedded circuit; it converts unregulated AC into a constant DC. With
the help of a rectifier it converts AC supply into DC. Its function is to supply a stable voltage (or less
often current), to a circuit or device that must be operated within certain power supply limits. The output
from the regulated power supply may be alternating or unidirectional.

Figure 23. Power loss of snubber parts Figure 24. Various terms of power loss of snubber
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Figure 25. Variation of efficiency with snubber Figure 26. Variation of snubber diode power losses
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The type of stabilization used may be restricted to ensuring that the output remains within certain
limits under various load conditions, or it may also include compensation for variations in its own supply
source. The latter is much more common today.

Power supplies often have protection from short circuit or overload that could damage the supply or
cause a fire. Fuses and circuit breakers are two commonly used mechanisms for overload protection.

A fuse contains a short piece of wire which melts if too much current flows. This effectively discon-
nects the power supply from its load, and the equipment stops working until the problem that caused the
overload is identified and the fuse is replaced. Some power supplies use a very thin wire link soldered
in place as a fuse. A circuit breaker contains an element that heats, bends and triggers a spring which
shuts the circuit down. Once the element cools, and the problem is identified the breaker can be reset
and the power restored.
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Figure 29. Variation of switch power losses with Figure 30. Variation of switch temperature with
snubber values snubber values
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Some PSUs use a thermal cutout buried in the transformer rather than a fuse. The advantage is it al-
lows greater current to be drawn for limited time than the unit can supply continuously. Some supplies
use current limiting instead of cutting off power if overloaded. The two types of current limiting used
are electronic limiting and impedance limiting. The former is common on lab bench PSUs, the latter is
common on supplies of less than 3 watts output.

“Good” power supplies have a very low output impedance. This applies epecially to well designed
regulated supplies. You can imagine it as an internal resistor in series with the output. Since the output
varies very little with load, then this resistor must be very small.

Series limiting resistors in the multiplier assembly limit short circuit discharge currents to safe and
predictable levels. Knowing what these levels are the trip point for the arc detection circuitry can be set
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Figure 33. Variation of OFF switching power Figure 34. Variation of ON switching power losses
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by Spellman that will protect the power supply from excessive arcing, while allowing normal power
supply functionality. Figure 38 shows a converter with protected output by a series resistor.

The surge current may be generated by saturated machine cores as shown in Figure 39. In this case,
series resistor is also used in series to input of the converter as shown in Figure 40. Figure 41 shows a
high power resistor used for passive protection.
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Figure 37. Experimental results fOl" switch Figure 38 A power supply with series output
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Example: Current Sharing

Passive current sharing is a method of paralleling the outputs of two or more power supplies or dc-dc
converters so that they share the load near equally. This approach has strong appeal, because it is simple
and inexpensive to implement, and it can be used with the latest low-cost, miniaturized power modules.

Although passive current sharing cannot be used to obtain double the current output you would get
from a single converter (because one of the converters will always try to output more than half the total
load current, and therefore exceed its maximum rating), it provides a highly scalable means of accom-
modating demands for more power, which typically result from increases in system size or functionality
over time. Passive current sharing also can improve the reliability of N+1 power module configurations
by reducing the stress on each converter in the system without the need for any additional active circuitry.

Unfortunately, the simplicity of this method of paralleling is not without tradeoffs — the biggest
being loss of system efficiency and load regulation. Whether these tradeoffs are acceptable obviously is
a design decision, and to a large degree depends upon the application. In the example presented in this
article, load regulation is less of an issue because the paralleled converters are feeding an on-board inter-
mediate bus to supply multiple point-of-load (POL) converters, which provide further down-conversion
and regulation for their various silicon loads

Example: Ideal or Reliable Power Network?
By their nature and function, power distribution networks are often subject to incidental flaws. It is
therefore important to install protection systems. This protection depends on the treatment of neutral.

They are two methods of neutral earthing:

e  Direct grounding of the neutral- The neutral system is directly connected to the earth. In such
case, the short circuit current can reach 20 to 30 times the rated current.
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Figure 39. Surge current in a saturated core, (up): Vi=0.5Vn, (center): Vi=Vn, (down): Vi=1.2Vn
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Figure40. A power supply with series input resistor Figure 41. A high power series resistor
Input series
resistor
To power —VW—
network < , Converter

e  Neutral grounding with limitation of fault current — This technique consists in inserting an imped-
ance between neutral and earth. There are 3 types of impedances earthing:
1. Earthing through resistor
2. Earthing through reactance
3. Suppression coil (Petersen coil)

The neutral earthing resistor is the most common, economical and sufficient solution. It is used when
the neutral of the supply transformer is available and its own impedance is not enough to limit the fault
current. Our Neutral grounding resistors, supplied all over the world, are known for their solidity, reli-
ability, performance and low maintenance requirement

Distribution power systems may be solidly grounded, with one circuit conductor directly connected
to an earth grounding electrode system. Alternatively, some amount of electrical impedance may be
connected between the distribution system and ground, to limit the current that can flow to earth. The
impedance may be aresistor, or an inductor (coil). In a high-impedance grounded system, the fault current
is limited to a few amperes (exact values depend on the voltage class of the system); a low-impedance
grounded system will permit several hundred amperes to flow on a fault. A large solidly-grounded dis-
tribution system may have thousands of amperes of ground fault current.

Example: Distribution Transformer

All the flux in transformer will not be able to link with both the primary and secondary windings. A
small portion of flux will link either winding but not both. This portion of flux is called leakage flux.
Due to this leakage flux in transformer, there will be a self - reactance in the concerned winding. This
self-reactance of transformer is alternatively known as leakage reactance of transformer. This self - re-
actance associated with resistance of transformer is impedance. Due to this impedance of transformer,
there will be voltage drops in both primary and secondary transformer windings. Leakage inductance
depends on the geometry of the core and the windings. Voltage drop across the leakage reactance re-
sults in often undesirable supply regulation with varying transformer load. But it can also be useful for
harmonic isolation (attenuating higher frequencies) of some loads.

Leakage inductance can be an undesirable property, as it causes the voltage to change with load-
ing. In many cases it is useful. Leakage inductance has the useful effect of limiting the current flows
in a transformer (and load) without itself dissipating power (excepting the usual non-ideal transformer
losses). Transformers are generally designed to have a specific value of leakage inductance such that the
leakage reactance created by this inductance is a specific value at the desired frequency of operation.
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Commercial transformers are usually designed with a short-circuit leakage reactance impedance of
between 3% and 10%. If the load is resistive and the leakage reactance is small (<10%) the output volt-
age will not drop by more than 0.5% at full load, ignoring other resistances and losses.

Figure 42 shows transformers with separated primary and secondary windings. This separation leads
to increasing the leakage inductance of the transformer but it reduces the fault short circuit current of
the transformer.

Figure 42. Separation of transformer windings, (up), separation in length, (down): separation in width

(b)
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Figure 43. Short circuit characteristic of an AC generator
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Example: Generator Series Impedance

Synchronous Reactance is an equivalent series per-phase impedance with current limiting effects. Figure
43 shows the short circuit current of a small synchronous generator.

Example: Resistor in Rotor of Induction

Induction motor inrush current is a common problem in starting of this types of motors as shown in
Figure 44. Many faults of induction motor occur in the starting. Rotor external series resistor reduces
the efficiency of the motor but it controls the startup inrush current as shown in Figure 45.

Example: Switching vs. Linear Power Supply
Advantages and Disadvantages

e  Linear: One advantage of linear power supplies may be familiarty, because they have been avail-
able for many years. They are known to be relatively noise-free and reasonably reliable. They are
generally easy to design and fairly inexpensive to manufacture.

Because of the large transformers required, linear power supplies are generally heavy, which may be
either an advantage or a disadvantage, depending on the need to balance weight distribution
in a given application. As a general rule of thumb, a 16V-output linear power supply weighs
about one pound per ampere. A possible disadvantage of linear power supplies relates to the
power transistor used to regulate the load. Because the power transistor operates in its linear
region, and all the output current must pass through it, it requires large heat sinks to dissipate
energy loss. (Recall that the power transistor is in series with the load and acts as a variable
resistor.) Except in rare instances where heat is wanted to warm interior space, the inefficiency
of linear power supplies — 50% — has to be considered a disadvantage.

e  Switching power supplies: Although switching power supplies have been available for a num-
ber of years, higher production costs, compared to linear power supplies, have limited their use
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Figure 44. Starting transient of an induction motor
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in some applications. Early switching power supplies used discrete components to control pulse
width, and transistors instead of MOSFETs as main switch components. As a result, the disadvan-
tages of switching power supplies once included uneven reliability and radiated EMI (electrical
noise). Although they were known to be noisy, unreliable and difficult to mass produce, switching
power supplies had the advantage of being lighter and smaller than their linear counterparts. In the
last few years, big improvements in PWM and MOSFET design have been made. Today, when all
design considerations have been taken into account, switching power supplies are highly reliable
and virtually noise-free. Production costs have come down because application-specific compo-
nents are being designed for use in switching power supplies.
Switching power supplies are about 80%-90% efficient. Higher efficiency usually is an advantage,
because heat normally is considered to be wasted energy (at the least) and potentially damag-
ing to nearby electronic components

DESIGN FOR RELIABILITY

Reliability design begins with the development of a (system) model. Reliability and availability models
use block diagrams and fault trees to provide a graphical means of evaluating the relationships between
different parts of the system. These models may incorporate predictions based on failure rates taken
from historical data. While the (input data) predictions are often not accurate in an absolute sense, they
are valuable to assess relative differences in design alternatives. Maintainability parameters, for example
MTTR, are other inputs for these models.
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Figure 45. Effect of rotor resistance on starting torque of an induction motor, (up): without rotor external
resistance, (center): small rotor external resistance, (down): large rotor external resistance
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The most important fundamental initiating causes and failure mechanisms are to be identified and
analyzed with engineering tools. A diverse set of practical guidance and practical performance and
reliability requirements should be provided to designers so they can generate low-stressed designs and
products that protect or are protected against damage and excessive wear. Proper Validation of input loads
(requirements) may be needed and verification for reliability “performance” by testing may be needed

One of the most important design techniques is redundancy. This means that if one part of the system
fails, there is an alternate success path, such as a backup system. The reason why this is the ultimate
design choice is related to the fact that high confidence reliability evidence for new parts / items is often
not available or extremely expensive to obtain. By creating redundancy, together with a high level of
failure monitoring and the avoidance of common cause failures, even a system with relative bad single
channel (part) reliability, can be made highly reliable (mission reliability) on system level. No testing of
reliability has to be required for this. Furthermore, by using redundancy and the use of dissimilar design
and manufacturing processes (different suppliers) for the single independent channels, less sensitivity
for quality issues (early childhood failures) is created and very high levels of reliability can be achieved
at all moments of the development cycles (early life times and long term). Redundancy can also be ap-
plied in systems engineering by double checking requirements, data, designs, calculations, software and
tests to overcome systematic failures.

Another design technique to prevent failures is called physics of failure. This technique relies on
understanding the physical static and dynamic failure mechanisms. It accounts for variation in load,
strength and stress leading to failure at high level of detail, possible with use of modern finite element
method (FEM) software programs that may handle complex geometries and mechanisms like creep,
stress relaxation, fatigue and probabilistic design (Monte Carlo simulations / DOE). The material or
component can be re-designed to reduce the probability of failure and to make it more robust against
variation. Another common design technique is component derating: Selecting components whose tol-
erance significantly exceeds the expected stress, as using a heavier gauge wire that exceeds the normal
specification for the expected electrical current

SUMMARY AND CONCLUSION

In this chapter, reliability oriented design procedure of electric power converters was described. The
main topics of this chapter are summarized as follows:

1.  Design for Reliability is a process specifically geared towards achieving high long-term reliability.
This process attempts to identify and prevent design issues early in the development phase, instead
of having these issues found in the hands of the customer. In this method of design, reliability of
power converter is considered in the design process similar to other converter figures of merit.

2. Insome special cases, reliability is in opposition to other system figure of merit. As an example, a
power supply without output resistance is very efficient but has a high output short circuit current.
It is important to clarify the target of converter design process. A reliable power converter may
have a poor performance.
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Considering reliability as a figure of merit, the designer is forced to use some tools for achieving the
desired reliability. In the next chapters, we describe the tools for reliability improvement in both design
and operating process.
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KEY TERMS AND DEFINITIONS

Efficiency: A system index about useful output power of a system.

Reliability: An index about rate of failure in a system.

Optimization: A trade-off between set-point of system parameters and variables to reach desired
operating condition for all parts of system.

System Performance Index: Quantities for characterizing a system performance such as efficiency
and power density.

Figure of Merit: An index for system performance classification.
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Chapter 7
Stress Reduction

ABSTRACT

After evaluation of reliability in the previous chapters and its consideration as a converter figure of
merit, in this and the next chapters, guidelines for improvement of reliability are presented. These meth-
ods are used in both design and operation process of the converter. The focus of this chapter is on the
component stress reduction in the design process. Based on background of chapter two, reliability of a
converter increases if it operates at a set point with low stress. It is assumed that the converter is under
design process or operates without fault. The methods for reliability improvement in faulty converters
are discussed in the next chapters. In this chapter, methods for reducing electric field are described at
both system and printed circuit board level. Low temperature operating conditions for an electric power
converter are described and tools for this goal are presented. Series connection for voltage sharing and
parallel connectionfor current sharing is explained. Novel control methods of power converters for reduc-
ing the complexity and reliable operation are presented. Control of inrush current as a typical transient
problem in electric power converters is presented. Methods for preventing the over stress condition on
the components in faulty cases are described. Techniques for reducing mechanical and environmental
stress are expressed. Mechanical dampers for preventing the high amplitude vibration and insulating
colors against humidity are presented. Industrial and real samples are presented to demonstrate ap-
plication of the proposed methods.

INTRODUCTION: STRESS ON THE COMPONENTS

This chapter is starting chapter of the second part of this book. By now, we studied reliability calcula-
tion and methods of reliability testing. In the next five chapters of this book, we present the methods
for reliability improvement.
Following the materials presented in Chapter 2 about mechanisms of fault in power converters, any
method that reduces those failure factors can be considered as a technique for reliability improving.
The failure mechanism of a converter is started immediately after starting. In the beginning, the
converter operates normally but under stress of failure factors:
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e  Power losses in the converter causes to temperature rise in various parts of the converter (Kaboli,
Vahdati-Khajeh, Zolghadri, & Homaifar, 2005),
Applied voltage causes to apply an electric field to insulators,
Mechanical forces leads to vibrations

e  Environmental factors

These factors acts from the beginning of converter application. In long term, they cause to age the
converter and its failure. The time interval for changing a stress factor to a failure factor is directly related
to value of stress. Higher stress leads to shorter time to failure and vice versa. Thus, the first method of
reliability improvement, is reducing the stress factors on the converter. This is the subject of the current
chapter. Figure 1 shows the state of this chapter in the flowchart of the book.

Figure 1. State of chapter 7 in the flowchart of the book
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A cascading failure is a failure in a system of interconnected parts in which the failure of a part can
trigger the failure of successive parts. Such a failure may happen in many types of systems, including
power transmission, computer networking, finance and bridges.

Some of the methods for reliability improvement act in hardware level. Aim of these methods is usu-
ally reduction of hot spot temperature or reduction of electric field applied to devices.

Figures 2 to 4 show some methods for reduction of electrical field stress on equipments. Figure 2
shows application of insulator spacer between primary and secondary of a transformer. Figure 3 shows
application of isolator base for inductors in high voltage application. Figure 4 shows a three phase trans-
former with spacing between high voltage windings.

Figure 2. Spacing between primary and secondary Figure 3. Isolator base for high voltage inductors
windings of a transformer

Figure 4. Spacing between different phases of a Figure 5. A heat sink for double side cooling of
3-phase transformer a thyristor
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THERMAL STRESS FACTORS
Thermal Management

In electronic systems, a heat sink is a passive heat exchanger that cools a device by dissipating heat into
the surrounding medium. In computers, heat sinks are used to cool central processing units or graph-
ics processors. Heat sinks are used with high-power semiconductor devices such as power transistors
where the heat dissipation ability of the basic device is insufficient to moderate its temperature (Kaboli,
Zolghadri, Vahdati-Khajeh, & Homaifar, 2005).

A heat sink is designed to maximize its surface area in contact with the cooling medium surrounding
it, such as the air. Air velocity, choice of material, protrusion design and surface treatment are factors
that affect the performance of a heat sink. Heat sink attachment methods and thermal interface materials
also affect the die temperature of the integrated circuit. Thermal adhesive or thermal grease improve the
heat sink’s performance by filling air gaps between the heat sink and the device.

Figure 5 shows a thyristor which is mounted on between two heat sink for double side cooling.

A heat sink transfers thermal energy from a higher temperature device to a lower temperature fluid
medium. The fluid medium is frequently air, but can also be water, refrigerants or oil. If the fluid medium
is water, the heat sink is frequently called a cold plate. In thermodynamics a heat sink is a heat reservoir
that can absorb an arbitrary amount of heat without significantly changing temperature. Practical heat
sinks for electronic devices must have a temperature higher than the surroundings to transfer heat by
convection, radiation, and conduction 2.

Figure 6 shows transient thermal impedance of a thyristor. It can be seen that the thermal impedance
is very low in short time. This means that the device can dissipate more power loss than its nominal
value in steady state. Figure 7 shows correct installation method of fans for an equipment. In this figure,
the fans work in opposite direction to provide a proper ventilation for the equipment. Figure 8 shows a
thermal switch which is implemented on an interface metal base. As the switch has a flat surface, it can
not be mounted on the round surfaces and it leads to poor thermal connection. To solve this problem, a
metal interface is used with round surface in one side and flat surface in another side. Figures 9 and 10
shows a flexible thermal pad for electrical isolation of heat sink. Figure 11 shows application of internal

Figure 6. Transient thermal impedance of a thyristor, (Source: On-semiconductor Co. with permission)
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fans for proper air ventilation inside the equipment. Figures 12 and 13 show various types of heat sink.
Figure 14 shows dependence of thermal resistance of a heat sink to its length. It can be seen that the
minimum thermal resistance of a heat sink is saturated for long length. Figure 15 shows inside an IGBT
with thermally conductive grease for proper heat transfer. Figure 16 shows an optimum thickness for
the materials used for heat transferring. Figure 17 shows a sample of this materials used for an IGBT.
Figure 18, 19, 20, and 21 shows a heat sink without electrical isolation to switch.

Thermally Conductive Tape

Thermally conductive tape is one of the most cost-effective heat sink attachment materials. It is suit-
able for low-mass heat sinks and for components with low power dissipation. It consists of a thermally
conductive carrier material with a pressure-sensitive adhesive on each side.

Thermal Interface Materials

Thermal contact resistance occurs due to the voids created by surface roughness effects, defects and
misalignment of the interface. The voids present in the interface are filled with air. Heat transfer is
therefore due to conduction across the actual contact area and to conduction (or natural convection) and
radiation across the gaps. If the contact area is small, as it is for rough surfaces, the major contribution
to the resistance is made by the gaps. To decrease the thermal contact resistance, the surface roughness
can be decreased while the interface pressure is increased. However, these improving methods are not
always practical or possible for electronic equipment. Thermal interface materials are a common way
to overcome these limitations.

Properly applied thermal interface materials displace the air that is present in the gaps between the
two objects with a material that has a much-higher thermal conductivity. Air has a thermal conductivity
of 0.022 W/meK while TIMs have conductivities of 0.3 W/meK and higher.

Figure 22 shows internal and external fans which are mounted in a cabinet for proper air ventilation.
Figures 23 and 24 shows a stack of thyristors with forced air cooling. Figure 25 shows two alternative
for air path direction in an equipment case. The air path shown in Figure 25(a) does not affect all parts in
the case and it is by passed into a short path. However, the air path shown in Figure 25(b) passes through
all parts in the case. Figure 26 shows a group of high power resistors and an IGBT which are mounted
on a heat sink. The heat sink is cooled with a fan. Figures 27 and 28 shows the method for eliminating
the eddy current loss in screw connections of transformer core laminations. In this method, an electrical
isolated screw is used to prevent eddy current in the corners of laminations. Figure 29 shows applica-
tion of Litz wire to reduce the skin effect in the winding of an inductor. Figure 30 shows a high power
rectifier consists of two main transformer for current sharing.

Determining appropriate trace sizes for current requirements is an important aspect of circuit board
development. Since copper is not a perfect conductor, it presents a certain amount of impedance to cur-
rent flowing through it, and some of the energy is lost in the form of heat. For many applications it is
necessary to predict the temperature rise caused by this loss, which has been accomplished traditionally
by using a chart created over fifty years ago by the National Bureau of Standards, or by using one of
several calculators based upon it. The chart shows the relationship between current, conductor temperature
rise and conductor cross-sectional area. If any two of these are known, the third can be approximated.
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Figure7. Correctdirection of fans in an equipment Figure 8. A thermal switch and its metal medium

Figure 9. Flexible silicon pad Figure 10. Flexibility of a silicon pad

Al

Figure 11. Internal fans for heatsinks inside a Figure 12. Various types of heatsink
power supply
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Figure 13. A high performance heatsink Figure 14. Variation of thermal resistance of
heatsink with length
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Figure 31 shows permissible current in traces of a PCB. The trace current increases if higher tem-
perature rise is acceptable.

Example: Force Cooling in Transformers

The main source of heat generation in transformer is its copper loss. Although there are other factors con-
tribute heat in transformer such as hysteresis & eddy current losses but contribution of IR loss dominate
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Figure 17. Application of thermal grease on an IGBT

Figure 18. A rectifier with non-isolated heat- Figure 19. Forced air cooling in a rectifier with
sinks non-isolated heatsinks

them. If this heat is not dissipated properly, the temperature of the transformer will rise continually which
may cause damages in paper insulation and liquid insulation medium of transformer. So it is essential
to control the temperature with in permissible limit to ensure the long life of transformer by reducing
thermal degradation of its insulation system 15.

269



Stress Reduction

Figure 20. Air ductin a rectifier with non-isolated Figure 21. One of the heat sinks without galvanic
heatsinks isolation with high voltage switch in a rectifier
with non-isolated heatsinks
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Some of transformers are cooled with oil. Here natural convectional flow of hot oil is utilized for
cooling. In convectional circulation of oil, the hot oil flows to the upper portion of the transformer tank
and the vacant place is occupied by cold oil. This hot oil which comes to upper side, will dissipate heat
in the atmosphere by natural conduction, convection & radiation in air and will become cold. In this way
the oil in the transformer tank continually circulate when the transformer put into load. As the rate of
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Figure 24. Application of fan on a heat sink

Figure 25. Two various patches for air flow in a power supply box, (up) incorrect air path, (down):
correct air path
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Figure 26. A heat sink for an IGBT with thermostat protection

Figure 27. Isolation of laminated sheets in the Figure 28. Isolation of screw in a laminated core
core of a transformer
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Figure 29. Litzwire for reduction of highfrequency Figure 30. Current sharing between two trans-
conduction lossesFigure 30. Current sharing formers
between two transformers

Figure 31. PCB trace width for different temperature rise
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Figure 32. Cooling fan of a transformer

dissipation of heat in air depends upon dissipating surface of the oil tank, it is essential to increase the
effective surface area of the tank. So additional dissipating surface in the form of tubes or radiators con-
nected to the transformer tank. This is known as radiator of transformer or radiator bank of transformer.

Figure 32 shows a transformer which is cooled with a fan mounted behind the transformer core.
Figures 33, 34, and 35 show cooling ducts in dry transformers with natural air cooling. Figures 36 and
37 show the cooling channel for a dry type forced cooled transformer. Figures 38, 39, 40, and 41 show
the cooling channel for an oil cooled transformer.

Transient Thermal Control
Start Up Considerations

Aninrush current limiter is a device or group of devices used to limit inrush current. Negative temperature
coefficient (NTC) thermistors and resistors are two of the simplest options, with cool-down time and
power dissipation being their main drawbacks, respectively. More complex solutions can be used when
design constraints make simpler options infeasible 17. Figure 42 shows transient inrush current t of a
switch mode power electronic converter. Figure 43 shows the transient inrush current of an induction
motor during start up. The amplitude of this inrush current is reduced by applying a series resistor with
stator of induction motor as shown in Figure 43(b). Figure 44.shows a typical characteristic of a NTC
resistor. Figure 45 shows effect of soft starter to control the inrush current of a power electronic converter.
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Figure 33. Cooling ducts in a three phase trans- Figure 34. Cooling ducts in a three phase trans-
former former

Figure 35. Cooling ducts in a three phase trans- Figure 36. Cooling ducts in a single phase trans-
former former

Figure 46 shows effect of rotor resistance to control the inrush current of an induction motor with wound
type rotor. Figure 47 shows a rectifier with large output capacitor. In this converter, the inrush current
is controlled by an inductor in series with capacitors. Figure 48 shows a commonly used method for
control the inrush current. In this method, some series resistor are in series with input of the converter
for a short time interval. They are by passed when the inrush current decreases to a acceptable value.
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Figure 37. Cooling ducts in a single phase trans-
former with forced cooling

Figure 39. Highvoltage winding of the transformer
with high voltage output

Stress Reduction

Figure 38. Cooling ducts in a high voltage trans-
former with liquid cooling

Figure 40. Mounting of cooling ducts for a liquid
cooled transformer

Transient Control

A thermistor is a type of resistor whose resistance varies significantly with temperature, more so than
in standard resistors. The word is a portmanteau of thermal and resistor. Thermistors are widely used
as inrush current limiters, temperature sensors, self-resetting overcurrent protectors, and self-regulating
heating elements. Figure 49 shows typical characteristic of a PTC.
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Figure 41. Cooling ducts in a single phase transformer

Figure 42. Inrush current of a converter
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ELECTRICAL STRESS FACTORS
Steady State Electric Field
Corona discharge usually forms at highly curved regions on electrodes, such as sharp corners, project-

ing points, edges of metal surfaces, or small diameter wires. The high curvature causes a high potential
gradient at these locations, so that the air breaks down and forms plasma there first. In order to sup-
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Figure 43. Effect of series resistor on inrush current of an induction motor, (a): without series resistor,
(b): with series resistor
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press corona formation, terminals on high voltage equipment are frequently designed with smooth large
diameter rounded shapes like balls or toruses, and corona rings are often added to insulators of high
voltage transmission lines.

Figure 50 shows a high voltage transformer with round head of high voltage outputs. Figures 51 and
52 show application of this technique for a PCB.
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Figure 44. A typical characteristic of a NTC
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Figure 46. Inrush current of an induction motor for various values of rotor resistor
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Figure 47. A three phase rectifier with inductive filter
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PCB Trace Spacing

Track width and clearances for most designs is primarily a limitation of the PCB manufacturing process.

Figure 53 shows application of air gap for increasing the insulator resistance between two parts of a
PCB. Figure 54 shows a PCB containing sections with different voltage levels. The traces of low voltage
sections are designed to have maximum distance from high voltage section.

280



Stress Reduction

Figure 48. Series resistors for inrush current limiting and its bypass switches

Figure 49. Typical characteristic of a PTC
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Figure 50. Round head of a high voltage transformer

Figure 51. Round soldering on a high voltage PCB
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Figure 52. Round pad soldering on a high volt- Figure 53. Application of air gap for high iso-
age PCB lation

Voltage Sharing

A voltage sharing circuit which allows use of low voltage semiconductor devices to obtain higher output
voltages is made up of a series stack of the low voltage devices with diode limiters provided to bias the
low voltage devices such that the maximum voltage across any one of the low voltage devices is limited
to a predetermined value.

If required the modules can be connected in series for higher voltage ratings or in parallel for higher
current ratings, although when connected in parallel the combined current ratings should be reduced
by 20%.

Figure 55 shows voltage sharing between series connection of diode in a high voltage diode stack.
Figure 56 shows the voltage sharing between series capacitors.
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Figure 55. Series diodes for voltage sharing

Figure 56. Series capacitors for voltage sharing
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Printed Circuit Boards

As the voltage and current in power electronic converters are high values, the printed circuit used for
these converters should meet standards for minimum spacing between traces and also the width of traces.
Figure 57 shows the minimum spacing between traces versus their voltage difference in various stan-
dards. Figures 58, 59, 60, 61, 62, 63, 64, 65, and 66 shows the effect of various techniques for reducing

the electrical field between traces in a PCB.

Figure 57. PCB minimum spacing in different standards
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Figure 58. Electric field between two parallel traces on PCB
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Figure 59. Electric field (down) between two parallel traces on PCB (up)
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Figure 60. Electric field (down) between two parallel traces on PCB with symmetric air gap (up)
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Figure 61. Electric field (down) between two parallel traces with asymmetric air gap on PCB (up)
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A crowbar circuit is an electrical circuit used to prevent an overvoltage condition of a power supply unit
from damaging the circuits attached to the power supply. It operates by putting a short circuit or low
resistance path across the voltage source, much as if one dropped a tool of the same name across the
output terminals of the power supply. Crowbar circuits are frequently implemented using a thyristor,
TRIAC, trisil or thyratron as the shorting device. Once triggered, they depend on the current-limiting
circuitry of the power supply or, if that fails, the blowing of the line fuse or tripping the circuit breaker.
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Figure 62. Electric field between two parallel rounded traces on PCB
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Figure 63. Electric field (down) between two parallel traces on PCB including a 90 degree corner (up)
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Figure 64. Electric field (down) between two parallel traces on PCB including a 90 degreecorner and
air gap (up)
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High voltage crowbars are used for HV tube (Klystron and IOT) protection. A crowbar circuit is
distinct from a clamp in that, once triggered, it pulls the voltage below the trigger level, usually close to
ground. A clamp prevents the voltage from exceeding a preset level. Thus, a crowbar will not automati-
cally return to normal operation when the overvoltage condition is removed; power must be removed
entirely to stop its conduction.

An active crowbar is a crowbar that can remove the short circuit when the transient is over thus al-
lowing the device to resume normal operation. Active crowbars use a transistor, gate turn off (GTO)
thyristor or forced commutated thyristor instead of a thyristor to short the circuit. Active crowbars are
commonly used to protect the frequency converter in the rotor circuit of doubly fed generators against
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Figure 65. Electric field (down) between two parallel traces on PCB including a rounded 90 degree

corner (up)
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high voltage and current transients caused by the voltage dips in the power network. Thus the generator
can ride through the fault and quickly continue the operation even during the voltage dip.

The advantage of a crowbar over a clamp is that the low holding voltage of the crowbar lets it carry
higher fault current without dissipating much power (which could otherwise cause overheating). Also,
a crowbar is more likely than a clamp to deactivate a device (by blowing a fuse or tripping a breaker),
bringing attention to the faulty equipment. An example crowbar circuit is shown in Figure 67.
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Figure 66. Electric field (down) between two parallel traces on PCB including a 135 degree corner (up)
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Transient Voltage Spike

In industrial applications, high voltage power supply spikes with durations ranging from a few micro-
seconds to hundreds of milliseconds are commonly encountered. The electronics within these systems
must not only survive transient voltage spikes, but in many cases also operate reliably throughout the
event. In systems where power is distributed over long wires severe transients are generated by load steps.
Corroded connections between a power source and load can lead to an abrupt interruption of current
flow, and a high value of dI/dt. The best example of this condition is automotive load dump, where there
is a sudden break in the connection to the battery caused by vibration and corroded terminals. These
transients pose a difficult challenge for engineers trying to protect sensitive electronics Figure 68 shows
various over voltage in IEC standard.
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Figure 67. A typical crowbar circuit

Load Load R
Converter current  voltage Load
l l Z T
Gate
Driver
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tion 60146-1-2 ed.4.0 Copyright ©2001 of publication IEC Geneva, Switzerland. www.iec.ch)
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Figure 69. Effect of Drain-Gate capacitor on a MOSFET driver
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The voltage spike may have a low amplitude but with high rise time rate. This high rise time rate
leads to increasing the capacitor coupling between electronic parts. Figure 69 shows an example of this
problem. In this figure, rapid fall of drain in a MOSFET causes to a capacitor coupling between drain
and gate of the MOSFET. The injected current leads to decrease the gate charge and unwanted ringing
in the gate.

Isolation

An optoisolator, also known as an optical coupler or optocoupler, is a semiconductor device that allows
signals to be transferred between circuits or systems, while keeping those circuits or systems electri-
cally isolated from each other. Optoisolators are used in a wide variety of communications, control, and
monitoring systems.

Inits simplest form, an optoisolator consists of an light-emitting diode (LED), IRED (infrared-emitting
diode), or laser diode for signal transmission, and a photosensor for signal reception. The “transmitter”
takes the electrical signal and converts it into a beam of modulated visible light or infrared (IR). This
beam travels across a transparent gap and is picked up by the “receiver,” which converts the modulated
light or IR back into an electrical signal. The electrical output waveform is identical to the electrical
input waveform, although the input and output amplitudes (signal strengths) often differ. The optoisola-
tor is enclosed in a single package, and has the appearance of an integrated circuit (IC) or a transistor
with extra leads.

MECHANICAL STRESS FACTORS
Modal Analysis

The goal of modal analysis in structural mechanics is to determine the natural mode shapes and frequen-
cies of an object or structure during free vibration (Kaboli, Zolghadri, Haghbin, & Homaifar, 2004). It is
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common to use the finite element method (FEM) to perform this analysis because, like other calculations
using the FEM, the object being analyzed can have arbitrary shape and the results of the calculations are
acceptable. The types of equations which arise from modal analysis are those seen in eigensystems. The
physical interpretation of the eigenvalues and eigenvectors which come from solving the system are that
they represent the frequencies and corresponding mode shapes. Sometimes, the only desired modes are
the lowest frequencies because they can be the most prominent modes at which the object will vibrate,
dominating all the higher frequency modes.

Mechanical Damper

A shock absorber is a mechanical device designed to smooth out or damp shock impulse, and convert
kinetic energy to another form of energy (usually thermal energy, which can be easily dissipated). It is
a type of dashpot.

In a vehicle, shock absorbers reduce the effect of traveling over rough ground, leading to improved
ride quality and vehicle handling. While shock absorbers serve the purpose of limiting excessive suspen-
sion movement, their intended sole purpose is to damp spring oscillations (Sheikhi, Oraee, Kaboli, &
Dorkhah, 2009). Shock absorbers use valving of oil and gasses to absorb excess energy from the springs.
Spring rates are chosen by the manufacturer based on the weight of the vehicle, loaded and unloaded.
Some people use shocks to modify spring rates but this is not the correct use. Along with hysteresis in
the tire itself, they damp the energy stored in the motion of the unsprung weight up and down (Nasirian,
Davoudi, Kaboli, & Edrington, 2013). Effective wheel bounce damping may require tuning shocks to
an optimal resistance.

Spring-based shock absorbers commonly use coil springs or leaf springs, though torsion bars are used
in torsional shocks as well. Ideal springs alone, however, are not shock absorbers, as springs only store
and do not dissipate or absorb energy. Vehicles typically employ both hydraulic shock absorbers and
springs or torsion bars. In this combination, “shock absorber” refers specifically to the hydraulic piston
that absorbs and dissipates vibration (Kaboli, Zolghadri, Haghbin, & Emadi, 2003).

There are dampers that are designed to dampen the vibrations in amechanical system. A shock absorber
on a car in a good example of this. There are dampers that remove or lessen pressure surges in piping
systems. Water hammer is an example of a pressure surge. Finally some types of valves are referred to
as dampers. They are common in heating and air conditioning duct work. Figure 70 show application of
RTYV adhesive for mechanical stability of electronic parts. Figure 71 shows a typical mechanical damper.
Figure 72 shows a rotary inverter in railway application which is mounted via mechanical damper behind
the bogie of a train.

ENVIRONMENTAL STRESS FACTORS

Cooling process water filtration is becoming more common as companies discover the relative low cost
of the filtration systems that help:

e Increase cooling tower efficiencies: Solid contaminants in cooling towers reduce cooling tower

efficiencies. Deposits on heat transfer surfaces increase the fouling factor which significantly in-
creases energy consumption. These same solid contaminants can clog small spray nozzle orifices

296



Stress Reduction

Figure 70. Application of RTV grease for vibration reduction, (a): for height capacitors, (b): for trans-
formers in an airborne power supply
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Figure 71. A typical mechanical damper
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Figure 72. Application of damper for a rotary power supply in railway
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Figure 73. Cooling water filters
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causing poor distribution through the fill. Filtration minimizes deposits on heat transfer surfaces
and prevents nozzle clogging

Increase cooling tower life: The life of the cold water basin may determine the life of the cooling
tower. A thick layer of solid contaminants in the cold water basin reduces the benefit of treatment
chemicals such as corrosion inhibitors or oxidizers to reach the basin. Filtered cooling tower water
prevents solid contaminants from building up in the basin.

Reduce treatment chemical costs: A layer of solid contaminants in the cold water basin provides
an excellent environment for bacteria and algae growth. Also, suspended solid contaminants may
buffer the beneficial effects of treatment chemicals, hence requiring additional chemical treat-
ment. Filtering cooling tower water prevents solid contaminant contribution to bacteria and algae
growth, and minimizes the need for additional chemicals.

Reduce maintenance: A layer of solid contaminants will eventually require removal from the
cold water basin. Filtration of the cooling tower water will minimize the need for manually clean-
ing the basin.
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e  Reduce shut-down time for the manually cleaning of cooling towers

Figure 73 shows water filters used in a cooling system.
Solid contaminants enter cooling towers from three primary sources:

e  Ambient air dirt load: Cooling towers make excellent air scrubbers. Relatively high volumes
of air pass through cooling towers and most of the contaminants in the air end up in the cooling
tower basin.

e  Circulation water build-up: Calcium carbonate scale that forms in the tower can flake off.
Treatment chemical residue and algae will also build up in the circulation water.

e  Make-up water: Depending on the source, the make-up water may also contribute to contaminant
build-up

SUMMARY AND CONCLUSION

In this chapter, requirements for operation of an electric power converter in low stress conditions were
described. Based on the background of chapters 2 and 3, stress reduction leads to long useful life of the
systems. The main topics of this chapter are summarized as follows:

1.  Anymethod that reduces the stress of factors affected reliability can be used for better system design.
Some of the methods for reliability improvement act at hardware level. Aim of these methods is
usually reduction of hot spot temperature or reduction of electric field applied to devices. In rotary
power converters, they also reduce the mechanical tension on the structure of the machines. Other
methods act as control strategies for low stress operation of the converter.

2. Application of insulators with high electric strength and increasing of space between points with
high potential difference help reduce the risk of electric breakdown.

3. Using series and parallel connection of devices helps reduction of voltage and thermal stress,
respectively. This method is a commonly used tool for designing a reliable system.

4.  Application of mechanical dampers prevent damages due to mechanical vibration and shock. A
shock absorber is a mechanical device designed to smooth out or damp shock impulse, and convert
kinetic energy to another form of energy.

5.  Isolator coatings are useful tools for reduction of undesired influence of environmental parameters
on devices.

In this chapter, we discussed the method of reliability improvement for a converter under design

process or operating without fault. The next chapter presents the methods for reliability improvement in
a faulty converter that is not damaged. The tool for this goal is protection system.
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KEY TERMS AND DEFINITIONS

Coating: A thin layer used for hiding a surface against external environment.

Current Sharing: Achieved by parallel connection of devices and leads to low temperature operation.
Damper: A device for reducing the effect of any oscillation (mechanical) on system.

Inrush Current: The input current of a system or a part of a system with high value for a short period.
Voltage Sharing: A tool for reducing applied voltage on devices via series connection.

302


http://dx.doi.org/10.1109/TPEL.2002.802193
http://dx.doi.org/10.1109/TPEL.2002.802193
http://dx.doi.org/10.1109/TPEL.2008.2006173
http://dx.doi.org/10.1109/TPEL.2008.2011907
http://dx.doi.org/10.1109/TIE.2008.2007016
http://dx.doi.org/10.1109/TIA.2014.2308357
http://dx.doi.org/10.1109/TIA.2014.2308357
http://dx.doi.org/10.1109/TIE.2014.2320226
http://dx.doi.org/10.1109/TPEL.2004.826485
http://dx.doi.org/10.1109/TIE.2009.2025285
http://dx.doi.org/10.1109/TIE.2009.2025285
http://dx.doi.org/10.1109/TIE.2015.2405505

Section 4

Methods for Removing Faults



303

Chapter 8
Protection Systems

ABSTRACT

In the previous chapter, we assumed that there is no fault in the converter. To achieve a converter
without failure, we presented the methods for stress reduction. However, a fault may occur in a system
even operating with low stress. In the current chapter, we take one further step and assume that a fault
occurs in the converter but there is a short time interval between fault occurrence and catastrophic
damage to the converter. Therefore, the topic of this chapter is the methods for saving the converter in
this condition. In this chapter, protection methods for saving the system against damaging faults are
presented. Based on background of chapter two, protection systems should be able to bypass the effect
of failure factors on electric power converter. Methods for current limiting and voltage clamping as the
usual factors of failure in converters are described. Circuit diagram of a snubber is presented and its
operation is described based on safe operating area of solid state power switches. Operating diagrams
of fuses as emergency circuit breakers are presented. Measurement methods and devices used in protec-
tion systems are explained. Experimental samples and standard diagrams are presented to clarify the
theoretical notes in all cases.

INTRODUCTION: PROTECTION FOR RAPID ISOLATION

In previous chapter, we tried to postpone the failure time with reducing the stress on converter. However,
the converter must operate and it is logically affected by stress. It is true that we reduce the stress but the
stress still exists and cause to failure in long term. Now, we are faced with a fault in the converter. What
should we do? This chapter deals with one of the methods for preventing catastrophic damage in faulty
converters: protection systems. Protection systems acts when a fault occurs in converter. Their perfor-
mance is very important; isolation of the converter is not always the best choice because this strategy
has a bad effect on availability of the converter. We talk about this manner in the next chapter. In the
current chapter, we are not sensitive to this concern. However, we consider this concern from another
view; any failure factor needs to a time interval for damaging the converter. If the protection system
is very fast, it protects the converter but conflict with noise is possible. Therefore, protection systems
should be fast enough to protect the converter but not so fast to incorrect operation. Figure 1 shows the
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Figure 1. State of chapter 8 in the flowchart of the book
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state of this chapter in the flowchart of the book. In an electric power system, a fault is any abnormal
electric current. For example, a short circuit is a fault in which current bypasses the normal load. An
open-circuit fault occurs if a circuit is interrupted by some failure. In three-phase systems, a fault may
involve one or more phases and ground, or may occur only between phases. In a “ground fault” or “earth
fault”, charge flows into the earth. The prospective short circuit current of a fault can be calculated for
power systems. In power systems, protective devices detect fault conditions and operate circuit breakers
and other devices to limit the loss of service due to a failure.

In a polyphase system, a fault may affect all phases equally which is a “symmetrical fault”. If only
some phases are affected, the resulting “asymmetrical fault” becomes more complicated to analyze due
to the simplifying assumption of equal current magnitude in all phases being no longer applicable. The
analysis of this type of fault is often simplified by using methods such as symmetrical components.

Design of systems to detect and interrupt power system faults is the main objective of power system
protection.
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Transient Fault

A transient fault is a fault that is no longer present if power is disconnected for a short time and then
restored. Many faults in overhead power lines are transient in nature. When a fault occurs, equipment
used for power system protection operate to isolate the area of the fault. A transient fault will then clear
and the power-line can be returned to service. Typical examples of transient faults include:

Momentary tree contact
Bird or other animal contact
Lightning strike

Conductor clashing

Transmission and distribution systems use an automatic re-close function which is commonly used
on overhead lines to attempt to restore power in the event of a transient fault. This functionality is not
as common on underground systems as faults there are typically of a persistent nature. Transient faults
may still cause damage both at the site of the original fault or elsewhere in the network as fault current
is generated.

Fault Management

Cascading failures usually begin when one part of the system fails. When this happens, nearby nodes
must then take up the slack for the failed component. This in turn overloads these nodes, causing them to
fail as well, prompting additional nodes to fail one after another in what is also known as vicious circle

Cascading failure is common in power grids when one of the elements fails (completely or partially)
and shifts its load to nearby elements in the system. Those nearby elements are then pushed beyond
their capacity so they become overloaded and shift their load onto other elements. Cascading failure is
a common effect seen in high voltage systems, where a single point of failure (SPF) on a fully loaded or
slightly overloaded system results in a sudden spike across all nodes of the system. This surge current
can induce the already overloaded nodes into failure, setting off more overloads and thereby taking down
the entire system in a very short time.

This failure process cascades through the elements of the system like a ripple on a pond and continues
until substantially all of the elements in the system are compromised and/or the system becomes func-
tionally disconnected from the source of its load. For example, under certain conditions a large power
grid can collapse after the failure of a single transformer.

Monitoring the operation of a system, in real-time, and judicious disconnection of parts can help
stop a cascade. Another common technique is to calculate a safety margin for the system by computer
simulation of possible failures, to establish safe operating levels below which none of the calculated
scenarios is predicted to cause cascading failure, and to identify the parts of the network which are most
likely to cause cascading failures.

One of the primary problems with preventing electrical grid failures is that the speed of the control
signal is no faster than the speed of the propagating power overload, i.e. since both the control signal
and the electrical power are moving at the same speed, it is not possible to isolate the outage by sending
a warning ahead to isolate the element. To ameliorate this systemic defect, superconducting magnetic
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energy storage units at critical junctions can store or release power for a few seconds to allow control
systems to catch up and actuate isolating procedures

A catastrophic failure is a sudden and total failure from which recovery is impossible. Catastrophic
failures often lead to cascading systems failure. The term is most commonly used for structural failures,
but has often been extended to many other disciplines where total and irrecoverable loss occurs. Such
failures are investigated using the methods of forensic engineering, which aims to isolate the cause or
causes of failure.

Catastrophic failure is also observed in the steam turbine rotor occurring due to peak stress acting
on the rotor and also the stress concentration increases which ultimately leads to the failure of the disc.

In firearms, catastrophic failure usually refers to a rupture or disintegration of the barrel or receiver
of the gun when firing it. Some possible causes for this is the gun being out of battery, having improper
headspace, using incorrect ammunition for the firearm, using ammunition with an incorrect propellant
charge, an obstructed or partially obstructed barrel, or weakened metal in the barrel or receiver 1.

Types of Protection

e  Generator Sets: In a power plant, the protective relays are intended to prevent damage to alterna-
tors or to the transformers in case of abnormal conditions of operation, due to internal failures, as
well as insulating failures or regulation malfunctions. Such failures are unusual, so the protective
relays have to operate very rarely. If a protective relay fails to detect a fault, the resulting damage
to the alternator or to the transformer might require costly equipment repairs or replacement, as
well as income loss from the inability to produce and sell energy.

e  High-Voltage Transmission Network: Protection on the transmission and distribution serves two
functions: Protection of plant and protection of the public (including employees). At a basic level,
protection looks to disconnect equipment which experience an overload or a short to earth. Some
items in substations such as transformers might require additional protection based on temperature
or gas pressure, among others.

e  Overload and Back-Up for Distance (Overcurrent): Overload protection requires a current
transformer which simply measures the current in a circuit. There are two types of overload pro-
tection: instantaneous overcurrent and time overcurrent (TOC). Instantaneous overcurrent requires
that the current exceeds a predetermined level for the circuit breaker to operate. TOC protection
operates based on a current vs time curve. Based on this curve if the measured current exceeds a
given level for the preset amount of time, the circuit breaker or fuse will operate.

e  Earth Fault (“Ground Fault” in the United States): Earth fault protection again requires current
transformers and senses an imbalance in a three-phase circuit. Normally the three phase currents
are in balance, i.e. roughly equal in magnitude. If one or two phases become connected to earth via
a low impedance path, their magnitudes will increase dramatically, as will current imbalance. If
this imbalance exceeds a pre-determined value, a circuit breaker should operate. Restricted earth
fault protection is a type of earth fault protection which looks for earth fault between two sets cur-
rent transformers (hence restricted to that zone).

¢ Distance (Impedance Relay): Distance protection detects both voltage and current. A fault on a
circuit will generally create a sag in the voltage level. If the ratio of voltage to current measured at
the relay terminals, which equates to an impedance, lands within a predetermined level the circuit
breaker will operate. This is useful for reasonable length lines, lines longer than 10 miles, because
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its operating characteristics are based on the line characteristics. This means that when a fault ap-
pears on the line the impedance setting in the relay is compared to the apparent impedance of the
line from the relay terminals to the fault. If the relay setting is determined to be below the apparent
impedance it is determined that the fault is within the zone of protection. When the transmission
line length is too short, less than 10 miles, distance protection becomes more difficult to coordi-
nate. In these instances the best choice of protection is current differential protection.

e  Back-Up: The objective of protection is to remove only the affected portion of plant and noth-
ing else. A circuit breaker or protection relay may fail to operate. In important systems, a failure
of primary protection will usually result in the operation of back-up protection. Remote back-up
protection will generally remove both the affected and unaffected items of plant to clear the fault.
Local back-up protection will remove the affected items of the plant to clear the fault.

e  Low-Voltage Networks: The low-voltage network generally relies upon fuses or low-voltage cir-
cuit breakers to remove both overload and earth faults.

Protective Device

A digital (numeric) multi-function protective relay for distribution networks. A single such device can
replace many single-function electromechanical relays, and provides self-testing and communication
functions.

e  Protective relays control the tripping of the circuit breakers surrounding the faulted part of the
network

e  Automatic operation, such as auto-reclosing or system restart

e  Monitoring equipment which collects data on the system for post event analysis

While the operating quality of these devices, and especially of protective relays, is always critical, dif-
ferent strategies are considered for protecting the different parts of the system. Very important equipment
may have completely redundant and independent protective systems, while a minor branch distribution
line may have very simple low-cost protection.

There are three parts of protective devices:

) Instrument transformer: current or potential (CT or VT)
e  Relay
° Circuit breaker

Advantages of protected devices with these three basic components include safety, economy, and
accuracy.

e  Safety: Instrument transformers create electrical isolation from the power system, and thus estab-
lishing a safer environment for personnel working with the relays.
Economy: Relays are able to be simpler, smaller, and cheaper given lower-level relay inputs.
Accuracy: Power system voltages and currents are accurately reproduced by instrument trans-
formers over large operating ranges.

307



Protection Systems

Coordination

Protective device coordination is the process of determining the “best fit” timing of current interruption
when abnormal electrical conditions occur. The goal is to minimize an outage to the greatest extent
possible. Historically, protective device coordination was done on translucent log—log paper. Modern
methods normally include detailed computer based analysis and reporting.

Protection coordination is also handled through dividing the power system into protective zones. If a
fault were to occur in a given zone, necessary actions will be executed to isolate that zone from the entire
system. Zone definitions account for generators, buses, transformers, transmission and distribution lines,
and motors. Additionally, zones possess the following features: zones overlap, overlap regions denote
circuit breakers, and all circuit breakers in a given zone with a fault will open in order to isolate the
fault. Overlapped regions are created by two sets of instrument transformers and relays for each circuit
breaker. They are designed for redundancy to eliminate unprotected areas; however, overlapped regions
are devised to remain as small as possible such that when a fault occurs in an overlap region and the two
zones which encompass the fault are isolated, the sector of the power system which is lost from service
is still small despite two zones being isolated.

THERMAL PROTECTION
Protection Against Over Current

Power loss generated by over current in circuits is a reason of thermal failure. Protective sections in
power converters prevent this fail (Aghaei, Karimi, & Kaboli, 2014). Figure 2 shows the simplest way
to measure the current in a converter. In this method, a series resistor is used to converter the current
to voltage. Resistance of this resistor is very low to prevent considerable voltage drop and conduction
loss. The produced voltage may be need to be amplified as shown in Figure 3. Figure 4 shows a typical
current limiter circuit used in output stage of a power supply. Figure 5 shows the performance of current
limiter circuit during an overcurrent fault in the converter.

In an electric power system, overcurrent or excess current is a situation where a larger than intended
electric current exists through a conductor, leading to excessive generation of heat, and the risk of fire or

Figure 2. A shunt resistor for current sensing Figure 3. A typical circuit for current sensing
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Figure 4. Current protection of a power MOSFET
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damage to equipment. Possible causes for overcurrent include short circuits, excessive load, and incorrect
design. Fuses, circuit breakers, temperature sensors and current limiters are commonly used protection
mechanisms to control the risks of overcurrent.

Current limiting is the practice in electrical or electronic circuits of imposing an upper limit on the
current that may be delivered to a load with the purpose of protecting the circuit generating or transmit-
ting the current from harmful effects due to a short-circuit or similar problem in the load.

The simplest form of current limiting for mains is a fuse. As the current exceeds the fuse’s limits it
blows thereby disconnecting the load from the source (Najmi, Ebrahimi, & Oraee, 2012). This method
is most commonly used for protecting the house-hold mains. A circuit breaker is another device for
mains current limiting.
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Compared to circuit breakers, fuses attain faster current limitation by means of arc quenching. Since
fuses are passive elements, they are inherently secure. Their drawback is that once blown, they need to
be replaced.

A circuit breaker is an automatically operated electrical switch designed to protect an electrical cir-
cuit from damage caused by overload or short circuit. Its basic function is to detect a fault condition and
interrupt current flow. Unlike a fuse, which operates once and then must be replaced, a circuit breaker
can be reset (either manually or automatically) to resume normal operation. Circuit breakers are made in
varying sizes, from small devices that protect an individual household appliance up to large switchgear
designed to protect high voltage circuits feeding an entire city.

Once a fault is detected, contacts within the circuit breaker must open to interrupt the circuit; some
mechanically-stored energy (using something such as springs or compressed air) contained within the
breaker is used to separate the contacts, although some of the energy required may be obtained from the
fault current itself. Small circuit breakers may be manually operated, larger units have solenoids to trip
the mechanism, and electric motors to restore energy to the springs.

Thermal magnetic circuit breakers, which are the type found in most distribution boards, incorporate
both techniques with the electromagnet responding instantaneously to large surges in current (short
circuits) and the bimetallic strip responding to less extreme but longer-term over-current conditions.
The thermal portion of the circuit breaker provides an “inverse time” response feature, which trips the
circuit breaker sooner for larger overcurrents. Figure 6 shows application of various fuses in a PDU.

Fuse

A fuse interrupts excessive current (blows) so that further damage by overheating or fire is prevented. Wir-
ing regulations often define a maximum fuse current rating for particular circuits. Overcurrent protection
devices are essential in electrical systems to limit threats to human life and property damage. The time
and current operating characteristics of fuses are chosen to provide adequate protection without needless
interruption. Slow blow fuses are designed to allow harmless short term currents over their rating while
still interrupting a sustained overload. Fuses are manufactured in a wide range of current and voltage
ratings to protect wiring systems and electrical equipment. Self-resetting fuses automatically restore the
circuit after the overload has cleared, and are useful in environments where a human replacing a blown
fuse would be difficult or impossible, for example in aerospace or nuclear applications.

The speed at which a fuse blows depends on how much current flows through it and the material of
which the fuse is made. The operating time is not a fixed interval, but decreases as the current increases.
Fuses have different characteristics of operating time compared to current, characterized as fast-blow,
slow-blow, or time-delay, according to time required to respond to an overcurrent condition. A standard
fuse may require twice its rated current to open in one second, a fast-blow fuse may require twice its
rated current to blow in 0.1 seconds, and a slow-blow fuse may require twice its rated current for tens
of seconds to blow (Eric, & Lehn, 2006).

Fuse selection depends on the load’s characteristics. Semiconductor devices may use a fast or ultrafast
fuse as semiconductor devices heat rapidly when excess current flows. The fastest blowing fuses are
designed for the most sensitive electrical equipment, where even a short exposure to an overload current
could be very damaging. Normal fast-blow fuses are the most general purpose fuses. The time delay fuse
(also known as anti-surge, or slow-blow) are designed to allow a current which is above the rated value
of the fuse to flow for a short period of time without the fuse blowing. These types of fuse are used on
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Figure 6. Application of fuse in various branches of a PDU with coordination
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Figure 7. Conventional overload curve of a fuse (IEC publication 60146-6 ed1.0 Copyright ©1992 of
publication IEC Geneva, Switzerland. www.iec.ch)
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equipment such as motors, which can draw larger than normal currents for up to several seconds while
coming up to speed. Figure 7 shows Time-Current characteristics of typical fuses. Figures 8 and 9 show
induction motor initial current in two various starting method which are used for setting the fuse rating.

Shoot Through and Short Circuit
Shoot Through

Shoot-through failure is one of the most dangerous failure modes encountered in conventional inverter
circuits. Shoot-through failures occur when two series semiconductor switches are inadvertently turned
on simultaneously, causing the flow of extremely high currents that destroy the device (Wheeler, Ro-
driguez, Clare, Empringham, & Weinstein, 2002).

Figure 10 shows an inverter leg. This is a commonly used configuration in DC to AC converters
which is constructed by series connection of two switches. Gate pulses of the high side and low side
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Figure 8. Starting current and torque of an induction motor with autotransformer as a starter (IEC
publication 60947-4-1 ed.3.1 Copyright ©2012 of publication IEC Geneva, Switzerland. www.iec.ch)
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switches are shown in Figure 11. To prevent shoot through in the leg, each switch should be turn off
before another switch is turn on as shown in Figure 12.

Example

Power transformers in service experience different types of transient overvoltages. One of them is ef-
fects of lightning. Lightning overvoltages are characterized by very steep initial rate of rise of voltage
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Figure 9. Starting current and torque of an induction motor with star-delta start (IEC publication 60947 -
4-1 ed.3.1 Copyright © 2012 of publication IEC Geneva, Switzerland. www.iec.ch)
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Figure 10. An inverter leg consists of two power switches
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Figure 11. Gates pulses of a leg
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and relatively slower rate of fall of voltage with respect to time. Surge voltages with steep front time are
most important type of transient overvoltages which can cause damage to insulation of transformer wind-
ings. The practice of design and construction of HV transformer windings to withstand effects of surge
voltages with steep fronts appearing at its line terminal has been to provide a surge voltage distribution
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controlling ring at line end which is also called as static end ring. Other method of improving the steep
front surge voltage withstand performance of power transformer HV windings is to increase the series
capacitance between turns of sections or discs of winding known as interleaving 1-3.

MOA blocks have been known to be able to provide very good surge protection to equipments used
in electrical power stations and substations for more than a decade. Their technology has advanced to
highly satisfactory levels as to be able to provide surge absorbers having required type of characteristics
to suit different applications 4, 6, 7.

Line Conditioners

In addition to high-voltage and current conditions, other problems can occur with incoming power. The
voltage might dip below the level needed to run the system, resulting in a brownout. Forms of electrical
noise other than simple voltage surges or spikes might travel through the power line, such as radio-
frequency interference or electrical noise caused by motors or other inductive loads.

Remember two things when you wire together digital devices (such as computers and their peripherals):

e  Any wire can act as an antenna and have voltage induced in it by nearby electromagnetic fields,
which can come from other wires, telephones, CRTs, motors, fluorescent fixtures, static discharge,
and, of course, radio transmitters.

e  Digital circuitry responds with surprising efficiency to noise of even a volt or two, making those
induced voltages particularly troublesome. The electrical wiring in your building can act as an
antenna, picking up all kinds of noise and disturbances.

A line conditioner can handle many of these types of problems. It filters the power, bridges brown-
outs, suppresses high-voltage and current conditions, and generally acts as a buffer between the power
line and the system. A line conditioner does the job of a surge suppressor, and much more (& 2007). It
is more of an active device, functioning continuously, rather than a passive device that activates only
when a surge is present. A line conditioner provides true power conditioning and can handle myriad
problems. It contains transformers, capacitors, and other circuitry that can temporarily bridge a brownout
or low-voltage situation

Types of Current Sensing

There are two types of current sensing: direct and indirect. Indirect current sensing is based on Ampere’s
and Faraday’s laws. By placing a coil (for instance Rogowski coil) around a current-carrying conductor,
a voltage is induced across the coil that is proportional to the current. This allows for a non-invasive
measurement where the sensing circuitry is not electrically connected to the monitored system. Since
there is no direct connection between the sensing circuitry and the system, the system is inherently
isolated. Indirect current sensing typically is used for load currents in the 100A-1000A range. This
type of sensing, however, requires relatively expensive sensors and is not conducive to sensing currents
on a PCB. Figure 13 and 14 shows the equivalent circuit if a CT for measuring the output current of a
converter and its simplified structure. Time delay in measuring the current is an important limitation of
indirect current measurement methods. This time delay may lead to damage the converter because the
fault current is removed with delay. Figure 15 and 16 shows a comparison between two methods of cur-
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Figure 13. Application of CT for current sensing
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rent sensing. There is not considerable delay in in direct method and the over current fault is removed
immediately as shown in Figure 15. However, there is a considerable time delay in indirect method as
shown in Figure 16.

Direct current sensing is based on Ohm’s law. By placing a shunt resistor in series with the system
load, a voltage is generated across the shunt resistor that is proportional to the system load current.
The voltage across the shunt can be measured by differential amplifiers such as current shunt monitors
(CSMs), operational amplifiers (op amps), difference amplifiers (DAs), or instrumentation amplifiers
(IAs). This method is an invasive measurement of the current since the shunt resistor and sensing cir-
cuitry are electrically connected to the monitored system. Therefore, direct sensing typically is used
when galvanic isolation is not required. The shunt resistor also dissipates power, which may not be
desirable. Direct current sensing typically is implemented for load currents <100A. The remainder of
this particular article series will focus on direct current sensing 1.
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Figure 15. Operation of a current limiter without delay between fault current and switch command
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ELECTRICAL PROTECTION
Protection Against Over Voltage
Snubber

Snubbers are frequently used in electrical systems with an inductive load where the sudden interruption
of current flow leads to a sharp rise in voltage across the current switching device, in accordance with
Faraday’s law. This transient can be a source of electromagnetic interference (EMI) in other circuits.
Additionally, if the voltage generated across the device is beyond what the device is intended to tolerate,
it may damage or destroy it. The snubber provides a short-term alternative current path around the cur-
rent switching device so that the inductive element may be discharged more safely and quietly. Inductive
elements are often unintentional, but arise from the current loops implied by physical circuitry. While
current switching is everywhere, snubbers will generally only be required where a major current path is
switched, such as in power supplies. Snubbers are also often used to prevent arcing across the contacts
of relays and switches and the electrical interference and welding/sticking of the contacts that can oc-
cur. Figure 17 shows a switching circuit with inductive load. The series inductor can be generated with
network cables or leakage inductance of transformers and motors. Figure 18 shows a turn of snubber
which is implemented across the switch. RCD turn off snubber is one of the commonly used snubbers in
power electronics as shown in Figure 19. The key element of this snubber is its capacitor for preventing
the voltage spike. Series resistor is used for smooth discharge of capacitor in the next switch turn on as
shown in Figure 20.

A simple snubber uses a small resistor (R) in series with a small capacitor (C). This combination can
be used to suppress the rapid rise in voltage across a thyristor, preventing the erroneous turn-on of the
thyristor; it does this by limiting the rate of rise in voltage (dV/dt) across the thyristor to a value which
will not trigger it. An appropriately-designed RC snubber can be used with either DC or AC loads. This
sort of snubber is commonly used with inductive loads such as electric motors. The voltage across a

Figure 17. Aninductive load in a switching circuit Figure 18. Placement of a parallel turn off
snubber
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Figure 19. Circuit diagram of a turn off RCD snubber
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Figure 20. RC snubber of a power diode
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capacitor cannot change instantaneously, so a decreasing transient current will flow through it for a small
fraction of a second, allowing the voltage across the switch to increase more slowly when the switch is
opened. Determination of voltage rating can be difficult owing to the nature of transient waveforms, and
may be defined simply by the power rating of the snubber components and the application. RC snubbers
can be made discretely and are also built as a single component

A transient voltage suppressor or TVS is a general classification of an array of devices that are de-
signed to react to sudden or momentary overvoltage conditions. One such common device used for this
purpose is known as the transient voltage suppression diode that is simply a Zener diode designed to
protect electronics device against overvoltages. Another design alternative applies a family of products
that are known as metal-oxide varistor (MOV) that protect electronic circuits and electrical equipment.

The characteristic of a TVS requires that it respond to overvoltages faster than other common over-
voltage protection components such as varistors or gas discharge tubes. This makes TVS devices or
components useful for protection against very fast and often damaging voltage spikes. These fast over-
voltage spikes are present on all distribution networks and can be caused by either internal or external
events, such as lightning or motor arcing.

Applications of transient voltage suppression diodes are used for unidirectional or bidirectional
electrostatic discharge protection of transmission or data lines in electronic circuits. MOV based TVSs
are utilized to protect home electronics, distribution systems and may accommodate industrial level
power distribution disturbances saving downtime and damage to equipment. The level of energy in a
transient overvoltage can be equated to energy measured in joules or related to electric current when
devices are rated for various applications. These bursts of overvoltage can be measured with specialized
electronic meters that can show power disturbances of thousands of volts amplitude that last for a few
microseconds or less

Line Capacitor
Figure 21 shows application of a capacitor as DC line suppressor. This capacitor should be as close as

possible to inverter leg as shown in Figures 23 and 24. Any extra path leads to series inductor and prevent
proper operation of this capacitor as shown in Figure 22.

Figure 21. Line capacitor as the snubber of an inverter leg
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Figure 22. Incorrect connection of line snubber in an inverter
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Figure 24. An IGBT of an inverter leg and its driver

Crow-Bar

A crowbar circuit is an electrical circuit used to prevent an overvoltage condition of a power supply unit
from damaging the circuits attached to the power supply. It operates by putting a short circuit or low
resistance path across the voltage source, much as if one dropped a tool of the same name across the
output terminals of the power supply. Figures 25 and 26 show a comparison between fault current in
load with and without application of a crowbar.

The advantage of a crowbar over a clamp is that the low holding voltage of the crowbar lets it carry
higher fault current without dissipating much power (which could otherwise cause overheating). Also,
a crowbar is more likely than a clamp to deactivate a device (by blowing a fuse or tripping a breaker),
bringing attention to the faulty equipment.

Transient Over Voltage

A transient voltage suppressor or TVS is a general classification of an array of devices that are designed
to react to sudden or momentary overvoltage conditions (Kastha, & Bose, 1994). One such common
device used for this purpose is known as the transient voltage suppression diode that is simply a Zener
diode designed to protect electronics device against overvoltages. Another design alternative applies
a family of products that are known as metal-oxide varistor (MOV) that protect electronic circuits and
electrical equipment.
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Figure 25. Fault current in a power supply without crowbar
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Figure 26. Fault current in a power supply with crowbar
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The characteristic of a TVS requires that it respond to overvoltages faster than other common over-
voltage protection components such as varistors or gas discharge tubes. This makes TVS devices or
components useful for protection against very fast and often damaging voltage spikes. These fast over-
voltage spikes are present on all distribution networks and can be caused by either internal or external
events, such as lightning or motor arcing.

Applications of transient voltage suppression diodes are used for unidirectional or bidirectional
electrostatic discharge protection of transmission or data lines in electronic circuits. MOV based TVSs
are utilized to protect home electronics, distribution systems and may accommodate industrial level
power distribution disturbances saving downtime and damage to equipment. The level of energy in a
transient overvoltage can be equated to energy measured in joules or related to electric current when
devices are rated for various applications. These bursts of overvoltage can be measured with specialized
electronic meters that can show power disturbances of thousands of volts amplitude that last for a few
microseconds or less

A metal oxide varistor consists of a bulk semiconductor material (typically sintered granular zinc
oxide) that can conduct large currents (effectively short-circuits) when presented with a voltage above its
rated voltage. MOV typically limit voltages to about 3 to 4 times the normal circuit voltage by diverting
surge current elsewhere than the protected load. MOVs may be connected in parallel to increase current
capability and life expectancy, providing they are matched sets (unmatched MOVs have a tolerance of
approximately +£20% on voltage ratings, which is not sufficient). For more details on the effectiveness
of parallel-connected MOVs. MOVs have finite life expectancy and “degrade” when exposed to a few
large transients, or many smaller transients. As a MOV degrades, its triggering voltage falls lower and
lower. If the MOV is being used to protect a low-power signal line, the ultimate failure mode typically
is a partial or complete short circuit of the line, terminating normal circuit operation.

If used in a power filtering application, eventually the MOV behaves as a part-time effective short
circuit on an AC (or DC) power line, which will cause it to heat up, starting a process called thermal
runaway. As the MOV heats up, it may degrade further, causing a catastrophic failure that can result in
a small explosion or fire, if the line current is not otherwise limited. An undersized MOV fails when
“Absolute Maximum Ratings” in manufacturer’s data-sheet are significantly exceeded.

MOVs are often connected in series with a thermal fuse, so that the fuse disconnects before cata-
strophic failure can happen. When this happens, only the MOV is disconnected. A failing MOV is a
fire risk, which is a reason for the National Fire Protection Association’s (NFPA) UL1449 in 1986 and
subsequent revisions in 1998 and 2009. NFPA’s primary concern is protection from fire.

When used in power applications, MOVs usually are thermal fused or otherwise protected to avoid
persistent short circuits and other fire hazards. In a typical power strip, the visible circuit breaker is
distinct from the internal thermal fuse, which is not normally visible to the end user. The circuit breaker
has no function related to disconnecting an MOV. A thermal fuse or some equivalent solution protects
from MOV generated hazards.

If a surge current is so excessively large as to exceed the MOV parameters and blow the thermal
fuse, then a light found on some protectors would indicate unacceptable failure. Even adequately sized
MOV protectors will eventually degrade beyond acceptable limits, with or without a failure light indica-
tion. Therefore, all MOV-based protectors intended for long-term use should have an indicator that the
protective components have failed, and this indication must be checked on a regular basis to insure that
protection is still functioning
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A gas discharge tube (GDT) is a sealed glass-enclosed device containing a special gas mixture trapped
between two electrodes, which conducts electric current after becoming ionized by a high voltage spike.
GDTs can conduct more current for their size than other components. Like MOVs, GDTs have a finite
life expectancy, and can handle a few very large transients or a greater number of smaller transients. The
typical failure mode occurs when the triggering voltage rises so high that the device becomes ineffective,
although lightning surges can occasionally cause a dead short.

GDTs take a relatively long time to trigger, permitting a higher voltage spike to pass through before
the GDT conducts significant current. It is not uncommon for a GDT to let through pulses of 500 V or
more of 100 ns in duration. In some cases, additional protective components are necessary to prevent
damage to a protected load, caused by high-speed let-through voltage which occurs before the GDT
begins to operate.

GDTs create an effective short circuit when triggered, so that if any electrical energy (spike, signal,
or power) is present, the GDT will short this. Once triggered, a GDT will continue conducting (called
follow-on current) until all electric current sufficiently diminishes, and the gas discharge quenches.
Unlike other shunt protector devices, a GDT once triggered will continue to conduct at a voltage less
than the high voltage that initially ionized the gas; this behavior is called negative resistance. Additional
auxiliary circuitry may be needed in DC (and some AC) applications to suppress follow-on current, to
prevent it from destroying the GDT after the initiating spike has dissipated. Some GDTs are designed
to deliberately short out to a grounded terminal when overheated, thereby triggering an external fuse
or circuit breaker.

Many GDTs are light-sensitive, in that exposure to light lowers their triggering voltage. Therefore,
GDTs should be shielded from light exposure, or opaque versions that are insensitive to light should
be used. The CG2 SN series of surge arrestors formerly produced by C P Clare, are advertised as being
non-radioactive, and the datasheet for that series states that some members of the CG/CG?2 series (75-
470V) are radioactive.

Due to their exceptionally low capacitance, GDTs are commonly used on high frequency lines, such
as are used in telecommunications equipment. Because of their high current handling capability, GDTs
can also be used to protect power lines, but the follow-on current problem must be controlled. Figure 27
shows a typical varistor. Figure 29 shows application of a line suppressor in an inverter. Figure 28 shows
a capacitor in the role of a snubber. Figure 30 shows a power MOSFET which is protected by back to
back zener diodes in the gate terminal.

A varistor is an electronic component with a “diode-like” nonlinear current—voltage characteristic.
The name is a portmanteau of variable resistor. Varistors are often used to protect circuits against exces-
sive transient voltages by incorporating them into the circuit in such a way that, when triggered, they
will shunt the current created by the high voltage away from the sensitive components. A varistor is also
known as Voltage Dependent Resistor or VDR. A varistor’s function is to conduct significantly increased
current when voltage is excessive

The most common type of varistor is the Metal Oxide Varistor (MOV). This contains a ceramic
mass of zinc oxide grains, in a matrix of other metal oxides (such as small amounts of bismuth, cobalt,
manganese) sandwiched between two metal plates (the electrodes). The boundary between each grain
and its neighbour forms a diode junction, which allows current to flow in only one direction. The mass
of randomly oriented grains is electrically equivalent to a network of back-to-back diode pairs, each pair
in parallel with many other pairs. When a small or moderate voltage is applied across the electrodes,
only a tiny current flows, caused by reverse leakage through the diode junctions. When a large voltage
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Figure 27. A typical varistor and its V-1 characteristic, (Source: On-semiconductor Co. with permission)
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Figure 28. Line suppressor capacitors used as snubber for DC-link of a BUCK converter
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Figure 29. Application of film capacitor as a line suppressor snubber

Figure 30. Internal protection in the gate terminal of a power MOSFET
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is applied, the diode junction breaks down due to a combination of thermionic emission and electron
tunneling, and a large current flows. The result of this behavior is a highly nonlinear current-voltage char-
acteristic, in which the MOV has a high resistance at low voltages and a low resistance at high voltages

The response time of the MOV is largely ambiguous, as no standard has been officially defined.
The sub-nanosecond MOV response claim is based on the material’s intrinsic response time, but will
be slowed down by other factors such as the inductance of component leads and the mounting method.
That response time is also qualified as insignificant when compared to a transient having an 8 ps rise-
time, thereby allowing ample time for the device to slowly turn-on. When subjected to a very fast, <1
ns rise-time transient, response times for the MOV are in the 40—60 ns range

Another method for suppressing voltage spikes is the transient-voltage-suppression diode (TVS). Al-
though diodes do not have as much capacity to conduct large surges as MOV, diodes are not degraded by
smaller surges and can be implemented with a lower “clamping voltage”. MOV degrade from repeated
exposure to surges and generally have a higher “clamping voltage” so that leakage does not degrade the
MOV. Both types are available over a wide range of voltages. MOVs tend to be more suitable for higher
voltages, because they can conduct the higher associated energies at less cost.

Another type of transient suppressor is the gas-tube suppressor. This is a type of spark gap that may
use air or an inert gas mixture and often, a small amount of radioactive material such as Ni-63, to pro-
vide a more consistent breakdown voltage and reduce response time. Unfortunately, these devices may
have higher breakdown voltages and longer response times than varistors. However, they can handle
significantly higher fault currents and withstand multiple high-voltage hits (for example, from lightning)
without significant degradation. Figure 31 shows a TVS and its equivalent circuit. Figure 32 shows a
typical V-I characteristic of a unidirectional TVS. Figures 33, 34, 35, and 36 show the results of applica-
tion of a TVS in ESD protection. It can be seen that the time response of TVS is very Fast.

MECHANICAL PROTECTION SYSTEMS

Dynamic electric motor testing is often called on-line testing because it requires the motor to be running
and generally assumes the motor is in its natural environment. Dynamic testing involves the connection
of voltage probes and current transformers. Connecting dynamic test equipment is safe, quick and non-
intrusive. Data is acquired and results are displayed in a summary format. The collected data is compared
to the user-entered nameplate information and is presented in a pass/fail format with both current test
data and trending logs displayed after each successive test.

Every reliability technician knows that costs associated with motor failures can be devastating to
any business operation. Finding that a motor is operating with conditions that create excessive heat or
stress is a guide to the technician to make changes in the motor’s operation and to monitor its insulation.
Knowing that a motor is in imminent danger of failing provides the technician with time to schedule
repairs at his convenience rather than having the motor dictate to him due to a catastrophic failure.
Reducing unscheduled downtime while increasing efficiency and profitability are common goals of all
reliability technicians. Dynamic motor testing and monitoring is a relatively new concept aiding and
advancing the capabilities of those responsible for the safe and continuous operation of electric motors
and related equipment.
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Figure 31. Equivalent circuit diagram of a TVS, (Source: On-semiconductor Co. with permission)
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Figure 32. V-I characteristic of a TVS, (Source: On-semiconductor Co. with permission)
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A motor is one part of a complete system that includes incoming power quality, the motor and the
driven load. Many motor problems are created by poor incoming power quality, and many more problems
can be attributed to the load and load-related issues.

State-of-the-art dynamic motor test equipment is capable of separating electrical issues from me-
chanical issues as well as defining power-related problem areas. Good test equipment will provide an
enormous amount of information regarding the incoming power, including voltage levels, imbalances and
harmonic content. A small amount of voltage imbalance will result in a much larger amount of current

330



Protection Systems

Figure 33. Test waveform of a TVS in IEC 61000-4-2 (Source: On-semiconductor Co. with permission)
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Figure 34. Sample points in test waveform of a TVS, (Source: On-semiconductor Co. with permission)

IEC 61000-4-2 Spec.

First Peak
Test Volt- Current Current at | Current at
Level age (kV) (A) 30 ns (A) 60 ns (A)
1 2 7.5 4 2
2 4 15 8 4
3 6 22.5 12 6
4 8 30 16 8

imbalance and increase losses within the motor. Harmonic distortion also results in wasted energy causing
overheating due mainly to non-sinusoidal sine waves. These issues directly affect a motor’s performance
and its ability to handle its load. Overall, poor power quality manifests itself as higher heat within the
stator and rotor, reducing efficiency and eventually resulting in premature motor failures. Monitoring
power quality and making necessary adjustments are essential in maintaining motor longevity.
Besides power condition, dynamic testing provides extensive information about the motor’s behavior
and offers evidence of potential mechanical problem areas. The test equipment tracks current levels
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Figure 35. Test setup for TVS test, (Source: On-semiconductor Co. with permission)
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Figure 36. Test results of a TVS, (Source: On-semiconductor Co. with permission)
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and unbalances, load levels and torque-related information. Combining this data with the power quality
information, the equipment can predict de-rating factors that indicate potential problem areas.

Torque and torque ripple add another piece of the puzzle that is required for consistent and accurate
diagnosis of the motor’s health. Torque ripple is defined as the division of maximal torque divided by
average torque during the acquisition period. The torque ripple itself is a measure of how small the torque
band is that surrounds a steady state average torque. Torque ripple is independent of power condition
and current level. It provides a visual look at how the driven load is performing and is an indicator of
rotor stress.
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Dynamic testing can identify rotor bar problems with a high degree of accuracy, and trending logs
make tracking them over time easy and predictable. Rotor bar and cage defects result in lost efficiency
and higher heat culminating in premature motor failure.

Measuring and tracking efficiency is a very difficult task. The operating efficiency of a motor cannot
be easily measured in a field application. Many standards have a number of requirements that commonly
can only be fulfilled in a laboratory environment. These standards also usually concentrate on ensur-
ing a proper description of a motor’s capabilities under good operating voltage conditions. In the field,
however, there is little room for requirements like uncoupling a motor or regulating the voltage level
for a saturation run. Questions regarding a particular motor’s capabilities are found to be secondary in
importance when compared to the operating efficiency under the given conditions in the field. The result
of such an environment is that true efficiencies are unrealistic to obtain.

Operating efficiencies, however, are of crucial importance to an energy-conscious management.
The requirements for a true measurement of operating efficiency in a field environment are ample and
unrealistic (like installing torque transducers on the shaft of the motor and measuring the input power
to the motor at the motor terminals, frequently at high voltage levels). Instead of true efficiency mea-
surement, efficiency estimation becomes the only field-friendly approach for energy management. The
difference between operating efficiency measurement and operating efficiency estimation is that the
former attempts to find the true operating efficiency via direct measurement, while the latter accepts a
small measure of inaccuracy for severely increased user friendliness.

ENVIRONMENTAL PROTECTION SYSTEMS

This is enough to increase the relative humidity from 60% to 100% at a temperature of 20 degrees. This
humidity poses a considerable risk of mould formation and also subjects the building fabric of your
property to risk. With Pluggit refresh fresh air systems, the humidity is systematically extracted and
discharged by constant, controlled indoor air exchange. This protects the building fabric of your property
from moisture damage and mould formation and your tenants from damage to their health. Furthermore,
a convenience ventilation system reduces the heating costs by up to 70% and increases the living con-
venience and hence the quality of life. These factors increase the value of your property, create a basis
for higher rental receipts and ensure a competitive advantage in the market

Silica gel is a granular, vitreous, porous form of silicon dioxide made synthetically from sodium
silicate. Silica gel is tough and hard; it is more solid than common household gels like gelatin or agar.
It is a naturally occurring mineral that is purified and processed into either granular or beaded form. As
a desiccant, it has an average pore size of 2.4 nanometers and has a strong affinity for water molecules.

Silica gel is most commonly encountered in everyday life as beads in a small (typically 2 x 3 cm) paper
packet. In this form, it is used as a desiccant to control local humidity to avoid spoilage or degradation
of some goods. Because silica gel can have added chemical indicators (see below) and adsorbs moisture
very well, silica gel packets usually bear warnings for the user not to eat the content
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SUMMARY AND CONCLUSION

The subject of this chapter was about a faulty but not damaged converter. In this chapter, protection
methods for a faulty electric power converter were described. The main topics of this chapter are sum-
marized as follows:

1. Current and voltage protection are the main tools for saving the converters in faulty states. There
are specific devices for protection of the converter against over voltage and over current in both
steady state and transient states. A transient voltage suppressor or TVS is a general devices that
are designed to react to sudden or overvoltage conditions.

2. Snubbers are passive or active devices for transferring power losses from power solid state switches
into a more reliable resistor. A simple snubber uses a small resistor (R) in series with a small ca-
pacitor (C). This combination can be used to suppress the rapid rise in voltage across a switch,

3. Fuses are devices for interrupting the current of a faulty converter with very reliable operation.
The speed at which a fuse blows depends on how much current flows through it and the material
of which the fuse is made.

4.  Delay in protection can disable the effect of protection system.

Protection systems usually prevent damage to the converter due to faults. However, a safe but out of
service converter is not the goal of reliability. In the next chapter, we present the concept of availability
for characterization of a safe converter..
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KEY TERMS AND DEFINITIONS
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Snubber: An electric network for operation of a solid state switch in low stress condition.

Voltage Clamp: A device or circuit for reducing the transient (usually) voltages applied to a converter.
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Chapter 9
Availability

ABSTRACT

Protection methods, which were described in the previous chapter, save the converter against non-
catastrophic faults. However, this method saves the converter but it also takes the converter out of the
service. The subject of this chapter is converters that are not damaged but can not operate normally. In
this chapter, availability of electric power converters as a most important but usually forgotten param-
eter is described. The concept of availability was originally developed for repairable systems that are
required to operate continuously. It is explained that a system may be unavailable while none of its parts
damaged. In fact, there is an important difference between reliability and availability. A converter may
be highly reliable but unavailable and vice versa. One of the most important factors for this undesired
state is influence of noise. In this chapter, electromagnetic interference and certain methods for reducing
its undesired effects on electric power converters are presented. Electric power converters are usually
the source of electromagnetic noise due to high operating voltage and/or current. Various techniques
for safe operation of sensitive systems that operate close to these converters are described. In the last
part of chapter, alarm management is presented based on availability concept. This method is used to
prevent fast shutdown of important systems due to dispensable faults.

INTRODUCTION: AVAILABLE OR SAFE?

Figure 1 shows the state of this chapter in the flowchart of the book. The concept of availability was
originally developed for repairable systems that are required to operate continuously, i.e., round-the-clock,
and are at any random point in time either operating or “down” because of failure and are being worked
upon so as to restore their operation in minimum time. In this original concept, a system is considered
to be in only two possible states - - operating or in repair -- and availability is defined as the probability
that a system is operating satisfactorily at any random point in time, t, when subject to a sequence of
“up” and “down” cycles which constitute an alternating renewal process (Kwasinski, Krishnamurthy,
Song, & Sharma, 2012).

A trade-off is a rational selection among alternatives in order to optimize some system parameter
that is a function of two or more variables which are being compared (traded off). Examples of system
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Figure 1. State of chapter 9 in the flowchart of the book

Design process of a
Reliable power converter

< Chapter 1: Fundamentals of electric>

power converters operation

. Preparation
+ data

Chapter 2: Fault
mechanisms in electric
power converters

Chapter 4: + )
Thermal design o -
Chapter 3: Reliability prediction
\_{d\ > Reliability
calculation

Chapter 5: Reliability measurement

¢ -

Chapter 6: Reliability
as a figure of merit P Methods for
s the desire > preventing
reliability achieve faults
Chapter 7: Stress
reduction
' Chapter 8: Protection
systems Methods for

~

removing
faults

Chapter 12: Chapter 9: Availability
Condition monitoring

: ! Methods for

| Chapter 11: Fault Chapte_r 10: : ¢ compensating
' | tolerant systems Derating 1 the faults

(e, g ey —snpmpmpp effects

Reliable power converter

trade-offs involve performance, reliability, maintainability, cost, schedule, and risk. A trade-off may be
quantitative or qualitative. Insofar as possible, it is desirable that trade-offs be based on quantifiable,
analytic, or empirical relationships. Where this is not possible, then semiquantitative methods using
ordinal rankings or weighting factors are often used.

The methodology for structuring and performing trade-off analyses is part of the system engineering
process described in Section 4. The basic steps, summarized here are:

Define the trade-off problem and establish the trade-off criteria and constraints

Synthesize alternative design configurations

Analyze these alternative configurations

Evaluate the results of the analyses with respect to the criteria, eliminating those which violate
constraint boundaries

5. Select the alternative which best meets criteria and constraint boundaries or iterate the design
alternatives, repeating Steps 2 through 5 to obtain improved solutions.

B
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System effectiveness and cost effectiveness models provide the best tools for performing tradeoff
studies on the system level. Through the computerized models, any changes in any of the multitude of
reliability, maintainability, performance, mission profile, logistic support, and other parameters can be
immediately evaluated as to their effect on the effectiveness and total cost of a system. Thus, cost ef-
fectiveness modeling and evaluation, besides being used for selecting a specific system design approach
from among several competing alternatives, is a very powerful

tool for performing parametric sensitivity studies and trade-offs down to component level when opti-
mizing designs to provide the most effective system for a given budgetary and life cycle cost constraint
or the least costly system for a desired effectiveness level.

AVAILABILITY

Availability means the probability that a system is operational at a given time, i.e. the amount of time
a device is actually operating as the percentage of total time it should be operating. High-availability
systems may report availability in terms of minutes or hours of downtime per year. Availability features
allow the system to stay operational even when faults do occur. A highly available system would dis-
able the malfunctioning portion and continue operating at a reduced capacity. In contrast, a less capable
system might crash and become totally nonoperational. Availability is typically given as a percentage
of the time a system is expected to be available, e.g., 99.999 percent.

Availability of a system is typically measured as a factor of its reliability - as reliability increases, so
does availability. Availability of a system may also be increased by the strategy on focusing on increasing
testability & maintainability and not on reliability. Improving maintainability is generally easier than
reliability. Maintainability estimates (Repair rates) are also generally more accurate. However, because
the uncertainties in the reliability estimates are in most cases very large, it is likely to dominate the avail-
ability (prediction uncertainty) problem, even while maintainability levels are very high.

When reliability is not under control more complicated issues may arise, like manpower (maintainers
/ customer service capability) shortage, spare part availability, logistic delays, lack of repair facilities,
extensive retro-fit and complex configuration management costs and others. The problem of unreliability
may be increased also due to the “domino effect” of maintenance induced failures after repairs. Only
focusing on maintainability is therefore not enough. If failures are prevented, none of the others are of
any importance and therefore reliability is generally regarded as the most important part of availability.

Reliability needs to be evaluated and improved related to both availability and the cost of ownership
(due to cost of spare parts, maintenance man-hours, transport costs, storage cost, part obsolete risks etc.).
Often a trade-off is needed between the two. There might be a maximum ratio between availability and
cost of ownership. Testability of a system should also be addressed in the availability plan as this is the
link between reliability and maintainability. The maintenance strategy can influence the reliability of a
system (e.g. by preventive and/or predictive maintenance), although it can never bring it above the inher-
ent reliability. So, Maintainability and Maintenance strategies influences the availability of a system.
In theory this can be almost unlimited if one would be able to always repair any fault in an infinitely
short time. This is in practice impossible. Repair-ability is always limited due to testability, manpower
and logistic considerations.

An availability plan should clearly provide a strategy for availability control. Whether only Availability
or also Cost of Ownership is more important depends on the use of the system. For example, a system
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that is a critical link in a production system - e.g. a big oil platform — is normally allowed to have a very
high cost of ownership if this translates to even a minor increase in availability, as the unavailability of
the platform results in a massive loss of revenue which can easily exceed the high cost of ownership. A
proper reliability plan should always address RAMT analysis in its total context. RAMT stands in this
case for Reliability, Availability, Maintainability/Maintenance and Testability in context to the customer
needs (Kwasinski, 2011).

All reliability professionals are familiar with the terms Weibull Analysis and/or Life Data Analysis. In
fact, for many, these analysis techniques have become almost synonymous with reliability and achieving
high reliability. The reality, though, is that although life data analysis is an important piece of the pie,
performing just this type of analysis is not enough to achieve reliable products. Rather, there are a variety
of activities involved in an effective reliability program and in arriving at reliable products. Achieving
the organization’s reliability goals requires strategic vision, proper planning, sufficient organizational
resource allocation and the integration and institutionalization of reliability practices into development
projects.

Design for Reliability, however, is more specific than these general ideas. It is actually a process.
Specifically, DFR describes the entire set of tools that support product and process design (typically
from early in the concept stage all the way through to product obsolescence) to ensure that customer ex-
pectations for reliability are fully met throughout the life of the product with low overall life-cycle costs.
In other words, DFR is a systematic, streamlined, concurrent engineering program in which reliability
engineering is weaved into the total development cycle. It relies on an array of reliability engineering
tools along with a proper understanding of when and how to use these tools throughout the design cycle.
This process encompasses a variety of tools and practices and describes the overall order of deployment
that an organization needs to follow in order to design reliability into its products

As the previous sections demonstrate, there is a clear distinction between the goals and tools em-
ployed to assure quality versus those employed to analyze and improve reliability. Of course, there are
also many natural affinities between the two disciplines and it is understandable that many organizations
have traditionally combined both quality and reliability under the same umbrella. In some cases, when
the organization clearly understands the distinction between quality and reliability and applies the ap-
propriate tools for both objectives, this combination can be appropriate and effective. However, when
there is not a clear understanding of the essential differences in the tools involved, this can lead to very
poor outcomes resulting from the improper use of tools and data. The rest of this article attempts to
distinguish the specific processes and techniques that are necessary to ensure a product’s reliability by
presenting a high-level overview of a general DFR process.

On the other hand, Design for Reliability is a process specifically geared toward achieving high long-
term reliability. This process attempts to identify and prevent design issues early in the development
phase, instead of having these issues found in the hands of the customer. As mentioned previously, a
variety of tools are used in order to accomplish this objective. These tools are different than those used
in DFSS, even though there is some overlap. Figure 1 illustrates the different tools used in DFSS and
DFR, as well as the overlap between the two. As you can see from this graphic, the types of tools used
in DFR are based on modeling the life of the product, understanding the operating stresses and the phys-
ics of failure. The common area between DFSS and DFR includes tools such as Voice of the Customer
(VOC), Design of Experiments (DOE) and Failure Modes and Effects Analysis (FMEA), which are
essential elements in any kind of product improvement program.
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At times, however, especially in the case of the more simple systems, trade-offs may be limited to
achieving arequired system availability while meeting the specified reliability and maintainability require-
ments. Comparatively simple trade-off techniques can then be used as shown in the following paragraphs.

The reliability-maintainability-availability relationship provides a measure of system effectiveness
within which considerable trade-off potential usually exists, e.g., between reliability, maintainability,
and logistic support factors. This potential should be re-evaluated at each successive stage of system
development to optimize the balance between reliability, maintainability, and other system effective-
ness parameters with respect to technical risks, life cycle cost, acquisition schedule, and operating and
maintenance requirements. The latter become increasingly more important as complexity of system
design increases, dictating the need for integration of system monitoring and checkout provisions in the
basic design.

There are obvious practical limits which must be considered in trade-off optimization. These are
called constraints, and all purposeful optimization must be bounded by constraints into feasible regions.
For example, there are practical limits as to how high a value for MTBF can be achieved or how low
MTTR can be made. In the one case, the reliability of system components or the required redundancy
might be so high that the desired reliability could not be realistically achieved within the state-of-the-art
or would be so expensive as to violate cost constraints.

Similarly, MTTRs close to zero would require extreme maintainability design features, such as com-
pletely built-in test features or automatic test and checkout to allow fault isolation to each individual
replaceable module, with perhaps automatic switchover from a failed item to a standby item. This also
could easily violate state-of-the-art or cost constraints.

It follows, then, that trade-offs not only involve relationships among system parameters and variables
but also that they are bounded by both technical and economic constraints. In a sense, all trade-offs are
economic ones, requiring cost-benefit analysis (not necessarily in terms of dollar costs but rather in
terms of the availability and consumption of resources, of which dollars are often the most convenient
measure). Resource constraints may also include manpower and skill levels, schedule or time availability,
and the technical state-of-the-art capability. Later sections of this chapter deal with the cost problem.

There are two general classes of trade-offs. In the first, the contributing system variables are traded-
off against one another without increasing the value of the higher level system parameter; for example,
trading-off reliability and maintainability along an isoavailability contour (no change in availability). This
might be done for reasons of standardization or safety or for operational reasons such as the level at which
the system and its equipments will be maintained (Song, Krishnamurthy, Kwasinski, & Sharma, 2013).

The other class of trade-off is one in which the system variables are varied in order to obtain the
highest value of the related system parameters within cost or other constraints. For example, reliability
and maintainability might be traded-off in order to achieve a higher availability. This could result in
moving from one isoavailability curve to another in Figure 3, perhaps along an isocline (a line connect-
ing equal slopes).

As stated earlier in this section, reliability and maintainability jointly determine the inherent avail-
ability of a system. Thus, when an availability requirement is specified, there is a distinct possibility of
trading-off between reliability and maintainability since, in the steady state, availability depends only
on the ratio or ratios of MTTR/MTBEF that is referred to as maintenance time ratio (MTR)
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Example: UPS

An uninterruptible power supply, also uninterruptible power source, UPS or battery/flywheel backup, is
an electrical apparatus that provides emergency power to a load when the input power source, typically
mains power, fails. A UPS differs from an auxiliary or emergency power system or standby generator in
that it will provide near-instantaneous protection from input power interruptions, by supplying energy
stored in batteries, supercapacitors, or flywheels. The on-battery runtime of most uninterruptible power
sources is relatively short (only a few minutes) but sufficient to start a standby power source or properly
shut down the protected equipment.

A UPS is typically used to protect hardware such as computers, data centers, telecommunication
equipment or other electrical equipment where an unexpected power disruption could cause injuries,
fatalities, serious business disruption or data loss. UPS units range in size from units designed to protect
a single computer without a video monitor (around 200 volt-ampere rating) to large units powering entire
data centers or buildings. The world’s largest UPS, the 46-megawatt Battery Electric Storage System
(BESS), in Fairbanks, Alaska, powers the entire city and nearby rural communities during outages.

Example: Emergency Power System

An emergency power system is a standby generator which may include lighting, electric generators, fuel
cells, uninterruptible power supplys and other apparatus, to provide backup power resources in a crisis
or when regular systems fail.

They find uses in a wide variety of settings from residential homes to hospitals, scientific laboratories,
data centers, telecommunication equipment and modern naval ships. Emergency power systems can
rely on generators, deep cycle batteries, flywheel energy storage or hydrogen fuel cells. Finally, some
homebrew emergency power systems use regular lead-acid car batteries

Mains power can be lost due to downed lines, malfunctions at a sub-station, inclement weather,
planned blackouts or in extreme cases a grid-wide failure. In modern buildings, most emergency power
systems have been and are still based on generators. Usually, these generators are Diesel engine driven,
although smaller buildings may use a gasoline engine driven generator and larger ones a gas turbine.
However, lately, more use is being made of deep cycle batteries and other technologies such as flywheel
energy storage or fuel cells. These latter systems do not produce polluting gases, thereby allowing the
placement to be done within the building. Also, as a second advantage, they do not require a separate
shed to be built for fuel storage.

With regular generators, an automatic transfer switch is used to connect emergency power. One side is
connected to both the normal power feed and the emergency power feed; and the other side is connected
to the load designated as emergency. If no electricity comes in on the normal side, the transfer switch uses
a solenoid to throw a triple pole, single throw switch. This switches the feed from normal to emergency
power. The loss of normal power also triggers a battery operated starter system to start the generator,
similar to using a car battery to start an engine. Once the transfer switch is switched and the generator
starts, the building’s emergency power comes back on (after going off when normal power was lost.)

Unlike emergency lights, emergency lighting is not a type of light fixture; it is a pattern of the
building’s normal lights that provides a path of lights to allow for safe exit, or lights up service areas
such as mechanical rooms and electric rooms. Exit signs, Fire alarm systems (that are not on back up
batteries) and the electric motor pumps for the fire sprinklers are almost always on emergency power.
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Other equipment on emergency power may include smoke isolation dampers, smoke evacuation fans,
elevators, handicap doors and outlets in service areas. Hospitals use emergency power outlets to power
life support systems and monitoring equipment. Some buildings may even use emergency power as part
of normal operations, such as a theater using it to power show equipment because “the show must go on.

INFLUENCE OF INTERFERENCE

One of the best examples is EMI. Electromagnetic compatibility (EMC) is the branch of electrical sci-
ences which studies the unintentional generation, propagation and reception of electromagnetic energy
with reference to the unwanted effects (Electromagnetic interference, or EMI) that such energy may
induce. The goal of EMC is the correct operation, in the same electromagnetic environment, of differ-
ent equipment which use electromagnetic phenomena, and the avoidance of any interference effects.

In order to achieve this, EMC pursues two different kinds of issues. Emission issues are related to
the unwanted generation of electromagnetic energy by some source, and to the countermeasures which
should be taken in order to reduce such generation and to avoid the escape of any remaining energies into
the external environment. Susceptibility or Immunity issues, in contrast, refer to the correct operation of
electrical equipment, referred to as the victim, in the presence of unplanned electromagnetic disturbances.

Interference mitigation and hence electromagnetic compatibility is achieved by addressing both
emission and susceptibility issues, i.e., quieting the sources of interference and hardening the potential
victims. The coupling path between source and victim may also be separately addressed to increase its
attenuation

Conducted noise occurs when the signal is in electrical contact with a noise source. This is because
the noise current source and our signal share a common path. This usually takes the form of a ground
loop, an extra ground connection between 2 components with different internal potentials. The ground
loop acts like an antenna, effectively picking up interference, leading to a system ground reference that

Figure 2. Layout a power supply with separator resistor between signal and power grounds
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Figure 3. Two systems with common voltage reference

is no longer stable. However subtle, the differences in potential can induce lots of noise. Figure 2 shows
a power supply board with separated grounds to prevent interference via ground.

Grounding

In electrical engineering, ground or earth can refer to the reference point in an electrical circuit from
which voltages are measured, a common return path for electric current, or a direct physical connection
to the Earth.

Electrical circuits may be connected to ground (earth) for several reasons. In mains powered equip-
ment, exposed metal parts are connected to ground to prevent user contact with dangerous voltage if
electrical insulation fails. Connections to ground limit the build-up of static electricity when handling
flammable products or electrostatic-sensitive devices. In some telegraph and power transmission circuits,
the earth itself can be used as one conductor of the circuit, saving the cost of installing a separate return
conductor (see single-wire earth return).

For measurement purposes, the Earth serves as a (reasonably) constant potential reference against
which other potentials can be measured. An electrical ground system should have an appropriate current-
carrying capability to serve as an adequate zero-voltage reference level. In electronic circuit theory, a
“ground” is usually idealized as an infinite source or sink for charge, which can absorb an unlimited
amount of current without changing its potential. Where a real ground connection has a significant resis-
tance, the approximation of zero potential is no longer valid. Stray voltages or earth potential rise effects
will occur, which may create noise in signals or if large enough will produce an electric shock hazard

There are two primary reasons for grounding devices, cables, equipments, and systems. The first
reason is to prevent shock and fire hazards in the event that an equipment frame or housing develops a
high voltage due to lightning or an accidental breakdown of wiring or components. The second reason
is to reduce EMI effects resulting from electromagnetic fields, common impedance, or other forms of
interference coupling. Figure 3 shows a simplified diagram of two connected systems with a common
potential reference.

Figure 4 shows a mechanism of voltage division between a hot line and chassis.

In an electrical system, a ground loop refers to a current, almost always unwanted, in a conductor
connecting two points that are supposed to be at the same potential, often ground, but are actually at
different potentials.
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Figure 4. Voltage division between power line and chassis

Z1

Z2

Ground loops are a major cause of noise, hum, and interference in audio, video, and computer sys-
tems. They can also create an electric shock hazard, since ostensibly “grounded” parts of the equipment,
which are often accessible to users, are not at ground potential

Loops in the ground path can cause currents in signal cable grounds by two main mechanisms. The
diagrams atright show a typical ground loop caused by a signal cable S connecting two grounded electronic
components C1 and C2. The loop consists of the signal cable’s ground conductor, which is connected
through the components’ metal chassis to the ground wires P in their “three wire” power cords, which
are plugged into outlet grounds which are connected through the building’s utility ground wire system G.

e  Ground loop currents can be induced by stray AC magnetic fields (B, green) The ground loop con-
stitutes a conductive wire loop which may have a large area of several square meters. It acts like a
short circuited single-turn “transformer winding”’; any AC magnetic flux passing through the loop,
from nearby transformers, electric motors, or just adjacent power wiring, will induce currents in
the loop by induction. Since its resistance is very low, often less than 1 ohm, the induced currents
can be large.

Ground loop current caused by leakage currents in the building’s ground wire system from an ap-
pliance A.

e Another source of ground loop currents is current leaking from the “hot” side of the power line
into the ground system. In addition to resistive leakage, current can also be induced through low
impedance capacitive or inductive coupling. The ground potential at different outlets may differ by
as much as 10 to 20 volts due to voltage drops from these currents. Figure 2 shows leakage current
from an appliance such as an electric motor A flowing through the building’s ground system G to
the neutral wire at the utility ground bonding point at the service panel. The ground loop between
components C1 and C2 creates a second parallel path for the current. The current divides, with
some passing through component C1, the signal cable S ground conductor, C2 and back through
the outlet into the ground system G. The AC voltage drop across the cable’s ground conductor
from this current introduces hum or interference into component C2.
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Figure 5 shows effect of difference between grounds of two connected systems.

The ground system for a collection of circuits within a system or facility can assume any one of sev-
eral different configurations. Each of these configurations tends to be optimal under certain conditions
and may contribute to EMI problems under other conditions. In general, the ground configurations will
involve either a floating ground, a single point ground, a multipoint ground, or some hybrid combina-
tion of these. In Figure 6 system “B” is floated and can be connected to ground system “A” with a long
return wire.

The single-point or star type of grounding scheme shown in the figure avoids problems of common-
mode impedance coupling discussed in the previous section. The only common path is in the earth ground
(for earth-based structures), but this usually consists of a substantial conductor of very-low impedance.
Thus, as long as no or low ground currents flow in any low-impedance common paths, all subsystems
or equipments are maintained at essentially the same reference potential. Figure 7 shows a system with
single point ground.

An important advantage of the single-point configuration is that it helps control conductively coupled
interference.

Rather than have an uncontrolled situation the other grounding alternative is multipoint grounding
as illustrated in Figure 8. For the example shown in Figure 9 and 10, each equipment or subsystem is
bonded as directly as possible to a common low-impedance ground plane to form a homogeneous, low-
impedance path. Thus, common-mode currents and other EMI problems will be minimized. The ground
plane then is earthed for safety purposes.

Earth Connection

Figures 11, 12, and 13 show various types of earth connection in a system. It is important to connect the
earth internally to prevent voltage difference between grounds.

Figure 5. Noise voltage between different grounds Figure 6. Long ground wire
Signal
A 7\ B
U Noise A B
voltage

| |
SSS S S S S S '

Figure 7. Single point ground connection Figure 8. Multi point ground connection

A B C A B C

—— l | [ [
S S S S S S
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Figure 9. Grouding the system parts according to their noise behavior
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Figure 11. Three subsystems with a common earth connection

A Signal

Signal

Figure 12. Three subsystems with separated earth connections

Signal

Signal

Shielding

Electromagnetic shielding is the practice of reducing the electromagnetic field in a space by blocking the
field with barriers made of conductive or magnetic materials. Shielding is typically applied to enclosures
to isolate electrical devices from the ‘outside world’, and to cables to isolate wires from the environment
through which the cable runs. Electromagnetic shielding that blocks radio frequency electromagnetic
radiation is also known as RF shielding.
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Figure 13. Three subsystems with separated but externally connected earth connection
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The shielding can reduce the coupling of radio waves, electromagnetic fields and electrostatic fields.
A conductive enclosure used to block electrostatic fields is also known as a Faraday cage. The amount of
reduction depends very much upon the material used, its thickness, the size of the shielded volume and
the frequency of the fields of interest and the size, shape and orientation of apertures in a shield to an
incident electromagnetic field. Figure 14 shows effect of shield on electric coupling via parasitic capacitor.

The primary reason for the use of isolated grounds (IG) is to provide a noise-free ground return,
separate from the equipment grounding (EG) return. The EG circuit includes all of the metal conduit,
outlet boxes, and metal enclosures that contain the wiring and must be grounded to provide a safe return
path in case of fault currents. The IG’ provides an insulated, separate ground path for the ground refer-
ence in electronic equipment, such as computers, hospital equipment, and audio equipment. IG helps
eliminate the potential for a ground loop, which can cause noise, data errors, and disruptions to these
systems. The IG is typically insulated and separate all the way back to the point of origin of the circuit,
either a main panel or sub-panel. The IG, EG and neutral are all bonded together at that point. Due to
the installation of a separate, insulated conductor and the associated special outlets required, IG circuits
are more expensive to install than standard power circuits. Figure 15 shows application a transformer
for isolating the ground. Figure 16 shows a power supply with EMC considerations.

An EMI filter, or electromagnetic interference filter, is an electronic passive device which is used in
order to suppress conducted interference that is present on a signal or power line. EMI filters can be used
to suppress interference that is generated by the device or by other equipment in order make a device more
immune to electromagnetic interference signals present in the environment. Most EMI filters consist of
components that suppress differential and common mode interference. Figure 17 shows a typical EMI
filter. Its circuit diagram and specifications are shown in figures 18 and 19.

To carry out compliance measurements, standard regulations require a standard network, namely,
“Line Impedance Stabilization Network (LISN)”. LISN is an industrial network that must have the fol-
lowing characteristics in order to satisfy measurement conditions:
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Figure 14. Operation principle of shielding

Power
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Figure 15. Application of transformer for ground separation, (right): MOSFET driver without isolation,
(left): isolation in the input signal of MOSFET driver with transformer

Driver Driver
uP :%II uP

Figure 16. A power supply with EMC considerations
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e  Transferring power from source to converter,
e  Providing a low impedance path for noise measurement,
e  Reducing of the effect of source impedance on the noise measurement.

The analysis of an industrial LISN is too complicated. Therefore, a simple model with sufficient ac-
curacy is used. A commonly used LISN, which has been employed in our study, is shown in Figure 4.

Since only the differential mode noise is of our concern, the common ground of the LISN is not
considered in Figure 4 and only a series circuit between phases is assumed. With this structure and as-
suming that the power supply is a short circuit for a dynamic analysis 10, the equivalent noise circuit
can be represented as in Figure 5, in which /,_is the converter input current.

There are two ways for noise calculating, direct method and indirect method. In the direct method
the LISN is added to the circuit in simulation and frequency spectrum of LISN output voltage (voltage
across Z ) is calculated. In the indirect method, the system function of noise equivalent circuit is utilized.
According to the noise equivalent linear circuit the system function H (jo) can be written as:

Figure 17. A practical EMI filter (IEC publication 61204 ed.1.0 Copyright © 1993 of publication IEC
Geneva, Switzerland. www.iec.ch)

100 nF ceramic Plastic conduit
Terminal block (& 20 mm x 50 mm)

T-connsactor

(L@

Crocodile clips

o ' 50 Q coaxial
Encapsulate with  Soldered in places 975 mm

8poXy resin as shown

§0 Q termination

tEC 095193

Figure 18. Circuit diagram of an EMI filter, Published with permission of International Rectifier

Input < » * {12} Qutput
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Figure 19. Specifications of an EMI filter, Published with permission of International Rectifier

Electrical Characteristics -55°C < Tcasg <+125°C, -400V <V < +400V unless otherwise specified

Group A
Parameter Subgroups Test Conditions Min Max Unit
Leakage Current Note 3 1,2,3 + 500V DC Input Voltage 0 50 A
DC Resistance Nowe 4 1,2,3 Te=25°C 400 ma
T =125°C 700
Noise Reduction 456 200 KHz - 500 KHz 35
B 500 KHz - 1 MHz 60 dB
1 MHz — 10 MHz 65
Isclation 1 Any Pin to Case, Tested @ 500VDC 100 M
1 34 56
Capacitance 23 Measured Between Any Pin and Case ag 62 nF
Notes o Specifications

1. Operation above maximum ratings may cause permanent damage to the device. Operation at maximum ratings
may degrade performance and affect reliability.

2. Device can tolerate + 720 Volt fransient whose durafion is < 100 ms when Re = 0.5 @.

3. Derate Quiput Current linearly from 100% at 125°C to O at 135°C.

4. DC resistance is the total resistance of the device and includes the sum of the input to oufput resistance and the
retumn in to return out resistance paths.

_ V, (jo)

HUO =10

)

where v (jw) and I, are LISN output voltage and converter input current respectively 10. The system

function H(s) is calculated as a function of the noise equivalent circuit parameters as:

2 3 4
Ny +n,s+n,s” +ny,s” +n,s

H(s)=
(s) dy+ds+d,s’ +ds’ +ds*+ds’

2)

where the coefficients n, and dj correspond to the parameters of the noise equivalent circuit.
In this method, 1, (7) can be computed by computer simulation of the converter. Then by applying
FFT to 1, (1)1 (jw) can be calculated. Therefore, v (jw) will be computed using equation (1). Simula-

tion indicates that there is no significant difference between the results obtained with these two methods
10. The method with system function is used which is more convenient for calculation of noise level
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3-4-Software Methods
Example: Digital control of Power Electronic Converters

The conventional PWM is the most famous and popular method for regulating the output voltage. Most
of integrated DC/DC converters usually are based on PWM control method. However, this method
has a slow response time especially to load changes. Skip cycle modulation technique is a category
of Bang-Bang controllers. Having fast response, this method has been used to control some DC/DC
converters. This control technique is proposed for digital control of Flyback converters. This control
technique regulates the output voltage based on presence and absence of power. This control scheme
offers a faster dynamic response compared with PWM method and improves the efficiency by lowering
the switch turn-off loss at the end of each power pulse. The basic control law is pulse by pulse control
of the converter due to the output voltage.

In this paper, skip cycle modulation is used to control a resonant converter. Although this converter
is a series loaded resonant converter, the results of this paper can be applied to other types of resonant
converters. A pulse generator circuit is presented for zero current switching (ZCS). Simulation and
experimental results are presented to show the features of this control method. Results show that the
converter has a fast response and high efficiency over wide load range.

This method is a class of the Bang-Bang controllers that operates based on applying or canceling
the trigger pulses of converter. Figure 20 shows a typical time diagram of this method. The trigger gate
pulses have a constant duration in this method and control of the converter is performed by canceling a

Figure 20. Time diagram of the skip cycle modulation technique

Controller
command
31 ’32 \ Time
Time
3,54 !
" Time
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certain interval of the trigger pulses which is done by a control signal command. The control signal is
generated by comparing desired variable of the converter (for example output voltage) with a specified
reference value. The associated energy of each gate pulse is considered so that the incorrect applying a
trigger pulse does not show considerable effect on the controlled variable.

Figure 21 shows the block diagram of proposed method applied to a series resonant converter. The
output voltage is measured and compared with a reference value. The result of this stage is a digital signal
(U(t)). Regarding to the state of this signal, the pulses of the converter would be applied or stopped. If
the control signal, U(t), is stopped at the middle of a gate pulse this last pulse is applied completely to
keep the ZCS condition in the converter. All of this logic is implemented in a FPGA and it controls the
converter (Kaboli, Alavi, & Oraee, 2008).

Table 1 shows the characteristics of the converter used in simulations. Figure 22 shows the effect
of control circuit on the output voltage. When the output voltage falls under the reference value, the
control circuit will apply a full cycle resonant current and compensate the voltage reduction. Figure
23 shows the zero current switching condition in converter switches. This fact causes in omitting the
switching loss and increasing the efficiency of the converter. Figure 24 shows the performance of the
pulse generator. It can be seen that while the control signal U(t) reaches zero, the output gate pulses are
applied completely in order to maintain the ZCS condition. Figure 25 shows the conduction of output
diodes in ZCS condition. Figure 26 shows a good and short transient response of the converter to load
changes. When the load is small, the gate pulses are applied in great time intervals. These intervals are
small when the load is increased. Figure 27 shows the start up of the converter. Due to the high inrush
current, a soft start circuit should be used for this converter.

Figure 21. Block diagram of proposed method
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Table 1. Characteristics of converter

Parameter value
Rated Power 4kW
Switching frequency 25 kHz
Output Voltage 20V
Vin 530V
Resonance capacitor 220 nf
Resonance Inductance 280 pH

To verify the computer simulation results, a resonant converter has been designed and built. The
converter shown in Figure 28 has the same parameters as what is used in the simulations. Figures 29 and
30 show the current of resonant circuit for two cases: heavy or light converter load. It can be seen that
in the heavy load the number of control pulses is increased to supply the load current. Figure 31 shows
the current of resonant circuit in a narrow scale. This sinusoidal current guarantees the ZCS condition.
Thus, the switching loss is omitted and the efficiency of the converter is increased. The measured ef-
ficiency of converter is approximately 94%. This efficiency is measured in other loads and it is shown
in Figure 32. This figure shows that the converter has a high efficiency over wide load range because
the constant loss of converter such as transformer core loss is omitted when the control signal, U(t),
is stopped. Therefore, in light load the converter loss is also decreased and the converter efficiency is
increased. Figure 33 shows the time response of the converter to a load change. It can be seen that the
output voltage does not show considerable variation for load current change and this confirms the fast
response of the proposed method. Figure 34 shows the sinusoidal waveform of converter that leads to
ZCS condition in switching.

3-5-EMC Standards

The goal of electromagnetic compatibility, or EMC, is to design electronic systems that are electromag-
netically compatible with their environment. EMC requirements exist so that electronic systems designers
have a set of guidelines that explain the limits of what is considered electromagnetically compatible.
There is not, however, one all-encompassing set of EMC guidelines. Instead, EMC guidelines are created
by individual product manufacturers, and by the government. Requirements set forth by the government
are legal requirements that products must meet, while the requirements set forth by the manufacturer are
self-imposed and often more stringent than those set forth by the government.

The following list outlines a number of EMC standards which are known at the time of writing to be
either available or have been made available for public comment. These standards attempt to standardize
product EMC performance, in respect to radio interference for electrical equipment.

1. CISPR
2. IEC

3. ISO

4. ANSI
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Figure 22. Effect of applied control pulse on the output voltage, Up:
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U(t), Middle and Down: Gate pulses

Up

Control pulses,

Figure 24.
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ddle: Output voltage, Down:

Output current, Mi

Figure 26. Converter response to load change, Up
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Figure 28. Experimental setup, A: Input rectifier, B: Inverter switches, C: Control circuit, D: Resonant
capacitors, E: Transformer, F: Output diodes, H: Auxiliary power supply, G: Output capacitors

EF G

Figure 35 shows a sample of EMC levels in IEC standard. Figure 36 shows a switching ASD which
is used for an induction motor. Figure 37 shows an equipment which is used for generating the certain
harmonics. It is applied to EMC studies.

ALARM MANAGEMENT

Alarm management is the application of human factors (or ergonomics as the field is referred to outside
the U.S.) along with instrumentation engineering and systems thinking to manage the design of an alarm
system to increase its usability. Most often the major usability problem is that there are too many alarms
annunciated in a plant upset, commonly referred to as alarm flood (similar to an interrupt storm), since
it is so similar to a flood caused by excessive rainfall input with a basically fixed drainage output capac-
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Figure 31. Zero current switching in converter switches
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Figure 33. Time response of the converter to load change, Up: Load current, Down: Output voltage
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Figure 34. Current of resonant circuitFigure 35. Different harmonic levels for various classes in electric
equipment (IEC publication 61000-3-2 ed.1.2 “Copyright © 2014 of publication IEC Geneva, Switzer-

land. www.iec.ch)

364




Availability

Figure 35. Different harmonic levels for various classes in electric equipment (IEC publication 61000-
3-2 ed.1.2 Copyright © 2014 of publication IEC Geneva, Switzerland. www.iec.ch)

Table 1 - Limits for Class A equipment

Harmonic order Maximum permisaihie
harmonie current
n A
Odd harmonics
3 2,30
5 1,14
7 0,77
9 0,40
11 0,33
13 0,21
15<ng39 0,16 1[.‘5
Even harmoniocs
2 1,08
4 0,43
[ 0,30
B<ng40 023 g

Table 2 - Limits for Class C equipment

Harmonic order Maximum permissible harmonic currreni
expressed as a percentage of the input
current at the fundamental frequency

n %

2 2

3 30-4"

5 10

7

9

11<n<39
{odd harmonics only)

* A is the circuit power factor

Table 3 — Limits for Class D equipment

Harmonic order Maximum permissible Maximum permissible
harmenic current harmonic current
per watt

n mA/W A

3 3.4 2,30
5 1.8 1,14
7 1,0 0.77
9 . 0,5 0,40
11 0,35 0,33

18<ng39 385 See table 1
{odd harmonics only) n
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Figure 36. A practical ASD

Figure 37. A harmonic generator using for EMI tests

.E: "

366



Availability

ity. However, there can also be other problems with an alarm system such as poorly designed alarms,
improperly set alarm points, ineffective annunciation, unclear alarm messages, etc.

The fundamental purpose of alarm annunciation is to alert the operator to deviations from normal
operating conditions, i.e. abnormal operating situations. The ultimate objective is to prevent, or at least
minimize, physical and economic loss through operator intervention in response to the condition that was
alarmed. For most digital control system users, losses can result from situations that threaten environ-
mental safety, personnel safety, equipment integrity, economy of operation, and product quality control
as well as plant throughput. A key factor in operator response effectiveness is the speed and accuracy
with which the operator can identify the alarms that require immediate action.

By default, the assignment of alarm trip points and alarm priorities constitute basic alarm manage-
ment. Each individual alarm is designed to provide an alert when that process indication deviates from
normal. The main problem with basic alarm management is that these features are static. The resultant
alarm annunciation does not respond to changes in the mode of operation or the operating conditions.

When a major piece of process equipment like a charge pump, compressor, or fired heater shuts
down, many alarms become unnecessary. These alarms are no longer independent exceptions from
normal operation. They indicate, in that situation, secondary, non-critical effects and no longer provide
the operator with important information. Similarly, during startup or shutdown of a process unit, many
alarms are not meaningful. This is often the case because the static alarm conditions conflict with the
required operating criteria for startup and shutdown.

In all cases of major equipment failure, startups, and shutdowns, the operator must search alarm
annunciation displays and analyze which alarms are significant. This wastes valuable time when the
operator needs to make important operating decisions and take swift action. If the resultant flood of
alarms becomes too great for the operator to comprehend, then the basic alarm management system has
failed as a system that allows the operator to respond quickly and accurately to the alarms that require
immediate action. In such cases, the operator has virtually no chance to minimize, let alone prevent, a
significant loss.

In short, one needs to extend the objectives of alarm management beyond the basic level. It is not
sufficient to utilize multiple priority levels because priority itself is often dynamic. Likewise, alarm
disabling based on unit association or suppressing audible annunciation based on priority do not provide
dynamic, selective alarm annunciation. The solution must be an alarm management system that can
dynamically filter the process alarms based on the current plant operation and conditions so that only
the currently significant alarms are annunciated.

The fundamental purpose of dynamic alarm annunciation is to alert the operator to relevant abnormal
operating situations. They include situations that have a necessary or possible operator response to ensure:

e  Personnel and Environmental Safety,
e  Equipment Integrity,
e  Product Quality Control.

The ultimate objectives are no different from the previous basic alarm annunciation management
objectives. Dynamic alarm annunciation management focuses the operator’s attention by eliminating
extraneous alarms, providing better recognition of critical problems, and insuring swifter, more accurate
operator response
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Alarm management is usually necessary in a process manufacturing environment that is controlled
by an operator using a control system, such as a DCS or a programmable logic controller (PLC). Such a
system may have hundreds of individual alarms that up until very recently have probably been designed
with only limited consideration of other alarms in the system. Since humans can only do one thing at a
time and can pay attention to a limited number of things at a time, there needs to be a way to ensure that
alarms are presented at a rate that can be assimilated by a human operator, particularly when the plant
is upset or in an unusual condition. Alarms also need to be capable of directing the operator’s attention
to the most important problem that he or she needs to act upon, using a priority to indicate degree of
importance or rank, for instance. Figure 38 shows the operator panel of a power supply with pre-alarm
of over temperature. Figure 39 and 40 show two temperature sensors implemented on a transistor heat
sink and a transformer, respectively. The first should be very fast but the second can be just a pre-alarm.
Application of a temperature sensor in the first case with a lower activating temperature set point can
be also used as pre-alarm as shown in figure 41.

MAINTAINABILITY

In engineering, maintainability is the ease with which a product can be maintained in order to:

Figure 38. An operator panel with two levels alarms
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Figure 39. Pre-alarm temperature sensor on a Figure 40. Pre-alarm temperature sensor on a

heat sink transformer

isolate defects or their cause,

correct defects or their cause,

repair or replace faulty or worn-out components without having to replace still-working parts,
prevent unexpected breakdowns,

maximize a product’s useful life,

maximize efficiency, reliability, and safety,

meet new requirements,

make future maintenance easier, or

cope with a changed environment.

In some cases, maintainability involves a system of continuous improvement - learning from the past
in order to improve the ability to maintain systems, or improve reliability of systems based on mainte-
nance experience.
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In telecommunication and several other engineering fields, the term maintainability has the follow-
ing meanings:

e A characteristic of design and installation, expressed as the probability that an item will be re-
tained in or restored to a specified condition within a given period of time, when the maintenance
is performed in accordance with prescribed procedures and resources.

e  The ease with which maintenance of a functional unit can be performed in accordance with pre-
scribed requirements

SUMMARY AND CONCLUSION

Protection systems save the converter against faults. However, a safe but out of service converter is not
the goal of reliability. In this chapter, availability of an electric power converter is described. The main
topics of this chapter are summarized as follows:

1. Some failure factors may not damage the system but interfere with its proper operation.

2. Noise is a common interfering factor in the systems. Interference mitigation and hence electromag-
netic compatibility is achieved by addressing both emission and susceptibility issues, i.e., quieting
the sources of interference and hardening the potential victims. The coupling path between source
and victim may also be separately addressed to increase its attenuation. There are two methods of
noise coupling: conducted and radiated.

3.  Grounding has a key role for controlling the effect of noise and interference in circuits. The most
important law in grounding is that all electric references must have the same potential in a power
network.

4.  An EMI filter, or electromagnetic interference filter, is an electronic passive device which is used
in order to suppress conducted interference that is present on a signal or power line. EMI filters
can be used to suppress interference that is generated by the device or by other equipment in order
to make a device more immune to electromagnetic interference signals present in the environment.

5. Some fault alarms are not effective for immediate shutdown of systems.

Protection systems usually prevent damaging the converter due to faults. However, some faults can
not be isolated from the converter and they cause damage the converter. In this case, the converter
should remain in service from reliability point of view. In the next chapters, we present the methods for
recovering a faulty converter with derated specifications.
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Chapter 10
Derating

ABSTRACT

In previous chapters, we discussed the converter with or without fault. The common similarity between
them is that they continue to operate without reduction of their nominal specification. In this chapter,
uninterrupted operation of a faulty power conversion system with catastrophic damages in some of its
parts is investigated. It is shown that a faulty electric power converter can continue to work with degraded
specifications. This algorithm is named derating for accessibility. This technique can be used for both a
faulty system because of its uninterrupted operation and a normal system because of extensive life time.
Algorithms for derating of a faulty electric machine and a power supply are described. Derating for
increasing the useful life of a motor drive system is presented. A novel method for switching frequency
selection in a switching power supply is proposed based on derating concept. Derating is introduced as
a technique to compensate additional losses in an electric power converter operating in harsh environ-
ment (for example: a motor drive which is supplied with a non sinusoidal voltage waveform). Industrial
examples are presented in details for better understanding of the derating concept. Some of the presented
examples contain novel idea for derating and others are well known in industry.

INTRODUCTION: DERATING TO CONTINUE THE OPERATION

Protection techniques prevent catastrophic failures in electric power converters. However, as it was de-
scribed before, protection systems can not prevent any fault. There are two main approaches to a faulty
converter. [solating the faulty converter is one of the approaches and it is used when the converter mis-
sion can be interrupted for repair and maintenance. If the mission of the converter is important at the
time of failure, users should use another method. Derating is a method for allowing the faulty converter
to continue its mission. Figure 1 shows the state of this chapter in the flowchart of the book.
Although, derating method is mainly a method for faulty systems, it can also be used for life extend-
ing in normal cases. Component failure rates generally decrease as applied stress levels decrease. Thus,
derating or operating components at levels below their ratings (for current, voltage, power dissipation,
temperature, etc.) will increase reliability. You can achieve this derating by circuit design (minimizing
applied stress), component selection (using components with ratings well above the applied stress), and
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Figure 1. State of chapter 10 in the flowchart of the book
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thermal design (reducing the component’s operating temperature). Derating is a technique usually em-
ployed in electrical power and electronic devices, wherein the devices are operated at less than their rated
maximum power dissipation, taking into account the case/body temperature, the ambient temperature and
the type of cooling mechanism used. In this article, we will briefly explain the theoretical background
of derating and how it is applied.

Derating increases the margin of safety between part design limits and applied stresses, thereby
providing extra protection for the part. By applying derating in an electrical or electronic component,
its degradation rate is reduced. The reliability and life expectancy are improved.

Intuitively, if a component or system is operated under its design limit, it will be more reliable than
if it is operated at or above the design limit. Theoretically, the benefit of derating can be explained using
load-strength interference theory.

Most estimates of failure rate are based on an operating temperature, input voltage, and output
power. Using the converter at an output power or current different from that used for the reliability
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calculation can yield a reliability different from that predicted. We can use these data for operating the
converter at an output power less than the maximum permissible value. The power dissipated in many
internal components — including most of the high-power devices in the power conversion chain — is
approximately proportional to the output power or current. This means that derating the output current
by x% will reduce the component temperature rise by at least X% and by more for components such as
MOSFETs and magnetics, where the power dissipation is proportional to the current squared. The lower
power dissipation leads to a corresponding lower failure rate. Consequently, the power system designer
can decrease the converter’s failure rate by reducing its output power.

A necessary procedure for manufacturing that enhances reliability is burn-in. Burn-in keeps infant
mortality in the factory, rather than allowing it in the field. This can be done at the part, board, or system
level. All dc-dc converters should go through a burn-in process. Failure rates and times need to be re-
corded and analyzed to ensure the burn-in period is long enough to bring out all cases of infant mortality.

If you can’t achieve the required level of predicted reliability solely by derating and thermal manage-
ment of one dc-dc converter, then you can add more converters in parallel. Although more components
are present to fail, the consequence of one failure may be completely overcome, requiring the system to
have two failures before compromising functionality

LOAD-STRENGTH INTERFERENCE

Usually, failure happens when the applied load exceeds the strength. Load and strength should be con-
sidered in a general way. For electronic parts, “load” might refer to voltage, power or an internal stress
such as junction temperature. “Strength” might refer to any resisting physical properties.

Electronic components of a given type are not identical. They have strength variability. This vari-
ability results from the differences between raw materials and between manufacturing processes. Even
for components made from the same materials and by the same processes, differences still exist due
to noise factors such as microscopic material defects or variations within a single manufacturing pro-
cess. Therefore, the strength of a component is considered to be a random variable. The load applied
to electronic parts, such as power, temperature or humidity, is also a random variable. Thus, statistical
distributions are usually used to describe the load and strength. Figure 2 shows some typical derating
curve for solid state power switches.

DERATING OF A FAULTY SYSTEM

Derating algorithms may be applied on the faulty power converters or even the power converters in
normal condition for life time extension.

Example: Derating of a Faulty Turbogenerator
The stator winding in a large electric machine must be able to carry the rated current without exceed-
ing specified thermal limits (Faiz, Ghazizadeh, & Oraee, 2015). Figure 3 shows direction of hydrogen

flow in a plant turbogenerator. Figure 4 shows a cutaway of stator core with cooling path direction. A
medium material like water is usually used to transfer the heat generated in stator bar. Therefore, it is
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Figure 2. some derating curves for various switches, (a): permissible drain current of a MOSFET versus
temperature, (b): permissible drain current of an IGBT versus temperature, (c): Recommended derating

curve of a MOSFET, Published with permission of International Rectifier
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necessary to place some channels for cooling water inside the stator bar. On the other hand, An ac cur-
rent carrying conductor embedded in a narrow slot in a magnetic material drives magnetic flux around
itself and this alternating leakage flux induces alternating voltages along the length of the strips. If solid
conductors are used, these voltages would cause circulating currents around the bar, resulting in unac-
ceptable eddy current loss and heating. In order to minimize this effect, the conductor is divided into
strips lightly insulated and arranged in a number of stacks along the bar width. The strips are transposed
along the length of the bar using the Roebel method. Some of these strands are hollow type to pass the
cooling water. These hollow strands are blocked because of many factors such as existence of external
particles in water and oxidation of strand. In these cases, the water can not pass through channel and
the temperature increases. Therefore, the steady state load of generator should be decreased to reduce
the temperature. There are some operation programs to determine the load of generator in faulty case.
But, it seems that these programs are not based on scientific study and comes from experience. Thus,
the load of generator may be reduced more than that is need. In this section, an investigation is done to
determine the effect of water channels blockage. Results of this study are used to prepare a program for
operation of generator in faulty cases.

Transposition of strips causes heat being trapped in some parts of the stator bar and therefore leads
to generation of local hot spots. In this section, the effects of conductor displacement on the generation
of hot spots in stator bars in a large turbo-generator are investigated. The study is carried out through a
thermal model considering the displacement of conductors. Simulation and on-site experimental results
show that strip displacement leads to generation of some undesired local hot spots along the length of
stator bar. These hot spots cause extra thermal stress on stator winding insulation. The thermal stress
accelerates insulation aging, which leads to reduction of generator useful life 1.

Experiments were performed on a stator bar. The other tests were performed on an experimental setup
because these experiments could not be done on a stator bar which is placed inside the turbogenerator. The
experimental setup, whose block diagram and picture are shown in Figures 5 and 6, consists of a stator
bar, a circulating water system, two coolers and a data acquisition system for temperature monitoring.
To simulate the conditions of the tests set similar to the conditions of turbogenerator, the stator bar is
placed inside a magnetic plate to simulate the magnetic flux of stator. The algorithm of water channels
blockage is shown in Figures 7 and 8.

Figure 3. A turbogenerator cutaway and its cooling gas directions
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Tables 1 and 2 show the electrical and thermal specifications of the stator bar used in the simula-
tion, respectively. Figure 9 shows the temperature profile of the hotspot along the length of the stator
bar. There are two hotspots in this profile. Refer to the pattern of bar cross section these hotspots are
generated when some consecutive solid conductors are placed at the corner of stator bar. Therefore, the
heat generated by these conductors can not be transferred into the water and this leads to an increase in
the temperature. It can be seen that blockage of some water channels helps generation of these hotspots.

Figure 10 shows water temperature along the stator bar. It can be seen that such hotspots can not
be detected by monitoring water temperature. Therefore, the position of temperature sensors plays an
important role in detection of these hotspots.

The results of this study are used to determine the load of generator in faulty case. When the hotspots
of stator bar are considered, the generator load should be reduced even the number of blocked channels
is small. If the outer layer of stator bar is consider, this reduction of load is started when the number of
blocked channels is more than 3. This number is 7 when the outlet water is considered.

Figure 6. Laboratory experimental setup, (a): stator bar, (b): stator core, (c): temperature measuring
equipment, (d): cooler, (f): water cycle
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Figure 7. Different patterns for water channel blocking

Figure 8. Method for water channel blocking
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Table 1. Electrical specifications of stator bar

Parameter Value
Rated current (A) 9150
Length (m) 7
Number of strands per column 19
Number of columns 4
Number of hollow conductors 20
Number of transpose nodes 38
Transposition angle (°) 360
Table 2. Thermal specifications of stator bar
Parameter Value
Strand insulation Paper
Column insulation Mica
Cooling material Water
Inlet water flow (m*/min) 24
Inlet water temperature (°C) 40

Figure 9. Hotspots pattern along the bar length, down: normal, up: blockage of 10 water channels
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Figure 10. Water temperature pattern along the bar length, down: normal, up: blockage of 10 water
channels
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Figure 11. Load reduction when some of water channels are blocked (Air medium)
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It can be seen that the hotspot of stator bar can not be detected in water temperature or bar average
temperature. In addition, the difference between hotspot and bar temperatures is more than ten degrees and
it leads to considerable reduction of generator useful life (Kaboli, Zolghadri, & Vahdati-Khajeh, 2007).

Figure 11 shows the effect of water cannels blockage on the allowable load of generator. It can be
seen that the curve is very similar to the one obtained from simulation. Based on experimental results
and with bar surface as the standard, the load of generator should be reduced when the water cannels are
blocked. While based on outlet water temperature, till 9 channels can be blocked without need to reduc-
tion of generator load. Figure 12 shows the effect of cooling medium used inside the generator. It can be
seen that when Hydrogen is used for this medium, the number of blocked channels which is necessary
for load reduction is decreased to 4 while the stator bar can carry more current with the same surface
temperature. Figures 13 and 14 show the effect of water cannel blockage on the surface temperature of
bar and outlet water. These curves are used to determination of operation program of generator shown
in Figure 15.

Therefore, derating algorithm of the generator can be performed as the following:

There are some choices for labeling the failure:

1- Hot spot temperature of stator bar

2- Maximum temperature of stator bar surface

3- Average temperature of stator bar surface

4- Maximum temperature of outlet cooling water

Figure 12. Load reduction when some of water channels are blocked (Hydrogen medium)
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Figure 13. Stator bar surface temperature pattern when some of water channels are blocked
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Figure 14. Outlet water temperature pattern when some of water channels are blocked
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Figure 15. Proposed loading curve of generator
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The results of computer simulation as well as laboratory and on-site experiments are summarized
as follows:

Transposition causes to generate some local hot spots at the length of stator bar.

The temperature of these hot spots can be very high when some of hollow conductors are blocked.
These hot spots can not be detected by the temperature rise of outlet cooling water.

The position of protective thermal sensors of stator bar is important to detect the local hotspots.
The load of generator should be decreased if some of the water cannels are blocked and the bar
surface temperature is considered as standard.

Up to 3 water channels can be blocked without reduction of generator lead of if the outlet water
temperature is considered as standard. After this number, the generator loading should be performed
according the proposed curve.

Figure 16 shows finite element analysis results for blocking of stator bar cooling water. Generation
of heat trap can be seen in this figure.
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Figure 16. Various blockage pattern in stator bar and respective temperature profile
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DERATING A NORMAL SYSTEM IN HARSH ENVIRONMENT

Harmonic information is necessary tools in estimation of motors life and performance. The conventional
expression of harmonic amount is carried out by total Harmonic distortion. This distortion factor is
only related to amplitude of harmonics while the motor loss is affected by frequency domain of them.
In this paper a new definition of this factor has been presented. This definition includes the frequency
of harmonics as well as their amplitudes. Experimental results verify validity of this new definition.
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Figure 17. Three basic parts in a typical drive system
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Several industrial and domestic loads comprising static power converter, such as arc melting furnaces,
induction heating devices, switch mode power supplies inject current harmonics in the power system.
Such phenomena as well as iron saturation in distribution transformers when operated at voltages ex-
ceeding the nominal value lead to voltage waveform distortion. Figure 17 shows a general diagram of
a motor drive system.

Induction motors constitute the most popular energy converters and are sensitive to harmonic volt-
ages. Both their efficiency and performance can be considerably affected by power quality of supply.
On the other hand, a considerable proportion of induction motors are fed by voltage source inverters.
The output voltage waveform of an inverter has a non sinosuidal shape and includes some harmonics.
Estimation of motor life and its performance requires calculation of voltage harmonics and their effect
on motor temperature rise.

One of the most popular tools for explaining amount of harmonics is total harmonic distortion (THD).
The common definition for this parameter does not include frequency content of harmonics and only
deals with amplitude. On the other hand, motor loss is a function of both frequency and amplitude of
supply voltage. Therefore, definition of THD can not predict temperature rise of motor carefully 3.

In this paper a new definition of THD has been presented which is included not only the amplitude of
harmonics but also the frequency of them. This new expression scales the amplitude of harmonics versus
their frequency. This study has been performed on voltage waveform since access to voltage information
of motor is simpler than its other parameters. Some experimental results will be presented that verify
validity of this new expression of THD in estimation of motor temperature rise 5.

When a sinosuidal voltage V1(t) is applied to stator of an induction motor shown in Figure (1), rela-
tion between the motor and voltage parameters are presented by

E, = 444N _fB A (1)
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where E1 and f are the amplitude and frequency of applied voltage, Ns is number of turns in stator wind-
ing, A is stator cross section and B1 is amplitude of magnetic flux density.

If another voltage, Vh(t) which has frequency equals to h*f and amplitude as Eh is applied to stator
then relation (2) is changed to

E, = 444N (h* f)B 4 2)

where Bh is the amplitude of flux density created by harmonic voltage Eh .

Figure (16). Induction motor and its power supply

Therefore, relation between the amplitude of flux density in this case versus amplitude of flux density
for fundamental component (B1) is equal to

B =B 3)

Core Loss for Voltage Harmonic

The hysteresis loss and eddy current loss are lumped together as core loss:

P=P+P )
The power loss in core due to hysteresis effect is:

P =KB"f (5)
where B is maximum of flux density, Kh is a constant and f is the frequency.

The eddy current loss in a magnetic core subjected to a time varying flux is:

P = KBS ©
Thus, The hystersis loss of fundamental component, PH1, is given by

B, =K,B"f (7)
The hystersis loss for h-th harmonic (Vh(t)), PHh, is given by

P, =K,B"(h* f) ®)

Hh

388



Derating

Therefore, hystersis loss for hth harmonic versus hystersis loss of fundamental component is calcu-
lated from (3), (7) and (8):

E n
P =K |B E ] (h* f)
Hh HATL ok El
E| 1
=K, B'f —h] - ©))
( H1 ) E1 Wt
E n
=P, H1 — !
E'1 hn—l
Similarly, eddy current loss of fundamental component, PE1, is given by
P =KBF (10)
Eddy current loss for hth harmonic (Vh(t)), PEh, is given by
Py, = KB (h* /Y (10

Therefore, eddy current loss for hth harmonic versus eddy current loss of fundamental component
is calculated from (3), (10) and (11):

2
E
PEh :KE Blh*hEl (h*f)z
E 2
= (k,B'1”) "l (12)
1
E n
:PEl E};

Therefore, harmonic core loss caused by h-th voltage component, Vh(t), is calculated from (9) and (12):

b, =P, + P,
(13)

Each of fundamental hysteresis loss, PH1, and fundamental eddy current loss, PE1, consist certain
portion of fundamental core loss PCh as the following:
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P,.=a*P

Hl1 1 . Cl (14)
Py=a,*F,
where al and a2 are two constants so that al+a2=1.

Substituting of (14) into (13) leads to:

P =P.al|lL ! +a, |2 (15)

Ch Cl171 n— 2

E | h ! E,

Total harmonic distortion is defined for a waveform which has some harmonics on fundamental. For
a voltage waveform THD is given by

NAES AR
THD = Y * 3% (16)

1

where V1 is the amplitude of fundamental component and V2, V3, ... are the amplitudes of other har-
monics.

Comparison of (15) and (16) shows that harmonic order h which is an important parameter in calcula-
tion of core loss does not enter in conventional definition of THD. Therefore, THD presented in relation
(16) is not a suitable scale for evaluation of harmonic core loss.

Total harmonic core loss is the summation of harmonic core loss as follows:

E Y 1 E Y
Pr_ptamonics = X Pen = Py ¥ D | == | =5 +a,| = (17)
C-H ; Ch C1 ; 1£EI] ]’l 1 Z(ElJ

The fundamental core loss,Pc1, is constant for a motor and then modified definition of THD (MTHD)
is given by:

n

} (18)

EN 1 E
MTHD = {al(—h] — +a,|
; E ) W'  lE

In this definition, the most important parameters are coefficients of hysteresis and eddy current loss.
It can be seen that these coefficients are supposed to be constant. However, these coefficients are func-
tions of motor operating point.

To show this dependence some experiments have been performed on some ferromagnetic core. The
experimental setup, shown in Figure 18 consists of a transformer, harmonic generator equipment, and
measuring equipment for power loss. Two different transformer cores are used in tests. The specifica-
tions of transformers used in tests are shown in Table 3.
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Figure 18. Experimental setup, (a) tests in the laboratory, (b): block diagram
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Figures 19 and 20 show variation of hysteresis loss coefficient versus frequency. Since distinct deter-
mination of K, and n is difficult, the merged form of these coefficients, K B", is studied for a constant
flux density (B=1T). It can be seen that these coefficients increase with frequency. Figure 21 and 22
show eddy current loss coefficient decreases with frequency. Therefore, these coefficients can not be
assumed constant in modified THD definition.

To justify the theoretical results some tests are carried out an induction motor. The motor specifica-
tions are given in the following table.

Figure 23 shows two voltage waveforms applied to the motor. These waveforms have the same fun-
damental component and different harmonic content. Thus, fundamental core loss for both waveforms
is equal but harmonic core loss is different. The conventional THD for waveform shown in Figure 23(a)
is equal to 31% and for waveform shown in Figure 23(b) is equal to 42%. Therefore, it is predicted that
motor temperature rise for the second waveform is more than the first waveform. But MTHD factor for
the first waveform is greater than the second and it expresses that motor temperature rise for the first
waveform is greater than the other voltage. Figure 24 shows motor temperature rise for these voltage
waveforms. It is obvious that the first voltage waveform has more temperature rise. So its harmonic loss
is more than the second voltage waveform.
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Table 3. characteristics of transformer A and B

Parameter Value
Rated Power 1 KW
Rated voltage 220/24
Shape Toroid
Parameter Value
Rated Power 100 W
Rated voltage 220/12
Shape E-type

Figure 19. Variation of hysteresis loss coefficients with frequency in core A
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Figure 20. Variation of hysteresis loss coefficients with frequency in core B
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Figure 21. Variation of eddy loss coefficients with frequency in core A
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Figure 22. Variation of eddy loss coefficients with frequency in core B
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Table 4. Motor Specifications

Parameter Value
Nomonal Power 22 KW
Nominal Voltage 220V

Nominal Frequency 50 Hz
Number of Slots 30
Depth of slots 20 mm
Length of Slots 240 mm

Figure 23. Applied voltage waveform of motor, (a): high harmonic value, (b): low harmonic value
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USEFUL LIFE EXTENSION FOR A NORMAL
POWER ELECTRONIC CONVERTER

Example

Switched mode power supplies are usually work with a fixed switching frequency. However, it is not
a good choice for all mode of operation. When the load of converter decreases, its fixed losses such
as core loss of transformers and inductors remain about fixed but its dynamic losses such as switches
conduction loss increase. This means that the converter can work with lower switching frequency and
lower total loss. If the switching frequency of the converter is variable, it is possible to work with higher
efficiency for all of load range. Figures 25 and 26 show the switching loss of the switch for a step down
BUCK converter in two cases: 20KHz fixed switching frequency and variable one. It can be seen that
the switching loss is higher in variable switching frequency algorithm. Now, note that the inductor core
loss reduces obviously with variable switching frequency as shown in Figure 27. The conduction loss
shown in Figure 28 is about constant. These results lead to higher efficiency and lower losses as shown
in Figure 29,

Figure 24. Temperature rise of motor for two voltage waveform
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Example: Magnetic Derating of Electrical Motors

Usually motors are designed to have their maximum efficiency in their nominal operating point. There-
fore, the value of motor flux should be readjusted when the load is less than nominal value. Adaptation
of flux to load variations can be done in three ways: flux control as a function of torque, flux control
based on loss model and flux control by a minimum loss search controller.

a. Flux Controller as a Function of Torque

This category was proposed by many authors. The most adapted approach to DTC sets the amplitude of
flux as a function of torque as shown.

T

n

|l//S| = |l//sn

This method is a well-known technique in industry because of its simplicity. However, it does not
consider the power dissipation of drive and can not find the optimal value of flux. Therefore, it yields
only a partial improvement in drive efficiency .

b. Loss Model Based Flux Controller

In the second category, the optimal flux is determined according to the loss model of induction motor.
Of course, this method is very rapid and gives the optimum operating point of motor. But, the perfor-
mance of this method depends highly on the accuracy in identification of motor parameters and their
variations during operation .

c. Flux Search Controller

In the third category, one of the drive variables (usually input power) is minimized by adjusting the flux
value. This method has a long time response (more than 10 second) but it is quite independent of drive
parameters Therefore, it is the most well-adapted method for DTC because the other methods eliminate
the independence of DTC performance from machine parameters.

As mentioned before in this family of flux controllers, one of the drive variables is selected as an
objective function and then it is minimized by adjusting the flux value in consecutive steps. Figure 30
shows the principle of this method. The stator flux is moves from its initial value (ly | ) toward its final
value (ly | ), the value that minimizes the objective function. The control algorithm is presented in.

hyl, =yl + Ay
If f (hyl,) > f(lyl) Then Ay = -Ay
Table 5 shows the parameters of the induction motor used in this study. To verify the simulation re-

sults, the proposed control method has been applied to a DTC experimental test setup. The experimental
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Figure 25. Variation of turn on switching loss with load variation in two different frequencies
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Figure 26. Variation of turn off switching loss with load variation in two different frequencies
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Figure 27. Variation of inductor core loss with load variation in two different frequencies
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Figure 28. Variation of switch conduction loss with load variation in two different frequencies
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Figure 29. Variation of converter efficiency with load variation in two different frequencies
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setup consists of an induction motor, insulated gate bipolar transistor (IGBT) based inverter, and digital
signal processor (DSP) (TMS320C) based controller. Detailed characteristics of DSP controlled inverter
are presented in Tables 6 The machine currents i and i, and the dc bus voltage were interfaced into the
controller through an analog to digital (A/D) converter built into the DSP board. The sampling time and
motor speed are 133 psec and 300 RPM, respectively. Figure 31 shows operation of search controller
for reducing the operating flux for better efficiency than that found in nominal condition.

COMPONENT DERATING

Engineering best practices indicate that all designs should be derated for temperature. Which means a
design should never force a device to operate at its maximum power dissipation on near its maximum
power dissipation, without leaving some operating room. A circuit design should also never force a
semiconductor to operate at or near its maximum junction temperature. Pushing the device up to its
dissipation limits causes the semiconductor junction to heat up.

The problem is compounded as either the package temperature increases or the surrounding air tem-
perature is increased. In general the life of a component transistor in this case reduces as the component
temperature is increased junction temperature

Maintenance experts agree that excessive heat causes rapid deterioration of motor winding insula-
tion. The common rule states that insulation life is cut in half for every 10 C of additional heat to the
windings. As an example, if a motor that would normally last 20 years in regular service is running 40
C above rated temperature, the motor would have a life of about 1 year.
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Table 5. Characteristics of induction motor
parameter value
Rated Power (KW) 5.5
Number of Poles 4
Stator Resistance (€2) 0.18
Stator Inductance (mH) 56
Magnetizing Inductance (mH) 53
Rotor Resistance () 0.50
Rotor Inductance (mH) 56
Nominal Torque (N.m) 35
Nominal stator flux (Wb) 0.65
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Table 6. Characteristics of inverter switches and DSP board used in experiments

Parameters of inverter switches Value Parameters of DSP Value
Nominal voltage (V) 600 Clock frequency (MHz) 40
Nominal current (A) 30 Maximum sampling frequency (KHz) 20

Figure 31. Stator flux behavior with small flux step with averaging algorithm
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Leading standardization organizations have concluded that 30 percent of motor failures are attributed
to insulation failure and 60 percent of these are caused by overheating. Articles have been published
stating that a significant cause of bearing deterioration is overheating.

There are typically five main reasons for overheating—overload, poor power condition, high effective
service factor, frequent stops and starts, and environmental reasons.

Derating of Electronic parts
In electronics, derating (or de-rating or de-tuning) is the operation of a device at less than its rated maxi-
mum power in order to prolong its life.

Power electronic devices have a maximum power dissipation rating usually quoted at a case tem-
perature of 25 °C (77 °F). The datasheet for the device also includes a derating curve which indicates
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how much a device will dissipate without getting damaged at any given case temperature and this must
be taken into account while designing a system.

As can be seen from the derating curve image for a hypothetical bipolar junction transistor, the device
(rated for 100 W at 25 °C (77 °F)) cannot be expected to dissipate anything more than about 40 W if the
ambient temperature is such that the temperature at which the device’s case will stabilise (after heat-
sinking) is 65 °C (149 °F). This final case temperature is a function of the thermal resistance between
the device’s case and the heat-sink; and the heat-sink and the ambient (this includes the heat-sink’s temp/
watt rating - with lower values implying better cooling characteristics).

In Electrical Installations

All dimmers rely on heat conduction and convection to keep the electronic components cool. Similarly,
power wiring (e.g., house wiring) not surrounded by an air space (e.g., inside a conduit) needs to have its
current-limiting device (e.g. circuit breaker or fuse) adjusted so as not to carry as much current through
that circuit. Derating is the reduction of the maximum capacity (load) a unit can reliably handle when
fins/side sections are removed.

Components can be treated in such a way as to enhance their life expectancy. ‘Derating’ is the name
normally given to operating a component well inside its normal operating limits, in order to reduce the
rate at which the component deteriorates. That derating is a practical means of reducing failures is sup-
ported by much published literature.

Conceptually, it is easy to see that, whilst the component may be specified to operate at high voltage
and high temperature, applying those conditions simultaneously would probably be worse than applying
either one or the other. Also that, if a component has a voltage rating such that it will start to fail at, say,
130% of maximum rating, reducing the voltage applied to substantially below the maximum permitted
should reduce distress, and by doing so extend the life.

Also given that reactions are known to proceed at higher speeds at higher temperatures (an insight
originally shared by Arrhenius), one would predict reduced degradation, and hence extended life, by
running a component at lower than its maximum category temperature.

This is an activity where the information you collect will depend very much on the search terms you
use — some sites will recommend derating as a matter of course; others concentrate on other meanings
of the term.

Particularly with power devices, derating will be interpreted mostly in terms of power derating, that
is reducing the device power as the ambient temperature rises, in order to keep the junction temperature
at a safe level. As with all devices, the junction area runs substantially hotter than the case and ambi-
ent, depending on the thermal resistance between junction and ambient, produced by a series of poorly
thermally conductive paths in the silicon, through the die bond, in the package, and finally through to
any heat sink.

Manufacturers will sometimes point out that there is a strong relationship between junction temperature
and failure rate, frequently modelling this as an Arrhenius curve, and predicting perhaps a 10:1 increase
in failure rate for a rise in junction temperature from 130°C to 160°C, based on a 1eV activation energy.

There will be other evidence of derating, for example high-current devices may be recommended
a ‘soft start’ circuit, in order to prevent damage from inrush current. When we did our own search, we
found an interesting comment from Phillips Semiconductors that “Exposure to limiting values for ex-
tended periods may affect device reliability”.

402



Derating

You may also have come across references to MIL-HDBK-217F, which predicts failure rates for dif-
ferent devices based on the severity of the application, generally using the Arrhenius model. At the same
time you may have read material that leaves you far from convinced that the MIL-HDBK-217F model
is fully applicable to temperature, and may well not apply at all to other sources of stress.

Lest you think that derating as a practice is not supported by theory, it is worth looking at an alter-
native view, which strongly supports at least a modicum of derating. This approach is explained in the
Reliability Analysis Center’s Mechanical Applications in Reliability Engineering. This refers to the
‘strength’ of a part, which is a random variable that can be represented by statistical distribution. Like-
wise, the stress applied to a part is random, changing the temperature, vibration, transients, shock and
other environmental factors, and able also to be represented by a statistical distribution.

The classical approach has been to select every part to have enough ‘strength’ to handle the worse
case stress conditions, thereby reducing to a minimum the intersection (shaded) areas of the graphs where
there is a slight chance that the stress applied to a part will exceed its strength. More recent approaches
take into account the probabilistic nature of this ‘interference’ between the two distributions.

Using this insight, the four basic strategies for stress derating can be seen to be:

to increase the average strength
to decrease the average stress

to decrease the stress variation

to decrease the strength variation.

All of these are possible, but variations are more difficult to control.

The purpose of derating is to protect against these variations, preventing small changes in operating
characteristics (usually temperature) from creating large increases in failure rate. Given that the simplest
approach to increase average strength, this will normally be done by procuring a more capable com-
ponent. For example, choosing a 100V capacitor rather than the 63V type for operation on a 60V line.

The amount of derating that is needed will depend on how well the designer can predict the variation
in operating parameters, both before the part is assembled and during the operating environment over
the lifetime of the part. Because the sources of variation are extremely difficult to quantify, engineering
estimates in past experience are often used to estimate the derating level needed.

Derating Standards

Several derating guidelines have been issued by military or other agencies, and the following are some
examples:

e  MIL-STD-975, published by NASA, focuses on selection of parts used in the design and construc-
tion of space flight hardware as well as mission-essential ground support equipment.

° MIL-STD-1547, published by the Department of Defense, is targeted to aid in the design, devel-
opment and fabrication of electronic systems with long life and/or high reliability requirements
while operating under the extreme conditions of space and launch vehicles.

e  AS4613, published by the U.S. Navy, sets forth derating requirements for the reliable application
of electronic and electromechanical parts.
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e  NAVSEA TE000-AB-GTP-010, published by the U.S. Navy, contains derating requirements and
part selection and application information on the ten most commonly used electrical and elec-
tronic parts.

e  ECSS-Q-30-11A, prepared and maintained under the authority of the Space Components Steering
Board in partnership with the European Space Agency, contains derating requirements applicable
to electronic, electrical and electromechanical components.

e  MSFC-STD-3012, prepared by NASA’s Marshall Space Flight Center, sets requirements for elec-
trical, electronic and electromechanical parts selection, management and control for space flight
and mission-essential ground support equipment for Marshall Space Flight Center programs.

In addition to the derating standards published by the military, many semiconductor manufacturers
such as Freescale and Hitachi provide their own derating guidelines, which can be explored in the data-
sheets or application notes of electronic parts.

EFFECT OF ENVIRONMENT

Environments where the ambient temperature exceeds 104 Degrees F are potentially harmful to mo-
tors. Operations within such environments necessitate motors with higher horsepower ratings or special
designs. Larger motors, if loaded below full capacity, stand less chance of overheating due to excessive
ambient temperatures.

For operation in abnormally hot places, motors are designed with lower winding temperature rise
to withstand the ill effects of intense heat. (If the ambient temperature exceeds 122 Degrees F, special
lubricants are also implemented to prevent bearing damage.

To downgrade rated horsepower, the simplest and most common method of de-rating a motor for
operation in high ambients, a temperature correction factor is applied.

To find the proper temperature correction factor, the Desired Ambient Temperature is projected on
a graph. A vertical line is drawn from the point of Desired Ambient Temperature, on the x axis, to the
point at which it intersects the Temperature Correction Factor Line. A horizontal line is drawn from this
point to the appropriate point on the y axis, which indicates the de-rating factor for the motor

DERATING IS IN THE OPPOSITE OF AAT

All electrical appliances have set conditions under which they function at optimum levels. Any fluctua-
tions in these conditions can cause the appliances to run at a lower efficiency. Power generators are no
exception to this. Generators are typically designed to run most efficiently at or near sea level under
standard conditions of temperature and pressure (STP). Any fluctuation from STP conditions can impair
generators and cause decreased output. Under extreme circumstances, generators can cease to function
entirely. For most applications, many of these factors are relatively minimal unless the generator set is run
at elevations over 5000 feet above sea level, or has ambient temperatures that remain over 100 degrees
Fahrenheit for a significant length of time. Special care should be taken to compensate for these types
of extremes and is discussed a bit further below.
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Application Example: Environmental Factors that Affect Generator Function

Ambient conditions of temperature are extremely crucial for proper ignition and functioning of a gen-
erator. All generators, irrespective of the fuel that powers them, require adequate air for combustion.
Decreased air levels can lead to start-up failure. In diesel engines, air and fuel are infused together. The
compressed air becomes hot and when peak temperature and pressure is achieved, diesel is injected,
which then ignites under the given conditions. In generators using gasoline, an air and fuel mixture is
introduced at once using a carburetor and a spark is induced to ignite the engine. However in both cases,
adequate levels of air are required for proper start up and operation.

Altitude: In areas of high altitude, air pressure drops reducing the air density. This can create problems
with generator start up if not accounted for since air is crucial for ignition in any type of generator. An-
other factor that gets affected is availability of ambient air to facilitate heat dissipation from the generator.
A lot of heat is created during the combustion process and needs to be dissipated into the environment
to reduce engine temperature. At high altitudes, due to the low air density, heat dissipation occurs at a
much slower rate than it would at sea levels, resulting in high engine temperatures for a sustained period
of time. The engine remains hot and overheating is a common problem in such cases.

Temperature: High temperatures are also associated with lower air density and can cause similar
ignition problems due to inadequate air supply. This can burden the engine which pushes itself to deliver
the power it is designed to. However, due to inadequate oxygen levels available for combustion, it fails
to do so. In many such instances, the engine gets overheated and sometimes collapses altogether.

Humidity: Humidity is the measure of water content in a given volume of air. In conditions of extreme
humidity, water vapor in the air displaces oxygen. Low oxygen levels impair ignition, since oxygen is
the element in air that is ignited in an engine for the burning of fuel.

Rating Generators

Generators come in various sizes. Each of them is preset for particular output levels. Generators are se-
lected and installed based on the power requirements of any facility. A typical generator is ideally set to
run at 80% of its capacity for continuous usage. In an emergency, it may be utilized for 100% efficiency.
Various companies manufacturing generators have now come up with standard ratings for these genera-
tors, which give the buyer an idea of actual generator capacity. As per the requirement of the consumer,
he can then make a choice between available brands, since each brand capacity is standardized as per
international standards.

Derating Generators

Derating a generator depends on the manufacturer of the unit. Different manufacturers design generators
using materials from different sources. Also, design developments are non-similar and so is the technique
in many cases. All these can contribute to overall generator efficiency. Therefore, derating a generator is
dependant on the manufacturing process. Different brands have different derating factors for estimating
generator output under non-standard ambient conditions.

However, a general formula can be used to calculate close estimates for the output levels. The stan-
dard derating formula states that for every 1000 ft above sea-level, a gasoline, diesel, or liquid propane
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generator usually should be derated by 2-3% of its standard output. In case of generators using natural
gas, the derating factor is typically closer to 5%

SUMMARY AND CONCLUSION

In this chapter, derating of a faulty electric power converter was described. In these systems, continu-
ous operation has no interruption even with occurrence of a fault but the system performance can be
degraded. The main topics of this chapter are summarized as follows:

1. Derating is a tool for utilization of a faulty system with degraded performance.

2. Derating factor is affected by environmental and operating point of the system.

3. Derating algorithm can be used for increasing some system functional indices while decreasing
some others (for example: magnetic derating).

4.  Degree of derating is dependent on acceptable reduction in system performance.

Derating is a generally accepted method for operation of the converter without interruption. However,
it is impossible to apply the derating method in some converters. In these converters, all nominal speci-
fications should be maintained. In the next chapter, we present fault tolerant converters as an alternative
solution for this problem.
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KEY TERMS AND DEFINITIONS

Derating: Degradation of a system performance under faulty conditions.

Faulty System: A system with some damaged parts.

Heat Trap: Increasing the temperature at a local specific point.

Motor Drive: A motor which is controlled by a switching power electronic converter.

Voltage Harmonics: Sinusoidal voltages with higher frequency than fundamental term in a periodic
but nonsinusoidal waveform.
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Chapter 11
Fault Tolerant Systems

ABSTRACT

Another alternative derating, which was described in the previous chapter, is application of fault toler-
ant structures for the power converter. Fault tolerance is the property that enables a system to continue
operating properly in the event of a failure of (or one or more faults within) some of its components.
Fault tolerant systems are systems that can be operating after fault occurrence with no degraded perfor-
mance in their basic functional requirements. This is the main difference between fault tolerant systems
and derated systems. In this chapter, some methods for fault tolerance in electric power converters are
presented. Fault tolerance is almost the only method for achieving a desired reliability in a converter that
operates with non-zero fault possibility. There are two main approaches for this aim: re-configuration
of the faulty system and using redundant systems. Redundancy is the provision of functional capabilities
that would be unnecessary in a fault-free environment. Various types of redundant systems as passive
and active redundancy are described and their application in power supply systems is presented. A new
approach for a reliable and fault tolerant power supply is proposed and justified with experimental
results. The concept of fault tolerance in electrical machines is presented.

INTRODUCTION: ROBUSTNESS AGAINST FAULTS

The presented methods of reliability improvement as well as reliability calculation techniques help to
have a safe converter without catastrophic failures. Derating method is usually exclusive method of reli-
ability improvement for a faulty converter. However, derating is derating! It usually means the derated
converter continues to operate with new rated characteristics which are less than the converter original
nominal specifications. In many cases, this is not acceptable and it is needed to keep the original nominal
rating of converter. For example, consider a DC power distribution unit with several output voltage lev-
els. In a power distribution unit, as it was presented for a satellite in chapter 1, there are several voltage
regulators and they provide some output voltage levels from a common DC input voltage source such
as a battery. In this system, failure in one of the output voltage levels causes to failure in the subsystem
related to the failed output voltage level. It is true that just one of the output channels is failed and it is
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not whole of the power distribution unit. But, the system does not operate properly even other output
channels operate normally (Gorginpour, Jandaghi, & Oraee, 2013).

Fault tolerant methods are solution of this drawback and we will discuss about them in this chapter.
Figure 1 shows the state of this chapter in the flowchart of the book. Fault tolerance is the property
that enables a system to continue operating properly in the event of the failure of (or one or more faults
within) some of its components. If its operating quality decreases at all, the decrease is proportional to
the severity of the failure, as compared to a naively designed system in which even a small failure can
cause total breakdown. Fault tolerance is particularly sought after in high-availability or life-critical sys-
tems. A fault-tolerant design enables a system to continue its intended operation, possibly at a reduced
level, rather than failing completely, when some part of the system fails. Recovery from errors in fault-
tolerant systems can be characterised as either roll-forward or roll-back. When the system detects that
it has made an error, roll-forward recovery takes the system state at that time and corrects it, to be able
to move forward. Roll-back recovery reverts the system state back to some earlier, correct version, for

Figure 1. State of chapter 11 in the flowchart of the book
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example using checkpointing, and moves forward from there. Roll-back recovery requires that the opera-
tions between the checkpoint and the detected erroneous state can be made idempotent. Some systems
make use of both roll-forward and roll-back recovery for different errors or different parts of one error.

Fault tolerance can be achieved by anticipating exceptional conditions and building the system to
cope with them, and, in general, aiming for self-stabilization so that the system converges towards an
error-free state. However, if the consequences of a system failure are catastrophic, or the cost of making
it sufficiently reliable is very high, a better solution may be to use some form of duplication. In any case,
if the consequence of a system failure is so catastrophic, the system must be able to use reversion to fall
back to a safe mode. If each component, in turn, can continue to function when one of its subcomponents
fails, this will allow the total system to continue to operate as well.

REDUNDANCY

Redundancy is the provision of functional capabilities that would be unnecessary in a fault-free environ-
ment (Hao, Covic, & Boys, 2014). This can consist of backup components which automatically “kick
in”” should one component fail. The idea of incorporating redundancy in order to improve the reliability
of a system was pioneered by John von Neumann in the 1950s.

Providing fault-tolerant design for every component is normally not an option. Associated redundancy
brings a number of penalties: increase in weight, size, power consumption, cost, as well as time to design,
verify, and test. Therefore, a number of choices have to be examined to determine which components
should be fault tolerant:

° How critical is the component? In a car, the radio is not critical, so this component has less need
for fault tolerance.

e  How likely is the component to fail? Some components, like the drive shaft in a car, are not likely
to fail, so no fault tolerance is needed.

e  How expensive is it to make the component fault tolerant? Requiring a redundant car engine, for
example, would likely be too expensive both economically and in terms of weight and space, to
be considered.

The basic characteristics of fault tolerance require:

1. No single point of failure: If a system experiences a failure, it must continue to operate without
interruption during the repair process.

2. Faultisolation to the failing component: When a failure occurs, the system must be able to isolate
the failure to the offending component. This requires the addition of dedicated failure detection
mechanisms that exist only for the purpose of fault isolation. Recovery from a fault condition re-
quires classifying the fault or failing component. The National Institute of Standards and Technology
(NIST) categorizes faults based on locality, cause, duration, and effect.

3. Fault containment to prevent propagation of the failure: Some failure mechanisms can cause a
system to fail by propagating the failure to the rest of the system. An example of this kind of failure
is the “rogue transmitter”” which can swamp legitimate communication in a system and cause overall
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system failure. Firewalls or other mechanisms that isolate a rogue transmitter or failing component
to protect the system are required.

Spare components address the first fundamental characteristic of fault tolerance in three ways:

e  Replication: Providing multiple identical instances of the same system or subsystem, directing
tasks or requests to all of them in parallel, and choosing the correct result on the basis of a quorum;

e  Redundancy: Providing multiple identical instances of the same system and switching to one of
the remaining instances in case of a failure (failover);

e  Diversity: Providing multiple different implementations of the same specification, and using them
like replicated systems to cope with errors in a specific implementation.

Fault-tolerant design’s advantages are obvious, while many of its disadvantages are not:

e Interference with fault detection in the same component: To continue the above passenger
vehicle example, with either of the fault-tolerant systems it may not be obvious to the driver when
a tire has been punctured. This is usually handled with a separate “automated fault-detection sys-
tem”. In the case of the tire, an air pressure monitor detects the loss of pressure and notifies the
driver. The alternative is a “manual fault-detection system”, such as manually inspecting all tires
at each stop.

e Interference with fault detection in another component: Another variation of this problem
is when fault tolerance in one component prevents fault detection in a different component. For
example, if component B performs some operation based on the output from component A, then
fault tolerance in B can hide a problem with A. If component B is later changed (to a less fault-
tolerant design) the system may fail suddenly, making it appear that the new component B is the
problem. Only after the system has been carefully scrutinized will it become clear that the root
problem is actually with component A.

e  Reduction of priority of fault correction: Even if the operator is aware of the fault, having a
fault-tolerant system is likely to reduce the importance of repairing the fault. If the faults are not
corrected, this will eventually lead to system failure, when the fault-tolerant component fails com-
pletely or when all redundant components have also failed.

e  Test difficulty: For certain critical fault-tolerant systems, such as a nuclear reactor, there is no
easy way to verify that the backup components are functional. The most infamous example of this
is Chernobyl, where operators tested the emergency backup cooling by disabling primary and sec-
ondary cooling. The backup failed, resulting in a core meltdown and massive release of radiation.

e  Cost: Both fault-tolerant components and redundant components tend to increase cost. This can
be a purely economic cost or can include other measures, such as weight. Manned spaceships, for
example, have so many redundant and fault-tolerant components that their weight is increased
dramatically over unmanned systems, which don’t require the same level of safety.

e Inferior components: A fault-tolerant design may allow for the use of inferior components,
which would have otherwise made the system inoperable. While this practice has the potential
to mitigate the cost increase, use of multiple inferior components may lower the reliability of the
system to a level equal to, or even worse than, a comparable non-fault-tolerant system
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Figure 2. A basic power system with redundancy
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Figure 5. A converter and its redundant module with isolating switches
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Figure 2 shows a power network with two generators that can operate as redundant. Figure 3 shows a
PV system with redundancy. Figure 4 shows a power supply with a redundant DC/DC converter. Figure
5 shows a power supply with two converters and isolating switches.

Active Redundant Systems

Active redundancy in active components requires reconfiguration when failure occurs. Computer pro-
gramming must recognize the failure and automatically reconfigure to restore operation. Figure 6 shows
two states of a power supply in hot redundancy. Isolator switches are used to bypass the damaged unit.

Passive Redundant Systems

In this case we have a device that is doing something and a device that is idle and ready to take over the
task of the other device in case it fails (Zhang, Xu, Enjeti, Li, Hawke, & Krishnamoorthy, 2014). This
means that there must be some switching system that takes care of starting the idle device and stopping
the active device and switch both on the input side and on the output side. Figure 7 shows a power sup-
ply with standby redundant. One of the units operates at each moment. Figure 8 shows a three various
states of a power supply with redundancy and isolator switches. Figure 9 shows a power supply with
passive isolator elements (fuses).

Fault Tolerant Power Electronic Converter
Fault tolerance is the property that enables a system to continue operating properly in the event of the
failure of (or one or more faults within) some of its components. If its operating quality decreases at all,

the decrease is proportional to the severity of the failure, as compared to a naively designed system in
which even a small failure can cause total breakdown.

Example: Reconfigurable PDU
Power distribution unit (PDU) is one of the most critical systems in electrical equipments since all the

subsystems need power supply to maintain their function. The main purpose of the PDU is to provide
continuous, regulated and conditioned power to all electrical device subsystems within the mission time
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Figure 6. Two possible states for a converter with active redundancy, (left): both converters are normal,
(right): converter 1 was failed
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Figure 7. Two possible states for a converter with standby redundancy, (left): converter 2 operates and
converter 1 is OFF, (right): converter 2 was failed and converter I operates
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Figure 8. Three possible state of a power converter with redundancy during operation
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Figure 9. Application of fuses as isolator switches
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[6]. The PDU consists of many DC regulators which receive power from a power source and convert
into many regulated voltage levels. A satellite PDU and block diagram of a PDU with two output volt-
age level are shown in Figure 10. Reliability of the PDU for electrical devices is very important in some
applications such as telecommunications systems in space and remote areas in which a change of faulty
components are difficult or impossible. Many solutions have been proposed to improve the reliability
of convertors and thus, improve the reliability of PDU. Some papers have attempted to increase the reli-
ability of dc/dc regulators by reducing component’s stress or use of simpler circuit structures. Although
this technique improves reliability somewhat, but if we have a breakdown of components for any reason,
then the regulator will fail. Therefore, we need to design a system where failure of a component does
not result in the failure of electrical devices. To achieve this goal, fault tolerant operation methods are
proposed. The fault tolerant operation methods are recognized in two ways, use of control strategies, and
use of redundancy for components with more failure probability. Control strategies are used to recon-
figuring a failed structure into a new structure in order for the regulator continues to work. Redundancy
is defined as the use of additional components or sub-systems beyond the number actually required for
the system to operate reliably. Redundancies can be categorized as active (parallel) or passive (standby)
redundancy as shown in Figure 11. In systems with active redundancy, all redundant components are in
operation and upon failure of one component, the surviving components carry the load. In passive or
standby system, using a switching device, the redundant component starts to operate only when one or
more of components fails.

Another approach in order to cover all fails in PDU is the use of a complete regulator as redundancy
for each main regulator. In this structure, if one of the regulators and its standby units fail, then the PDU
fails, and other standbys from other regulators are not used hereunto.

In this section, in order to have a PDU with high reliability, a use of adjustable standby regulators
is suggested. In this approach, each standby unit can be adjusted for any voltage levels, and replaced or
paralleled to a failed or overloaded regulator. In this structure, PDU fails only when all of the standby
units are used, or all of the switches that adjusts regulators or connect the standby regulators to outputs
fail. If a regulator is overloaded, and the overload is not removed, the regulator quickly burns. Also, if a
standby regulator is replaced or paralleled to a failed or overloaded regulator, then that standby regula-
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Figure 10. Typical application of a PDU, (left): Application of a PDU in satellite power system, (right):
a PDU with two output voltage levels
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tor is used. Therefore, for the simplicity of this paper, we assume that a failed regulator is equivalent to
an overloaded regulator.

There are many approaches for reliability analyses of systems with standby redundancies. An ana-
lytical method based on sequential binary decision diagrams for combinatorial reliability evaluation
of non-repairable cold-standby systems is proposed. A methodology for the reliability evaluation of
a system with dissimilar unit and non-repairable cold-standby redundant by use of Markov proses is
introduced. The reliability of a system is introduced with a repairable unit and warm standby unit, as-
suming a constant failure probability of switching device and exponential lifetime for subsystems using
the Markov model. In this project, it is assumed that the switching failure probability is not a constant
value. As a consequence, if switching failure probability time variation is considered, the traditional
Markov models are not valid. This time dependence of the switching failure probability leads us to use
anon-homogeneous Markov model. The non-homogeneous Markov model is extended for the reliability
evaluation of a Markov system with time-dependent state transition.
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In order to test the reliability of the proposed structure, we use the accelerated aging test (AAT) at
overloading condition of regulator to increase their temperature. Accelerated aging test uses exasperated
conditions of heat, humidity, radiation, vibration, etc. for failure in much shorter time than the normal
operating conditions. Real date reliability can be achieved by use of date reliability in this condition and
empirical mathematical equations or models. AAT at high temperature condition is used for reliability
testing of many electronic and power devices.

Conventional Structure

In the conventional structures proposed for PDUs, in order to cover all fails in the regulators of the
PDU, the use of complete regulators as standby redundancies for each regulator at each voltage level
was proposed. In Figure 12, a PDU with two voltage levels and one standby regulator for each voltage
level is shown. In this structure, if regulator and its standby units at one voltage level fail, then the PDU
fails. Also, if sensing and switching devices that replace the standby units to failed regulator fail then
the PDU could not produce that voltage level, so the PDU fails. In this structure, if all the standby units
of a regulator at one voltage level fail, then the PDU will fail, and other standbys from other regulators
are not used hereunto. This state is very probable to occur, because the power consumption in each volt-
age level. The power losses of regulators at each voltage level in the PDU are different, and since their
component are almost similar, so their temperatures will be different. Also, since failure rate of electrical
devices is a function of temperature, then the failure rate of them will be different.

In this paper, the use of adjustable regulators as standby units is proposed. In this structure the PDU
fails, only when all of standby unit are used, or all of switches that replace the failed regulator to standby
regulator fail. A PDU with this structure and two output voltage level and two standby units is shown in
Figure 13. In this structure, each regulator before replacing to failed regulator must be adjusted for that
voltage level. Adjusting the regulator for a voltage level using a resistance change within the adjustable
regulators by use of many switches is done. Adjustable regulators have more complexity and so they have
more failure rate. Also in this structure we need more power switches to replace each standby regulator
to each voltage level, and we need many low power switches as adjusting switches. In this structure, in

Figure 12. A PDU with one standby redundancy for each voltage regulator
A,

A, y

Lo

Outputvoltage A

Tl

B2 —'—.Bx—

OQutputvoltage B

417



Fault Tolerant Systems

Figure 13. A PDU with adjustable redundancy
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order to replace an adjustable regulator to a failed regulator, the adjusting switch and the switch that
connect the standby regulator to that voltage level must work properly.
If X is a stochastic process then, X is a Markov chain, if for all j € E,

Pr(X  =jIX,X,...X}=Pr{X =jX} (1)

Here E= (1,2, ...,x}and n € N.The p (i, j),(n € N,i, j € E) is the transition probability function
of chain X in n-th subinterval. Multiple-step transition probabilities are defined by:

m—1
P (i, ), for m>n>0,
k=n
P ))=Pr{X =X =i} =il fori=j, m=nzQ0, 2
0, fori=j, m=n2>0.
Py ) = p,(i, J) 3)

If p (i, ) does not depend on n, the Markov chain is time homogeneous.
The state probability vector in the Markov chain of X is defined by its a and p (n € N), where o is
initial distribution of X and p_ is the transition probability matrix at n-th subinterval.

418



Fault Tolerant Systems

P(n)=Pr{x, = j} =[] 2|() 4)
k=n

P(n)=op,, )

Also MTTF is equal to:

MTTF = f:R(n).Az (6)

n=1
Reliability Model of Conventional Structure

In this structure, each regulator has only one standby regulator, and that standby only can be replaced
or paralleled to it by use of one switch. Therefore, if the switch doesn’t work correctly or there is no
standby regulator for that voltage level, then that voltage level doesn’t produce. In Markov model of
this structure, in order to investigate the failure due to switches and failure due to regulators, we use the
two separated states for failures in the Markov model as shown in Figure 14. In this figure, dashed line
shows the failure due to switches. Ma shows number of main regulators that work correctly.

Reliability Model of the Proposed Structure

In this structure each standby regulator can be adjusted by using one switch for one voltage level and
replaced to failed regulator with another switch. Hence, if adjusting switch and the switch that connect
the standby regulator to failed regulator don’t work correctly, then that regulator can’t replace the failed
regulator. So, if none of the standby regulators replace the failed regulators, then the PDU can’t pro-
duce that voltage level. In this structure, if we have N main regulators and M standby regulators, then
the Markov model will be as shown in Figure 15. In this model, in order to investigate the PDU failure

Figure 14. The Markov model of a regulator with its standby
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due to switches and failure due to regulators, we use two separate states for fail state. In this figure, the
dashed line shows failure due to switching devices, S shows the number of states, st shows the number

of existing standbys at each state, and Ma shows the number of main regulators that work correctly. The
transition probabilities of each state to other states are as follows.
If standby regulators exist (st # 0) then:

Transition probability matrix is shown in table. I. In this matrix, for s=17 to s=M+1:

p(s,s+1)=M-s+ 1).AMALP

(7)
Figure 15. The Markov model of the proposed PDU
- E__———_—__——_—_—_——_——_—e—e——e—e—e—e—— - —'f
|
___________________ \ I
\ |
LS T T -0 A\ \ |
- \ \ |
\ |
\ |
\ |
(I
___________ Vo
(I
(I
® & ¢ & & & & & & & @ \\‘
S=m+2 ' ‘
: . ‘A
¢ L ° . \i"( ~
. . / \
b . * ( Failure due |
L] . to switches
. R i \ - e /
o . L4 =m(m:1“)/2 +2
Maz=1 ailure due to
St=0

converters

S=m{m+1)/2 +1 S=m{m+1)/2 +3

420



Fault Tolerant Systems

ps,M+3)=M-s+ 1)L AL(1-P,) )
For s=2 to s=M:
p,(s, M+2)=(s+ 1).AALP 9

The transition probabilities to all of the other states are zeros, except p (s, s) that is equal to:

p,(5,8)=1=>"p (s,0) (10)

i=s

In this paper, in order to compare the proposed structure and the conventional structure, we use two
systems. Each of the standby regulators only can replace one of the main regulators, and other system
has adjustable standbys regulators that each of them can replace each main regulator. Here, in order to
numerically compare these two structures, we use of LM317 reliability data for main and adjustable
regulators, ATMEGAS3?2 reliability data for sensing and control device and reliability data of SPDT
MILLON relays for reliability data of switching devices. Because the other components that are used
in the circuit are highly reliable and for simplicity, we assume that they are fully reliable. Each of the
adjustable regulators are as shown in Figure 16. When these regulators fail, the contact between the pins
of them opened or short to each other, also R2 and R3 are high resistors, so if the switch that separates
the regulator from the load works correctly, then that failed regulator does not dissipate noticeable power.
It is not necessary to separate the regulator from the input bus voltage. The reliability information of the
relays, ATMEGA32, and LM317T are documented in Tables 1, 2, and 3.

Here, we assume At is equal to 1000 hours. The reliability curve of these two structures is shown
in Figure 17. For conventional structure MTTF is equal to 192000 hours, and for proposed structure is
equal to 236430 hours, that are not that different. But if assumed reliability for safe operation time must

Figure 16. An adjustable regulator
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Table 1. Linear Regulator LM317T MTTF Tabulation

Parameter Name Description Value Comments
Cl Die complexity 0.010 Linear device, <100 transistors
T Temperature Factor. 58 Worst case junction operating temperature

(125 °C) and Linear Bipolar Device

C2 Package Failure Rate 0.0012 Non-hermetic DIP, 3 pins
T, Environment Factor 2.0 Ground Fixed
T, Quality Factor 10 Commercial
T, Learning Factor 1.0 3 years, 1/06 — 2/10
Entire design: Mp=(C n +Cm)m, 5.824 Failures/10 hours
19.6 years MTTF

Table 2. Relay MTTF Tabulation

Parameter Name Description Value Comments
A, Base Failure Rate 0.0084 Ambient Temperature +25°C
T Contact Form Factor 1.75 SPDT
T, Load Stress Factor 1.06 Resistance with 0.2 Rated Current
Ty Quality Factor 29 Commercial
T, Environment Factor 2 Ground Fixed
Teve Cycling Factor 1 Cycle Rate 10
T, Application and Construction Factor 5 General Purpose with Balanced Armature
Construction Type
Entire design: Ap = (T T, Ty Ty T Ty Ay 0.451 Failures/10 hours
252.6 years MTTF

Table 3. ATmega32 8-bit microcontroller MTTF Tabulation

Parameter Name Description Value Comments
Cl Die complexity 0.14 8-bit microcontroller
T, Temperature Factor. 0.19 Worst case operating temperature (40 °C)
and Digital MOS
c2 Package Failure Rate 0.029 44-pin TQFP, used eq. 3
., Environment Factor 2.0 Ground Fixed
T, Quality Factor 10 Commercial
7, Learning Factor 1.0 Years in production > 2.0
Entire design: p=(Cr.+Cmy)m,m, 1.01 Failures/10 hours
113 years MTTF
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Figure 17. Reliability curves of proposed structure and conventional structure of PDU with two output
voltage levels
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be above 0.99 then for conventional structure safe operation time is about 17000 hours, and for proposed
structure is about 36000 hours. This is the most important effectiveness of the proposed structure, and
this means that we can warranty up that the PDU works correctly for longer time.

Example: Fault Tolerant High Voltage Switch

Figure 18 shows a high voltage pulser used for driving a microwave tube. This pulser consists of series
pulsers that can continue its operation with failure in some of them. In normal condition, the output volt-
age of the pulser is divided among N pulsers. If a fault occurs in one of the pulsers, the output voltage
of the faulty pulser become zero. To hold the nominal voltage of the chathode pulse voltage, all of N-/
reminded pulsers take a higher output voltage and compensate the missed voltage of the faulty pulser.

Fault Tolerant Electrical Machine

Example: Fault Tolerant Transformer

Figure 19 shows a Delta to Wye transformer and its resistive load. This transformer can be supply the
three phase voltages even one of its legs is damaged. In this case, the three phase voltage is generated

but with reduced nominal power.
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Figure 18. High voltage pulser with active redundant modules
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Example: Fault Tolerant Machines

The result of adding three 120-degrees phased sine waves on the axis of the motor is a single rotating
vector. The rotor has a constant magnetic field. The N pole of the rotor will move toward the S pole of
the magnetic field of the stator, and vice versa. This magneto-mechanical attraction creates a force which
will drive the rotor to follow the rotating magnetic field in a synchronous manner [8].

A permanent magnet in such a field will rotate so as to maintain its alignment with the external field.
This effect was utilized in early alternating current electric motors. A rotating magnetic field can be
constructed using two orthogonal coils with a 90 degree phase difference in their AC currents. However,
in practice such a system would be supplied through a three-wire arrangement with unequal currents.
This inequality would cause serious problems in the standardization of the conductor size. In order to
overcome this, three-phase systems are used where the three currents are equal in magnitude and have a
120 degree phase difference. Three similar coils having mutual geometrical angles of 120 degrees will
create the rotating magnetic field in this case. The ability of the three phase system to create the rotat-
ing field utilized in electric motors is one of the main reasons why three phase systems dominate in the
world electric power supply systems [9].
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Figure 19. Delta connected transformers as a fault tolerant power supply
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Rotating magnetic fields are also used in induction motors. Because magnets degrade with time,
induction motors use short-circuited rotors (instead of a magnet) which follow the rotating magnetic
field of a multicoiled stator. In these motors, the short circuited turns of the rotor develop eddy currents
in the rotating field of the stator which in turn move the rotor by Lorentz force. These types of motors
are not usually synchronous, but instead necessarily involve a degree of ‘slip’ in order that the current
may be produced due to the relative movement of the field and the rotor.

A symmetric rotating magnetic field can be produced with as few as two polar wound coils driven
at 90 degrees phasing. However, 3 sets of coils are nearly always used because it is compatible with a
symmetric 3-phase AC sine current system. The three coils are driven with each set driven 120 degrees
in phase from the others. For the purpose of this example, the magnetic field is taken to be the linear
function of the coil’s current. Figures 20 and 21 show two typical two phases stator of induction motor.

RECONFIGURATION

Fault tolerant operation methods only cover some common failures, and there is not a control strategy
for each failure or a redundancy for each component. Hence, failing of many components could not be
modified and the regulator fails.
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Figure 20. A Three phases AC machine

Figure 21. A two phases AC machine
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Figure 22. A reconfigurable converter, up: original scheme, middle: step down operation, down: step
up operation
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Reconfiguring Against External Factors

Figure 22 shows a converter with reconfiguring capability used for wide range of input voltage. Figure
23 shows a PV system with reconfiguring capability — by passing a damaged panel-.

Reconfiguring Against Internal Faults

Figure 24 shows two different strategies for power system of a satellite. Figure 25 shows power system
of a satellite with changing capability if its batteries are damaged.

MULTI STAGE ALARMS

Figure 26 shows a protection alarm chain in a cooling system. Figure 27 shows an over temperature
pre-alarm sensor on a heat sink.
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Figure 23. A fault tolerant solar plant
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OVER DESIGN

Figure 28 shows a high voltage switch used as high voltage pulser with series connection of low voltage
switches that are operating in a lower voltage than their nominal voltage. Figure 29 shows a DC power
supply with parallel operation of low power DC power supplies that are operate under their nominal power.

SUMMARY AND CONCLUSION

In this chapter, fault tolerant electric power converters were described. In these systems, continuous
operation with usually nominal specification has no interruption even with occurrence of a fault. The
main topics of this chapter are summarized as follows:

1.  There are two main approaches in a fault tolerant system: Using redundant systems and
re-configuration.

2. Reconfiguring can be used by normally operating converters to compensate the I/O variations of
the converter (for example: shadowing in PV systems)
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Figure 24. Two different architecture for satellite power supply, (up): parallel scheme, (down): series
scheme
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Figure 26. A multi-stage alarm connection in a cooling system
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Figure 27. A pre-alarm thermal sensor (right) for an IGBT (left) which is mounted on a heat sink
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Figure 28. A high voltage switch constructed by series connection of low voltage switches
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3. Method of redundancy can consist of backup components which automatically “kick in” should one
component fail. Redundancy can take as hot and standby forms. There is no delay in hot redundant
systems. However, all of redundant parts continue operation under stress in this type. Standby
systems need a delay time for stable operation instead of faulty parts but they are free from stress
before failure in the main parts.

4.  Multi phasing is a commonly used method for increasing reliability in electric machines.

We presented various methods for reliability improvement in chapters 7 to 11. Important part for
implementing these methods is a data acquisition system about present condition of the converter. The
last chapter of the book is dedicated to condition monitoring in electric power converters.
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KEY TERMS AND DEFINITIONS

Electric Parallel Connection: Current division among some parts.

Electric Series Connection: Voltage division among some parts.

Fault Tolerant System: A system with reconfiguring capability.

Reconfiguration: Change in inter connections of system with the aim of disabling effect of fault on
functional requirements of the system.

Redundant Systems: Systems with provision of functional capabilities that would be unnecessary
in a fault-free environment.

Rotating Magnetic Field: Magnetic field of a multi phase electric machine with a rotating axis.
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Chapter 12
Condition Monitoring

ABSTRACT

Implementation of all previous methods for reliability improvement needs to have enough information
about condition of the converter. This is the topic of the last chapter of this book. Condition monitor-
ing is the process of monitoring a parameter of condition in machinery (vibration, temperature etc.), in
order to identify a significant change which is indicative of a developing fault. The use of conditional
monitoring allows maintenance to be scheduled, or other actions to be taken to prevent failure and avoid
its consequences. In this chapter, commonly used methods for condition monitoring the converters and
electric machines are presented. The aim of this task is producing an alarm in converter before failure
Jfactor damage the system. Sensor based and sensor less methods for converter and motor parameter
monitoring are described. The data obtained from sensor based methods is real but sensor is a weakness
point in a converter. On the other hand, sensorless methods give estimated information but they are reli-
able. Temperature as the most important parameter from reliability point of view is a common parameter
for monitoring in all systems. Other parameters like vibration, harmonics can be used for monitoring
of various faults inside the system. Many typical cases are presented to demonstrate the techniques.

INTRODUCTION: PREDICTION OF FAILURE

Implementation of the methods of reliability improvement which were describes in the previous chap-
ters needs an important tool: condition monitoring of power converter. Condition monitoring allows to
inform about growth of failure in power converters. Our decision about this failure is related to the data
which are obtained from condition monitoring system. For example monitoring of a long term high
output current beyond nominal specification of a power electronic converter usually cause to operate
the protection system and make it out of service (Kaboli, Zolghadri, Roye, Guiraud, Schanen, 2004). As
another alternative, monitoring of a high temperature hotspot in this converter may leads to application
of derating scenario and it holds the converter in service. In this chapter, we present the basic approaches
for condition monitoring of electric power converters. There are two general goals for monitoring the
state of an electric power converter:
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1.  Monitoring for controlling a variable (usually output voltage of power converter)
2. Condition monitoring for preventing a catastrophic failure

Monitoring is a key function during implementation of any control process. All of closed loop con-
trol schemes work based on monitoring of output variable of the process. However, converter condition
monitoring methods are also used for informing about state of the converter form failure point of view.
Monitoring is the common term of all previous chapters in this book. Many reliability improvement
techniques need to have a view about the state of electric power converter. In this chapter, we describe
the commonly used methods for condition monitoring of power converters. Condition monitoring is the
technique of monitoring a parameter in power converter in order to identify a considerable change which
is index of a developing fault. Conditional monitoring of power converters have many benefits for the
converter. Condition monitoring is important in certain conditions that would shorten normal lifespan
can be informed before they lead to a major failure. Condition monitoring allows scheduling the mainte-
nance to prevent failure and avoid its consequences. Figure 1 shows the state of this chapter in the book.

Figure 1. State of chapter 12 in the flowchart of the book
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There are two main approaches for condition monitoring 1-5: Sensorless and sensor based methods.
In sensor based methods, a physical sensor is used to measure and monitor of the desired parameter or
variable. In sensorless method, the job is done based on calculations.

SENSOR BASED METHODS

Condition monitoring techniques are very important for reducing in-service failures and unscheduled
down-time and allow the implementation of intelligent maintenance. Therefore, the main goal of all
approaches for condition monitoring is monitoring of parameters and variables of a power converter.
The mechanism of this monitoring is different in various techniques of monitoring. One technique is
using an individual sensor for each parameters which should be monitored. As an example, temperature
sensors gives valuable data about temperature profile of a converter. These techniques are reliant on a
range of sensors based principally on piezoelectric, electrodynamic, eddy current, inductive, magnetic
and thermal technologies.

Advantages

Sensor based method are historically the first method for condition monitoring. They have some features
and advantages that causes to still use this method in power converter. Faster access to data derived from
online measurements provides for a more efficient response should a remedial action prove necessary.

Disadvantages

Although the benefits and even the necessity of using online sensors are recognized, several factors need
to be considered prior to their installation in industrial applications. Typical industrial environments
often involve fluids, temperatures, pressures and flows that could be harmful to the delicate electronic
Sensor components.

It is important to note that as the number of monitored parameters increases, the number of necessary
sensors increases. Thus, there is a limitation for the number of sensors. Because the sensor response signals
need to be collected and transmitted with minimal loss or interference from the surrounding equipment.
The challenge then lies in constructing sensors rugged enough to withstand the rigors of the applica-
tion and cost-effective enough to allow for their broad deployment throughout industrial enterprises.
Therefore, minimum number of sensors for sufficient data for converter monitoring is very important.
Some information can help to reduction the sensor number. The main approach of these information is
recognizing the points of converter which are under considerable stress or are more sensitive to stress.
Some examples of these information are listed as follows:

e  Recognizing the most important point of converter from over temperature point of view. It is im-
portant to note that it is usual to consider the hotspot of the converter as this point. Although, this
is a correct assumption in many cases, but it is not always the most important point. For example,
stator winding of a motor in an inverter driven ASD may be the hotspot of ASD. But, the most
important point of ASD is junction of inverter switches because they are more sensitive to over
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temperature than motor winding. To check the sensitivity of a part to temperature, reliability cal-
culation presented in chapter 3 is used.

e  Recognizing the most important point of converter from over voltage point of view. Similar to
temperature, the most important point of a converter from over voltage point of view is a sensitive
point to over voltage not a point with maximum over voltage in the converter. Again, presented
charts of reliability calculation in chapter 3 can be used for the analysis. For example, semicon-
ductor switches are more sensitive to over voltage than transformer in a switch mode DC power
supply.

e  Analyzing the mechanical forces and finding the weakness of the converter.

Application Example: Vibration in Electrical Motor

One of the important factors in operation of electrical machines is vibration and many methods have been
developed to measure it. Figure 2 shows the block diagram of a motor setup for measuring the vibration
of its structure. An acceleration sensor is mounted on the bearing of the load. The output of this sensor is
the vibration response of the shaft. A signal processor is used for analyzing the output data of this sensor.
Figure 3 shows the radial mechanical vibration of motor which is measured by an acceleratrometer. This
figure shows the normalized harmonic spectrum of vibrations for a typical induction motor. This plot is
obtained by applying the Fourier transform to the output data of the acceleration sensor. It can be seen
that the vibration harmonics have a high amplitude in a specific frequency band. This is the mechanical
resonance phenomena and it can lead to mechanical damage of the motor shaft or shaft accelerated aging.

It can be seen that great mechanical vibration is generated by high frequency harmonics of stator
current. Using the predicting method reduces the amplitude of these harmonics and shifts them to higher
frequencies as shown in Figure 4. Figure 5 shows the harmonic spectrum of vibration in a DC motor
with lower resonance frequency that that found in Figure 3.

The measurement of vibration is a complex subject. Companies have optimized its selection of vi-
bration sensors to obtain the best performance, in a variety of industrial applications, from its range of
vibration instrumentation systems

Application Example: Temperature Monitoring

Various machine operating conditions concerning temperature extremes, magnetic fields, vibration range,
frequency range, electromagnetic compatibility (EMC) and electrostatic discharge (ESD) conditions
and the required signal quality necessitate the need for a variety of sensors. As it was mentioned in the
previous chapters, over temperature is a common reason of failure in power systems. Hence, temperature
monitoring is an useful tool to prevent thermal damage of converters. Figure 6 shows a temperature
sensor which is implemented on the winding of a current transformer to detect over temperature fault.
Conductive grease is used to reduce the thermal resistance between sensor and the winding. This figure
shows the difficulties associated with implementation of a sensor for condition monitoring. It is impor-
tant to note that the designer is forced to implement on the outside of the transformer winding. It means
there is not easy access to inside the winding and all of decisions should be applied based on a typical
temperature from outside of the winding.
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Figure 2. A typical diagram for vibration measurement in a drive system
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The PT100 sensor is used for measuring the temperature primarily in windings of electric motors,
generators and transformers, and has been specifically designed for thermal protection of machines.
Figure 7 shows a temperature switch used for temperature protection of a dry-type transformer in trac-
tion applications. This sensor is mounted on the transformer core. The critical temperature for converter
shutdown is resulted from experimental tests. Figure 8 shows a typical temperature sensors. This tem-
perature sensors acts as a switch. When the contact temperature reaches to the specified temperature
of the sensor its built in switch changes from ON state to OFF state or vice versa. The switch types of
temperature sensors are reliable but they can not use for temperature monitoring. Another alternative
for temperature sensor is analog temperature sensor. AD590 is a typical analog temperature sensor with
quasi-linear characteristic. Figure 9 shows position of temperature sensor for monitoring of winding
surface temperature which is used in a plant turbogenerator. Figure 10 shows application of temperature
sensor for measuring an air flow temperature of a fan.
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Figure 4. Improved vibration spectrum by using predictive control algorithm
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Figure 6. Application of temperature sensor for condition monitoring

Figure 7. Temperature monitoring of a 3-phase transformer which is mounted on the core of transformer

The Stator winding temperature detector (RTD) are used to measure winding temperature of large
Motors, Generators etc. These sensor are sandwiched between the windings of Motors/Generators. Un-
like on/off devices, It allows continuous measurement of winding temperature. The NEMA recognizes
this kind of sensor as a standard protection for motor and generator Insulation. Normally, these RTDs
are of wirewound and sensing element extends throughout the length of the detector. These feature will
provide average temperature reading. Normally six sensors are recommended for a three phase motor,
Two per Phase. This RTD are generally flat type in construction and are available in various sizes. Figure
11 shows a temperature sensor for monitoring winding temperature of an electric motor.
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Figure 8. A typical thermal sensor with switching operation

Figure 9. Position of temperature sensor on a stator bar
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User can insert these thin, laminated stator RTDs in winding slots to detect high temperatures before
insulation damage occurs. Stator winding temperature sensors continuously monitor conditions and pro-
vide the long term trend data that is necessary for making adjustments before unexpected alarms occur 7.

With the proper sensor to supply the critical operating information, the machine operates in a safer
condition for both the machine as well as the personnel operating the machine.

Application Example: Thermography
If the temperature sensor is not located on the proper position, the monitoring system can not recognize
the local hotspots in a converter. It is one of the problems in temperature monitoring. Thermography is

a solution for this problem. Temperature variations across a surface can be seen with visual inspection
and testing with thermography. Heat is indicative of failing components, especially degrading electrical
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Figure 10. Air flow temperature measurement
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Figure 11. Temperature monitoring of a motor stator winding
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contacts and terminations. Thermography can also be successfully applied to high-speed bearings, fluid
couplings, conveyor rollers, and storage tank internal build-up.

Application Example: Bearing Condition

It is important to keep in mind that more than 80% of all complex mechanical equipment fail accidentally
and without any relation to their life-cycle period. As another example, a degrading rolling-element bear-
ing will usually exhibit increasing vibration signals at specific frequencies as it wears. Special analysis
instruments can detect this wear before failure, giving ample warning to schedule replacement before a
failure which could cause a much longer down-time.

SENSORLESS SYSTEM IDENTIFICATION

One of the results of chapter 3 is that the reliability of a converter generally decreases with increasing the
number of converter components. Sensorless methodology is a solution for eliminating the speed sensor
and other physical sensors need for control process. It is historically applied to servomotor systems for
controlling goals. However, sensorless methods are used for normal condition monitoring too. Monitoring
the state of mechanical machine tool components is of growing importance for increasing machine tool
availability and reducing inspection efforts and costs. Open numerical controls offer a new opportunity
for getting access to signals of drives as well as of the control itself and to integrate the end-user’s indi-
vidual applications. Because the actual drive signals contain information on the mechanical behaviour
of the drive chain components, their use for condition monitoring mechanical drive components is a
reliable and cost effective approach.

Application Example: Motor Parameters Identification

Stator resistance PI compensator is one of the simplest methods proposed to estimate stator resistance.
This method is based on the real time stator resistance correction regarding the variations of the stator
current magnitude, which must be a constant value when the stator flux and motor torque are constant.
This reference value can be calculated using the flux and torque commands and motor parameters. In this
section, it is shown that for direct torque control systems using digital controller with limited sampling
frequency, stator current vector amplitude varies as a function of speed, sampling period, and switching
strategy. Effects of sampling frequency, motor speed, and switching strategy on this current error are
investigated and their effects on performance of the stator resistance PI compensator are considered 8-13.

Direct torque control (DTC) of induction motor due to its simple structure and ability to achieve fast
response of flux and torque has attracted more and more interest in recent years. The basic idea of the
method is to calculate the instantaneous values of the flux and torque from the stator variables only.
Control is made by an appropriate selection of the inverter switching configurations. Stator resistance is
the only motor parameter, which is used for the estimation of the stator flux. The stator resistance changes
due to the temperature variations and stator frequency variation that deteriorate the drive performance by
introducing errors in the estimated magnitude and position of the stator flux vector. This in turn affects
the estimation of the electromagnetic torque and degrades the performance of the DTC system. At low
speed, this effect is important and if the value of the stator resistance which is used in controller be less
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than its actual value, the developed flux and torque will be decreased. Using greater value of the stator
resistance in controller than its real value leads to instability.

To overcome this problem, several control schemes have been proposed. One of these methods is
using a real time PI estimator for tuning the stator resistance. This method has simple structure and is
proper for practical implementation. Steady state current reference is calculated using the motor param-
eters and torque and flux references. It is shown that even in the steady state there is an error between
the current reference and its measured value. This error is a function of the sampling time, motor speed
and switching method which is used. In this paper, effects of sampling frequency, speed of motor, and
switching strategy on the performance of the PI estimator for tuning the stator resistance are considered.

Variations of the stator resistance due to temperature and frequency cause incorrect estimation of the
stator flux and electromagnetic torque. Athigh speeds, R i , voltage drop in stator resistance, is negligible
compared to the stator voltage; but, at low speeds, a stator resistance error causes the estimated stator flux
to deviate from its theoretical trajectory that degrades DTC performance. In addition, if stator resistance
that is used in controller be more than its real value, the DTC system will be unstable.

In DTC of induction motor, it is shown that if stator flux and motor torque be equal to their reference
values, the magnitude of the stator current vector is a constant value that can be calculated with these
reference values and motor parameters as

and i* , is calculated from the following equation.
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In above equations, variables that are marked with * show the reference values. L,L, and L are
stator self inductance, rotor self inductance, and stator and rotor mutual inductance, respectively. In
addition, it can be shown that the magnitude of the stator current vector changes due to the variations
of the stator resistance. On the other hand, the variations of the stator resistance change the flux and
torque of the motor which leads to variations of the stator current vector magnitude. Therefore, the real
time stator resistance estimation for correction of the flux and torque estimation is one of the proposed
methods based on the fact that variations of the stator current vector magnitude from its reference value
are referred to the stator resistance changes.

To eliminate high frequency component of the stator current error and estimated resistance, low pass
filters are used. Output of the PI controller is variations of the stator resistance. This stator resistance
variation, AR, continuously is added to the previous estimated resistance value, R . Then, it enters to

the low pass filter and a limiter to produce estimated stator resistance (Iéy ). It is clear that low pass
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filters time constants must be lower than the stator resistance variations rate. For tuning the estimator,
gradient decent method or trial and error method can be used.

The PI resistance estimator performance is investigated using simulation results. To achieve more
similarity to the practical systems, a digital controller is used that has adjustable sampling frequency.

As it was mentioned before, when the stator resistance that is using in DTC controller is equal to its
real value and motor develops its reference flux and torque, the stator current must be constant and equal
to a calculable reference value. However, simulation results show that in systems with digital control-
lers and finite sampling frequency, the magnitude of the stator current vector is not precisely equal to
its reference value and there is an error that changes with motor and controller operation conditions.

To investigate the performance of the PI controller on the DTC system, a simulation was run in which
the stator resistance was changed as shown in Figure 12. During 7 seconds, the stator resistance changes
from 100% to 200% of its nominal value. Then, after 4 seconds and during 7 seconds, it changes to its
nominal value. The estimated value of the resistance is shown in Figure 12 as well. The figure shows
that the estimated stator resistance follows closely the actual stator resistance value. The stator flux and
electromagnetic torque of the motor are shown in Figures 13 and 14, respectively. Attention to the wave-
forms of the flux and torque shows that the system has not good performance and there are fluctuations
on the flux and torque. The flux is shifted from its main trajectory and has some oscillations that their
frequencies are proportional to the speed of the motor.

Figure 12. Real value and estimated value of the stator resistance
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Figure 13. Magnitude of the stator flux vector and its reference value
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In this simulation, sampling frequency was set to 20 kHz and switching strategy D (with eliminated
zero stator voltage vector) was used in the controller. The speed of the motor was 100 rpm and motor
developed its rated flux and torque. In this case, K was selected 0.1 and K| was selected 0.005. Cut
frequency of the current error low pass filter was set to 2 Hz and for stator resistance low pass filter was
selected as 0.24 Hz.

Application Example: Predictive Algorithms

Some predictive controllers have been proposed for prediction of motor torque. The time diagram of
conventional DTC algorithm performed by DSP is shown in Figure 15. The stator current is measured
at the beginning of sampling period (t_), the stator flux and torque are calculated using these measured
values (t .and T ) and the voltage vector respective to these calculations is applied at the beginning of the
next sampling time (t, ). It may exist a free time (t,,) especially in high power drives where the switching
frequency is low. Therefore, the application of voltage vector at the beginning of each sampling time
is done based on stator current measured at the beginning of the previous sampling time. Although the
voltage vector is constant during a sampling interval the stator current varies and it causes variations in
the stator flux and torque. Thus, estimation of torque at the instance t+T_ is not done based on online
variables. Its lag of actual torque is shown in Figure 16. On the other hand, applying a forward (zero)
vector causes a great jumping of motor torque at low (high) speed because of fast torque response of the
DTC. When the motor torque jumps out of the hysteresis band during a sampling interval, the DSP may
not detect it in the same period. Therefore, the DSP processor continues to apply the incorrect vector in
the next sampling time and this causes an extra torque ripple 17-21.

Figure 15. Low speed torque response of motor in conventional DTC
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Figure 16. Low speed torque response of motor in modified DTC
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The time diagram of predictive controller is shown in Figure 17. In the beginning of each sampling
interval, the stator current is measured two times with a specific predefined value between these two
measurements. Assuming a linear variation for current during a sampling interval, the expected value
of stator current in the end of period can be extrapolated.

The predicted value of electromagnetic torque is calculated according to the predicted value of stator
current and the selection of the voltage vector is performed using the predicted value of torque. In this
algorithm, the DC voltage of the inverter is assumed constant during the sampling period.

The sampling time and motor speed are 133 psec and 300 RPM, respectively. The set point for the
motor torque is 10 N.m. The torque ripple factor defined here is used for evaluating the improvement
of torque ripple.

T is the fundamental period of torque ripple and t_, is the mean value of motor torque.

Figures 15 and 16 compare the low speed operation of new controller and conventional DTC. Con-
ventional DTC shows inherent time delay of torque response and it makes a great torque ripple with
ripple factor equals to 35%. Predictive controller can remove this delay and reduce the ripple factor to
22%. This Improvement is also seen in high speed behavior of motor which are shown in Figures 15
and 16. The new controller reduces the torque ripple factor from 34% (in conventional DTC) to 16%
(in modified DTC).

Figures 15 to 16 show the steady state torque response of the machine under conventional DTC at
high speed. A great torque ripple is seen in the motor torque. The value of torque ripple factor is 44%. It
can be seen that the torque ripple is decreased in the beginning of the sectors. But the improving effect
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Figure 17. Schematic diagram of bearing position in an electric motor
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of new switching method is less than its effect at low speed so that the value of torque ripple factor only
reduced 5% (Kaboli, Zolghadri, Roye, Guiraud, & Crebier, 2004).

Application Example: Bearing Condition

In modern drives, stator winding is usually controlled by a high frequency PWM controller. This leads to
a capacitive parasitic current in stray capacitors between winding and motor core. In addition, bearings
are the only mechanical connection between rotor and stator in an electric motor. Therefore, bearings
are affected by high frequency current and the resulted losses causes to failure in bearings. Bearing tem-
perature and current help to detect the problem before failure. Figure 17 shows position of bearing in an
electric motor. Figure 18 shows the high frequency current path. This current passes through parasitic
capacitor between stator winding and rotor.

DATA ACQUISITION SYSTEMS

Data acquisition is the process of sampling signals that measure real world physical conditions and con-
verting the resulting samples into digital numeric values that can be manipulated by a computer. Data
acquisition applications are controlled by software programs developed using various general purpose
programming languages such as LabVIEW.

Data Loggers

A data logger is an electronic device that records data over time or in relation to location either with a
built in instrument or sensor or via external instruments and sensors. Increasingly, but not entirely, they
are based on a digital processor (or computer). They generally are small, battery powered, portable,
and equipped with a microprocessor, internal memory for data storage, and sensors. Some data loggers
interface with a personal computer and utilize software to activate the data logger and view and analyze
the collected data, while others have a local interface device (keypad, LCD) and can be used as a stand-
alone device.
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Figure 18. High frequency harmonic current path through bearing
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Data loggers vary between general purpose types for a range of measurement applications to very
specific devices for measuring in one environment or application type only. It is common for general
purpose types to be programmable; however, many remain as static machines with only a limited number
or no changeable parameters. Electronic data loggers have replaced chart recorders in many applications.

One of the primary benefits of using data loggers is the ability to automatically collect data on a
24-hour basis. Upon activation, data loggers are typically deployed and left unattended to measure and
record information for the duration of the monitoring period. This allows for a comprehensive, accurate
picture of the environmental conditions being monitored, such as air temperature and relative humidity

Figure 19. A data logger board, input analog inputs (up), high impedance input buffer (middle), 1I/0
LAN connector (left), isolated digital switch (bottom)
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Figure 20. User manual of a data logger software, history record (1), start to next record (2)
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Figure 19 shows a typical data logger board. It contains some analog input channels. This data is
obtained from various sensors which are distributed inside the converter. The output resistance of these
sensors is usually high and they need to be buffered at the first step. Therefore, there are some input
buffer on this board which are implemented by operational amplifiers. These buffered analog inputs are
analyzed by a microprocessor. The result of this analysis activates some isolated digital switch or send
commend via a LAN connection.

Event Recording

A sequence of events recorder is an intelligent standalone microprocessor based system, which monitors
external inputs and records the time and sequence of the changes. Sequence of events recorders usually have
an external time source. When wired inputs change state, the time and state of each change is recorded.

Figure 20 shows user page of a data logger software used for event recording in an industrial site.
This software is associated with LABview software and a data logger beard as its hardware.

SIGNAL PROCESSING TOOLS

With advancements in digital electronics and reduced component costs in recent years, monitoring
instruments for use in condition-based maintenance programs have become more cost-effective and
dependable. Machinery does not need to be taken out of service as many tests are done online, and in
many cases very little expertise is required for testing and data interpretation. This enables the user to
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make well-informed decisions for planning maintenance and repairs, which ultimately leads to increased
productivity. There are two categories in signal processing: digital and analog signal processing.

Application Example: Consequences of Broken Rotor Bars

Rotor windings in squirrel cage induction motors are manufactured from aluminum alloy, copper, or
copper alloy. Larger motors generally have rotors and end-rings fabricated out of these whereas motors
with ratings less than a few hundred horsepower generally have die-cast aluminum alloy rotor cages.
Broken rotor bars rarely cause immediate failures, especially in large multi-pole (slow-speed) motors.
However, if there are enough broken rotor bars, the motor may not start as it may not be able to develop
sufficient accelerating torque. Regardless, the presence of broken rotor bars precipitates deterioration
in other components that can result in time-consuming and expensive fixes 22-24.

Replacement of the rotor core in larger motors is costly; therefore, by detecting broken rotor bars
early, such secondary deterioration can be avoided. The rotor can be repaired at a fraction of the cost
of rotor replacement, not to mention averting production revenue losses due to unplanned downtime.

Some of the more common secondary effects of broken rotor bars are:

e  Broken bars can cause sparking, a serious concern in hazardous areas.

e  If one or more rotor bars are broken, the healthy bars are forced to carry additional current leading
to rotor core damage from persistent elevated temperatures in the vicinity of the broken bars and
current passing through the core from broken to healthy bars.

e  Broken bars cause torque and speed oscillations in the rotor, provoking premature wear of bear-
ings and other driven components.

e  Large air pockets in die-cast aluminum alloy rotor windings can cause nonuniform bar expansion
leading to rotor bending and imbalance that causes high vibration levels from premature bearing
wear.

e As the rotor rotates at high radial speed, broken rotor bars can lift out of the slot due to centrifugal
force and strike against the stator winding causing a catastrophic motor failure.

e  Rotor asymmetry (the rotor rotating off-center), both static and dynamic, could cause the rotor to
rub against the stator winding leading to rotor core damage and even a catastrophic fault.

Motor current signature analysis technology has existed for many years to help diagnose problems
in induction motors related to broken rotor bars, air gap eccentricity, drive-train wear analysis, and
shaft misalignment. The technology relies on the fact that each of these problems produces recogniz-
able frequency patterns in the motor load current that can be predicted by using empirical formulae and
measured. These problems give rise to magnetic asymmetry in the rotor air gap that produces current
components at specific frequencies in the load current.

A trace of the motor supply current is obtained by using a clamp-on current probe either from one of
the main phase leads to the motor or from the secondary side of a motor CT. A Fast Fourier Transform
is performed on the time-domain data to obtain a frequency spectrum. Depending on the device used,
this can be done either by the datalogger itself or by computer software.

Once the frequency spectrum is obtained and stored, empirical formulae are used to look for frequency
signatures in the spectrum within various frequency ranges depending on the problem to be diagnosed.
For example, broken rotor bar frequencies (also called sidebands or pole-passing frequencies) usually can
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be found within +5 Hz of the motor supply frequency; for air gap eccentricity a wider range is required
for the search, from a few hundred Hz up to a few kHz. If the predicted frequency patterns are present
in the spectrum, a positive diagnosis is returned.

In all cases, accurate estimate of the operating slip of the motor is a prerequisite to reliable diagnosis
as the predictor equations require operating slip as one of the input parameters. In an induction motor,
slip is dependent on the load and increases with increased load. In most cases, the only knowledge a
tester would have regarding slip is that at full load; the motor nameplate data contains the rated speed
at rated horsepower and the slip can therefore be easily derived when the motor is running at full rated
load. However, as motors rarely operate at exactly full load, determining the operating slip becomes a
challenge.

Figure 30 shows harmonic spectrum of an induction motor line current in normal operation. Figure
31 shows effect of break in one of the rotor bars on this harmonic spectrum. It can be seen that breaking
the motor bars causes to generate high frequency harmonics in the motor current. Harmonic spectrum
analyzing the motor current can be an index for detection of fault type. Figures 23 shows variation of
line current harmonics with different numbers of motor broken bar.

MEASUREMENT TOOLS

The above mentioned methods need to measurement devices for operating. Regarding to fast and com-
prehensive application of sensorless methods, the most important measuring devices are voltage and
current sensors. In addition, thanks to critical role of over temperature in failure process, temperature
measurement are preferred to perform sensorbased. A sensor is a device that converts a physical property
into a corresponding electrical signal. An acquisition system to measure different properties depends
on the sensors that are suited to detect those properties. Signal conditioning may be necessary if the
signal from the transducer is not suitable for hardware. The signal may need to be filtered or amplified
in most cases.

Thermal Measurement

There are many techniques for temperature measurement. In case of condition monitoring, small size
as well as acceptable accuracy are important factors. Based on this view some of the most famous tem-
perature sensors are listed as follows:

e A thermocouple is a temperature-measuring device consisting of two dissimilar conductors that
contact each other at one or more spots, where a temperature differential is experienced by the dif-
ferent conductors (or semiconductors). It produces a voltage when the temperature of one of the
spots differs from the reference temperature at other parts of the circuit.

e  Thermistors are thermally sensitive resistors whose prime function is to exhibit a large, predict-
able and precise change in electrical resistance when subjected to a corresponding change in
body temperature. Negative Temperature Coefficient (NTC) thermistors exhibit a decrease in
electrical resistance when subjected to an increase in body temperature and Positive Temperature
Coefficient (PTC) thermistors exhibit an increase in electrical resistance when subjected to an
increase in body temperature.
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Voltage and Current Measurement
Current

A current transformer (CT) is used for measurement of alternating electric currents. Current transform-
ers, together with voltage transformers (VT) (potential transformers (PT)), are known as instrument
transformers. When current in a circuit is too high to apply directly to measuring instruments, a current
transformer produces a reduced current accurately proportional to the current in the circuit, which can
be conveniently connected to measuring and recording instruments. A current transformer isolates the
measuring instruments from what may be very high voltage in the monitored circuit. Current transformers
are commonly used in metering and protective relays in the electrical power industry. Figure 22 shows a
CT mounted on a high voltage circuit breaker. This CT has a high voltage isolation between high voltage
line and the measured current signal.

Figure 23 shows application of high frequency CT for monitoring of high frequency current of an
inverter. These sensors are hall effect type of CTs and they can used for a high frequency current. This
is an important characteristic of this type of CTs. However, hall effect CTs needs auxiliary power supply
to work. Passive CTs usually have a lower frequency bandwidth than hall effects types of CTs. Figure 24
shows a circuit diagram of a AC/DC power supply which is controlled with a Triac in AC side. Figure
25 shows its measured line current obtained from a passive CT in nonsinusoidal waveform. In this case,
application of passive CT is possible because of low frequency behavior of the converter line current.
Figure 28 shows a Hall-effect current sensor used for measuring DC-link current of an inverter. The
DC-link current is a direct current and conventional passive CTs based on transformers can not be used.

Instrument transformers are high accuracy class electrical devices used to isolate or transform volt-
age or current levels. The most common usage of instrument transformers is to operate instruments or
metering from high voltage or high current circuits, safely isolating secondary control circuitry from
the high voltages or currents. The primary winding of the transformer is connected to the high voltage
or high current circuit, and the meter or relay is connected to the secondary circuit.

Figure 21. Current spectrum for a broken bar induction motor (one bar)
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Figure 22. Application of CT for current sensing

Figure 24. A sample low frequency distortion in current waveforms of a power electronic converters
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Figure 25. A Hall-Effect current sensor which is used for current measuring in an inverter DC bus

Figure 26. Application of PT for voltage measurement in a high frequency inverter
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Figure 27. Application of PT for voltage measurement
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Figure 28. A wind sensor, normal operation (up), operation during a fault in fan (down)
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Instrument transformers may also be used as an isolation transformer so that secondary quantities
may be used in phase shifting without affecting other primary connected devices

Voltage Measurement

Potential transformers (PT) are a parallel connected type of instrument transformer. They are designed
to present negligible load to the supply being measured and have an accurate voltage ratio and phase
relationship to enable accurate secondary connected metering. Figure 26 shows circuit diagram of a PT
connection to high voltage side of a transformer in a high voltage DC power supply. Figure 27 shows
its PCB board with this PT. In this board, there is a 20KV isolation between primary and secondary of
the transformer in both main transformer and PT.

Condition Monitoring in Auxiliary Devices
An anemometer is a device used for measuring wind speed, and is a common weather station instru-
ment. Figure 28 shows a simplified diagram of a wind sensor. In normal state, the fan air flow causes

to remove the plate from the switch and the switch is in OFF state. If a fault occurs in the fan, the plate
causes to change the switch state to ON state.
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Figure 29. Application of fiber optic for isolated condition monitoring

Figure 30. Application of high voltage opto isolator for isolated condition monitoring
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Figure 31. Water flow switches in a cooling system

Isolation

Measuring devices must be reliably isolated because of safety and EMC problems. One of the most safe
methods is application of optical isolators. An optical fiber is a flexible, transparent fiber made of high
quality extruded glass or plastic. It can function as a waveguide to transmit light between the two ends
of the fiber. Power over Fiber optic cables can also work to deliver an electric current for low-power
electric devices. The field of applied science and engineering concerned with the design and application
of optical fibers is known as fiber optics.

Optical fibers are widely used in fiber-optic communications, where they permit transmission over
longer distances and at higher bandwidths (data rates) than wire cables. Fibers are used instead of metal
wires because signals travel along them with less loss and are also immune to electromagnetic interfer-
ence. Fibers are also used for illumination, and are wrapped in bundles so that they may be used to carry
images, thus allowing viewing in confined spaces. Specially designed fibers are used for a variety of
other applications, including sensors and fiber lasers

Optical fiber cables carry the information over light waves which travel in the fibers due to the
properties of the fiber materials, similar to the light traveling in free space. The light waves (one form
of electromagnetic radiation) are unaffected by other electromagnetic radiation nearby. The optical
fiber is electrically non-conductive, so it does not act as an antenna to pick up electromagnetic signals
which may be present nearby. So the information traveling inside the optical fiber cables is immune to
electromagnetic interference e.g. radio transmitters, power cables adjacent to the fiber cables, or even
electromagnetic pulses generated by nuclear devices

Optical fibers are made and drawn from silica glass which is nonconductor of electricity and so there
are no ground loops and leakage of any type of current. Optical fibers are thus laid down along with
high voltage cables on the electricity poles due to its electrical insulator behavior. Figure 29 shows ap-
plication of fiber optic link for measuring a high voltage DC voltage. In this converter, there is a float-
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Figure 32. A temperature-humidity control used in a cabinet with communication application

ing DC voltage which is biased to high voltage power supply. To measure this floating DC voltage, it
is converted to a digital code by a microprocessor in high voltage side and sent to low voltage side via
fiber optic link. It is converted again to an analog signal in the low voltage side by a digital to analog
converter. Figure 30 shows an infra-red link to produce an alarm in faulty cases in a high voltage switch.
In this figure, any fault or abnormal condition is converted to a digital flag in high voltage side and sent

to low voltage side via infrared link.
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Measurement of Environmental Parameters
Application Example: Cooling System

The waterflow switch is a mechanical/electrical assembly. As it only detects the water flowing in the
pipes, the waterflow switch doesn’t turn on or off the water. It just sets off the alarms by activating
electrical switches.

To detect the water’s movement, the assembly has a paddle across the inside of the pipe. When water
starts moving in the pipe, it pushes on the paddle aside. The paddle is on a lever that, when the water
has pushed aside the paddle, allows a pair of switches to activate, after a time delay. Figure 31 shows
application of some water flow switches in a water cooling system.

Application Example: Environment Measurement

Figure 31 shows a typical environmental sensor (temperature and humidity) in a communication rack.
In this cabinet, the environmental parameters like ambient temperature and humidity are measured and
sent to the control unit. The control unit applies proper commands to maintain the ambient parameters
in a specific range based on the data resulted from this sensor.

SUMMARY AND CONCLUSION

Condition monitoring is the important part of the methods for reliability improvement. The output of this
part is real information about the present condition of the converter. In this chapter, various techniques
for condition monitoring of electric power converters was described. The main topics of this chapter
are summarized as follows:

1.  There are two main approaches for condition monitoring: sensor based and sensor less methods.

2. Sensor based methods usually give a precise value of certain parameter but they suffer from some
drawbacks such as a need for some space for mounting, sensitivity to noise and physically damaging.

3. Sensorless methods give the desired parameters based on some calculations which start from a
minimum number of measured parameters. They have no need to a physical space and can be quite
immune to noise. However, they are dependent on the initial measured parameters. Accuracy is
always a concern in these methods.

4.  Nowadays, sensorless methods are popular in controlling electric machines. They are used not only
for condition monitoring but also for controlling a desired parameter like electromagnetic torque.

5. Time response of these methods can be slow for a parameter like temperature and fast for predic-
tion of electromagnetic torque in a motor.
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