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Preface

It has been eight years since my book, Control Theory of Electric Machinery, was
published in Korean. In the past six years, more than 2500 copies of the book have
been sold in Korea. Some of them are used as a textbook for a graduate course at
several universities in Korea. But most of them are used as a reference book in the
industry. After publishing the book in Korean, I received a lot of encouragement and
inquiry to translate the book into English. But my tight schedule has delayed the
translation. However, four years ago, several foreign students and visitors attended my
graduate course class and they need some study materials so I was forced to translate
the book into English. After two years of hard work, the English-version manuscript is
now ready for publication. During the translation, the contents of this book was
revised and upgraded. I hope that this book will be a good reference for the students
and engineers in the field.

Modern technology, which today is called information technology, is based on
the stable supply of energy, especially electric energy which is the most widely used.
Many people in modern society think that electric energy can be produced for as
long as we want. However, because clean water and air are growing scarce, electric
energy comes to us as a very limited resource. As modern society develops, more
and more electric energy is needed. But mass production, transportation, and use of
environmentally friendly electric energy have become a very difficult problem.
Electric energy goes through various steps of transformation from production to
final use. Mechanical energy acquired from a primary energy source such as oil, gas,
nuclear, and hydraulic power can be converted to electric energy through electro-
mechanical energy conversion. More precisely, after mechanical energy from
various sources is transformed to electric energy through a generator, voltage and
frequency are controlled for proper purpose, and in developed countries, more than
60% of energy is transformed into mechanical energy again for later use. Hence, in
the whole process of production and consumption of electric energy, the most
critical fields of engineering are efficient control of voltage/current and frequency
and appropriate control of electric machines. For 30 years my academic interest has
been the control of electric machinery and I have dedicated myself to research and
development of this field. This book has been written to share these experiences
with my colleagues.

Even small research results cannot be achieved alone and I owe this book to the
efforts of many others. First of all, I mention my academic advisor for Master’s and
Ph.D. courses taken at Seoul National University, Professor Minho Park, who opened
my path in the field of power electronics and control of electric machines. Second,
I recognize my honored professor and at the same time my father-in-law, Jongsoo

xiii
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Won. He taught electric machine subjects and I inherited many good, everyday
reference books related to that area from him. Third, I thank Professor Thomas Lipo,
who accepted me as a visiting researcher at the University of Wisconsin in Madison.
During my two years at the University of Wisconsin, my understanding of electric
machine control jumped at quantum speed. I am also very grateful to the faculty and
colleagues at the University of Wisconsin and the many other professors and students
of Seoul National University and other universities I have visited for the many
discussions that lead to this book. Through conversations and arguments, I can now
more solidly understand the problems and solutions of electric machine control. Also,
this book would not have been possible without the extremely hard work of my former
Master’s and Ph.D. students. Their invaluable effort and time are merged together in
this book, which summarizes and reorganizes our academic research results for the
past 20 years. In particular, many Ph.D. and Master’s dissertations are foundations of
this book. Problems in Chapters 1, 4, 5, 6, and 7, and Appendix A come from the
research results of my collaboration and work with many in industry and I thank the
many companies and people there.

The book is constructed in following order. Chapter 1 explains the features of the
electric drive system and trends of development in related technologies. Moreover,
Chapter 1 also explains basic knowledge of mechanics, which is used throughout this
book, and also a description for typical characteristics of the load driven by electric
machines is provided. The many end-of-chapter problems provide many examples of
the drive systems I designed and tested. By solving the problems, some knowledge of
the actual industry can be shared.

Chapter 2 discusses the basic structure and operation principle of the electric
machine, which converts mechanical energy to electrical energy like a generator or
converts electrical energy to mechanical energy, like a motor. Steady-state equivalent
circuits of several machines are introduced to understand the steady-state character-
istics and control of machines. Also, several examples of machine control from the
motor viewpoint with control features are discussed. In addition, power converters,
which convert electrical energy to another form of electrical energy based on power
semiconductors, are modeled as equivalent circuits. In Chapter 3, the transformation
of physical variables of AC machine using reference frame theory is introduced.
The transformation makes the understanding and analysis of AC machine easy by
transforming time-variant differential equations to time-invariant differential
equations. Electrical variables such as voltage, current, and flux in a, b, and ¢ phases
of a three-phase system can be transformed to the variables in d-¢-n (direct,
quadrature, neutral) orthogonal axis, where the magnetic couplings between axes
are zero. And, the three-phase system can be easily represented only by d—¢
components assuming a balanced three-phase operation. The d—¢ component, which
is orthogonal to each other, can be expressed simply by a single complex number,
where real part stands for d-axis components and imaginary for g-axis components.
Transformation from the a, b, c phase to the orthogonal axis can be done easily by
complex vector algebra. This complex vector concept is used in this book. Chapter 4 is
the essence of this book because here several control algorithms of electric machines
and power converters are discussed. At the first, the concept of active damping, which
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is a kind of state feedback control, is introduced. Next, how to regulate the current,
speed, position in feedback manner are described. In order to regulate physical
variables, sensors for the measurement of variables such as current sensors and
position/speed sensors are introduced. If variables are not measurable, the principles
of the state observer are introduced and used for the regulation electric machine speed.
Furthermore, some tricks to enhance control performance of electric machines are
introduced. Finally the algorithm to detect the phase angle of an AC source and to
control the DC link voltages of power converters is discussed. Most of the end-of-
chapter Problems in this chapter come from industry collaboration and solving the
problems enhance the understanding of this chapter conspicuously.

Chapter 5 discusses the concept of vector control. Electric machines basically
convert current (or torque) to torque (or current) under the excitation flux. In many
high-precision motion control systems, where acceleration, speed, position are all
regulated instantaneously according to their references, instantaneous torque control
is a prerequisite. Instantaneous torque of an electric machine comes from the cross
product of the flux linkage vector and the line vector, where current flows. Therefore,
to control torque instantaneously, the flux linkage and the line vector should be
controlled instantaneously. Hence, not only the magnitude of the current and flux
linkage, but also the relative angle between two vectors should be controlled
instantaneously. From this fact, the name *“vector control” originated. In this chapter,
the principles of instantaneous torque control are described in the case of several
electric machines. In Chapter 6, control algorithms for position/speed senorless drive
of AC machines applied to real industry are introduced. The back EMF-based
sensorless control algorithms are widely investigated and some of them commercial-
ized. This chapter discusses their merits and demerits. Because the magnitude of back
EMF decreases as the speed decreases, the performance of sensorless control based on
back EMF degrades rapidly at low speed. At zero speed and/or at zero frequency
operation, AC machines cannot run in sensorless operation maintaining torque
controllability. To escape from this problem inherently, the sensorless control
algorithms exploiting saliency of AC machine are introduced in this chapter, too.
By injecting some signals to the AC machine, variation of inductance according to the
rotor flux position can be measured. From the variation, the position of rotor flux
linkage or rotor position itself can be estimated. A general purpose inverter equipped
the algorithm injecting fluctuating high frequency voltage signal to the permanent
magnet AC machine has been marketed. Several practical problems presented in
Chapter 7 which appear to implement the control algorithms described in the previous
chapters are addressed and the possible solutions to the problems are suggested. First,
the problems associated with a dead time or blanking time are discussed. To lessen the
problems, some countermeasures are introduced. For the accurate measurement of
current, the offset and scale errors of the current sensors and delays in the measure-
ment system are investigated. Methods to reduce their negative effects to the control
performance of the drive system are also described. Finally because of the digital
implementation of the control algorithm, there can be delays from the sample and
holder, the execution time of the algorithm, and PWM of the power converter. These
delays may severely limit the control performance of the drive system. Some remedies
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to cope with delays from digital signal processing are discussed in this chapter.
In Appendix A, several methods to identify the parameters of electric machines are
introduced. To apply the control algorithms in this text to the control of the electric
machines, the parameters of electric machines should be identified for setting of gains
of the regulators, limiting values of limiters of the controller, reference and feed-
forwarding values to the regulator, etc. The parameters of electric machines may be
calculated or estimated from design data or from performance test data of the
manufacturer, but these data are not easily available in the application field. Most
of the methods introduced in this appendix dose not require any special measurement
tool, but relies on the controller of the drive system itself. In Appendix B, the matrix
algebra to model three-phase AC machine in the d—g—n axis is briefly described.
Matrix algebra may be easier for computer simulation and real-time control pro-
gramming of the electric machine than the complex vector notation mentioned
in Chapter 2.

For comprehensive understanding of this book, basic knowledge of undergradu-
ate physics and modern linear control theory are needed. Electric circuit theory and
basic control theory are essential, and in addition, power electronics and electric
machine theory are included to help the reader. This book is suitable as a graduate
course text or as a reference for engineers who majored in related fields. As a graduate
textbook, Chapters 1 to 5 are appropriate for a one-semester lecture scope. More
precisely, Chapters 1, 3, and 4 should be explained in detail. After understanding
Chapters 3 and 4, it is easier to handle topics in Chapter 5. Chapter 6 is a good
summary and a starting point to understand sensorless control of AC machines.
Chapter 7 and Appendix A would be very helpful to students and engineers who
implement control algorithm. As a reference book on industrial site, not only the basic
theories but also many problems in Chapters 1, 4, 5, 6, and 7, and the algorithms in
Appendix A will be helpful. Most of the problems in this book have been used in
midterm and final exams or as homework for the past 20 years of my teaching at Seoul
National University. I give my thanks to students who may have suffered solving these
problems while taking my lecture. Also, some contents and situations of problems are
acquired from various research done at many corporations. These problems are very
practical. To understand the contents of this book, I strongly recommend some
experimental study with real electric machines and power converters. If that is not
possible, al least the computer simulations considering real field situation are
essential.

To my two daughters—Yoojin and Hyojin—please know that this book owes you
because you understand your busy dad. In addition, my mother’s care and concerns
made me all I am today. Lastly, I give my special thanks and love to my wife, Miyun,
who will always be at my side, and at least half of what I have achieved is hers.

SEUNG-KI1 SuL
Seoul, South Korea
August 2010



Chapter 1

Introduction

1.1 INTRODUCTION

As human beings have evolved from anthropoid species that lived in Africa several
millions years ago, solving basic needs for food, clothing, and shelter have been the
great concern for all humankind. As the living standard of humankind is being
upgraded, the quantity of commodities is increased. All of these commodities are
obtained by manufacturing natural resources or by recycling existing resources. In
those processes, energy is indispensable. The civilization of human culture has
evolved according to the source and form of energy. The farming culture was possible
because of the energy and power of animals. The Industrial Revolution started with
the invention of the steam engine in the 18th century. Since the invention of the
internal combustion engine (ICE) in the 19th century, the productivity of the
manufacturing has been greatly increased. In the 19th century, when electric
machinery was invented, the mechanical power of the electric machine was the best
source of the mechanical power that humankind ever had. It is the most widely used
source of mechanical power excluding transportation area. Though the total efficiency
of electricity from primary energy source to final stage is, at best, 40%, the electricity
is the most convenient energy source to control and to convert to other form.
Consequently, electromechanical power based on an electric machine is the basic
source of mechanical power to support today’s industrialized society. Recently, even
in the transportation area, where the internal combustion engine has dominated for the
past 100 years as a source of mechanical power, electric machines are applied as a
main source of traction force in the electric vehicle, the hybrid vehicle, and the
electrically propelled vessels. Through continuation of this trend, before the end of the
first half of the 21st century, most of the mechanical power could be obtained from
electromechanical power conversion.

Electric machinery has the following advantages compared to ICE and the gas
turbine [1].

1. From an electric machine to run an electric watch to the electric machine to
drive the pump of hydro pump storage, the power range can be extended from
milliwatts to hundreds of Megawatts.

Control of Electric Machine Drive Systems, by Seung-Ki Sul
Copyright © 2011 the Institute of Electrical and Electronics Engineers, Inc.



2 Chapter 1 Introduction

2. From a high-speed centrifugal separator machine running at over several
hundred thousand revolutions per minute to a main mill machine in a steel
process line generating over several tens of Mega Newton-meters, the
operating range of speed and torque is very wide.

3. An electric machine can be easily adapted to any external environment such
as vacuum, water, and extreme weather condition. Compared to an internal
combustion engine, it is emissionfree in itself, has less vibration and audible
noise, and is environmental friendly.

4. Theresponse of an electric machine is faster than that of an internal combustion
engine and a gas turbine by at least 10 times.

5. The running efficiency is higher, and no load or standby loss is smaller.
6. The direction of force (torque) and movement (rotation) can be easily changed.

7. The force (torque) can be easily controlled regardless of the direction of
movement (rotation).

8. An electric machine can be designed in various shapes such as thin disk type,
long cylinder type, rotating type, and linear motion type. And it can be easily
attached to the right place where mechanical power should be applied.

9. Its input is electricity and the control system of an electric machine is easily
compatible with modern information processing devices.

The abovementioned advantages of the electric machine over the ICE and the gas
turbine have been intensified with the development of power electronics, magnetic
and insulation materials, and information technology. Especially with the recent
progress of the rare earth magnet such as the niodium—iron—boron magnet, the force
(torque) density of the electric machine is comparable to a hydraulic system. And, the
many motion control systems based on hydraulic pressure are replaced with an
electric machine. Moreover, with the development of power electronics, the electric
machine drive system can be easily controlled directly from the information proces-
sing system, and the drive system would be automated without additional hardware.
However, regardless of these merits of the electric machine, it has been applied to a
very limited extent to the traction force of the transportation system because of its
continuous connection to the utility line. Recently, to lessen the pollution problem of
the urban area, the electric vehicle is getting attention; but because of the limited
performance of the battery as an energy storage, it would take considerable time to use
the pure electric vehicle widely. In these circumstances a hybrid electric vehicle,
where after getting mechanical power from an ICE a part or all of the power from ICE
is converted to electric power to run the electric machine, has been developed and has
had practical use in the street.

After Jacobi invented a DC machine in 1830 and Ferraris and Tesla invented an
induction machine, the electric machine has been a prime source of mechanical power
for the past 150 years. In modern industrialized society, more than 60% of electricity is
used to run electric machines. Among them, more than 80% are used for induction
machines [2]. The induction machine based on the rotating magnetic motive force
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Figure 1.1 Induction machine at Figure 1.2 Today’s Induction machine.
early stage of development.

during the early days of development is shown in Fig. 1.1, while in Fig. 1.2 a modern
induction machine is shown. Due to the developments of the insulation materials and
the magnetic materials, the power density, which is defined as the ratio between output
power and weight, and the price has been remarkably improved. In 1890, the weight
and price of a 5-horsepower (Hp) induction machine were 454 kg and $900; in 1957,
60kg and $110; and in 1996, 22 kg and $50 [3].

In Fig. 1.3, there are several outer sizes of a 10-hp, 4-pole, totally enclosed
induction machine according to years [4]. These trends of smaller size and less weight
would be continued, and the efficiency of the machine would be improved continu-
ously to save electricity for a better environment. Ever since the induction machine

PRE-1952
324 FRAME
1952-1964
256U FRAME
FUTURE
184X FRAME
; o it i [ S
- e S e PRESENT
E e 215T FRAME
-
FRAME TYPICAL STATOR DIAMETER
(mm)
324 343
256 267
215 222
184 191

Figure 1.3 Outer sizes of general-purpose, 10-hp, 4-pole, totally enclosed induction machines [4].



4 Chapter 1 Introduction

was invented 80 years ago, it had been run by a 50-Hz or 60-Hz utility line, and its
rotating speed is almost constant. However, after the invention of the thyristor in 1960,
the input voltage and frequency to the machine could be changed widely, and the
machine itself has been designed to adapt to these variable voltage variable frequency
(VVVF) sources [5].

1.1.1 Electric Machine Drive System [6]

An electric machine drive system usually consists of several parts such as driven
mechanical system, electric machine, electric power converter, control system, and so
on. For the design of the drive system, several other things including the electric
machine itself should be considered as shown in Fig. 1.4. As usual engineering design,
the drive system showing the same performance could be implemented in various
ways. The final criterion for the best design would be not only economic reasons such
as initial investment, running cost, and so on, but also noneconomic reasons such as
environmental friendliness, ethics, and regulations. Recently, because of the concern
of engineering to the social responsibility, the noneconomic reasons are becoming
important.

Ethics
Human Regulation

Electric Machine
& Power Converter
Mechanical
System

Environmental issues

Figure 1.4 Consideration points in designing the electric machine drive system [6].
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Figure 1.5 Classification of the electric machine according to power source and operating principles.

Through 100 years of development, the electric machines have diverse shapes,
and a suitable shape is applied to the specific area according to the purpose of the
machines. The machines can be classified as a rotary motion machine and a linear
motion machine according to the motion of the rotor (mover). Also, if the machine
is classified according to the electric source and operating principles of the
machine, it can be classified as shown in Fig. 1.5. For typical rotational motion
machine, the range of the output power and rotating speed has the relationship as
shown in Fig. 1.6 [6]. If the output power of the machine is getting larger, the size,
especially radius of the rotor, of the machine is larger and the centrifugal force is
getting larger. Hence, a high-power and simultaneously high-speed machine is
extremely difficult to make because of limited yield strength of rotor materials.
Recently, with the development of computer-aided design techniques and the
developments of materials, especially permanent magnet materials, a high-speed
and high-power machine is appearing in some special applications such as turbo
compressor [7], flywheel energy storage, and so on. And the range of the output
power and speed of the permanent magnet synchrounous machine will be extended
further.

1.1.2 Trend of Development of Electric Machine
Drive System

In the past, due to convenience of torque and speed control, the DC machine had been
used widely for adjustable speed drive (ASD). However, recently, with the develop-
ment of power electronics technology, the AC machine drive system such as
the induction machine and the synchronous machine driven by a variable voltage
variable frequency (VVVF) inverter have been used widely. The inverter can replace
the commutuator and brush of DC machine, which need regular maintenance and
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Figure 1.6 Boundary of speed and output power of rotating machines [6].

are the weak points of a DC machine. And this trend—the shift from DC machine to
AC machine—would be continued because of the developmenent of not only the
previously mentioned power electronics but also the control theory of AC machine
such as field orientation control. In early times, DC and AC machines, both received
the field flux from separated field windings. The field fluxes of both the DC machine
and the synchronous machine come from the current flowing field windings, while the
field flux of the induction machine comes from the part of the stator current. But with
the use of a high-performance reliable permanent magnet, even in a megawatt-range
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machine, the field flux of the machine comes from the remanence flux of the
permanent magnet. By replacing separate field winding with the permanent magnet,
the torque and power density of the machine can be increased; and, simultaneously,
the efficiency of the machine can be improved by eliminating the copper loss of the
field winding. This trend—change from the field flux from external winding to the flux
from the permanent magnet—would be continued. So, in the future, an AC machine
with a permanent magnet will be used more widely.

In the beginning of the 20th century, because the price of the electric motor and its
associated control system was very expensive, a large electric motor was used in the
whole factory, and the mechanical power from the motor was distributed to every
mechanical machine where the mechanical power is needed through gears and belts.
According to the reduction of the price of the electric motor and the control system, an
electric motor was used in each mechanical machine, which has several motions, and
still the mechanical power from the motor was transmitted and converted to an
appropriate form at each point of the motion in the machine. Recently, even in a single
mechanical machine, multiple electric motors are used at each motion point. The
motion required at that point could be obtained by the motor directly without speed or
torque conversion from the motor. In this way, the efficiency of the system can be
enhanced; furthermore, the motion control performance can be improved by elimi-
nating all nonlinear effects and losses such as backlash, torsional oscillation, and
friction. In the future, this tendency could be continued and the custom designed
motor could be used widely at each moving part. For example, for high-speed
operation, the high-speed motor could be used without amplification of the speed
through gears. For linear motion, a linear motor can be used without a ball screw
mechanism. For high-torque low-speed traction drive, the direct drive motor can be
applied to reduce the size and loss of the system.

The control method of the machine drive system has been developed from
manual operation to automatic control system. Recently, intelligent control tech-
niques have been used and the control system itself can operate the system at optimal
operating conditions without human intervention. Also, in the early stages of
automatic control of the machine drive system, the simple supervisory control was
implemented, and the control unit transferred the operating command set by the user
to the machine drive system. Through the direct digital control, right now,
distributed intelligent control techniques are used widely in the up-to-date motion
control system.

1.1.3 Trend of Development of Power Semiconductor

In the late 1950s, with the invention of the thyristor, power electronics was born. The
power semiconductor was the key of the power electronics. With the rapid improve-
ment of performance against cost of the power semiconductors, the power electronics
technology improved in a revolutionary way. The original thyristors of the 1950s and
1960s could only be turned on by an external signal to the gate but should be turned off
by the external circuits. And it needs a complicated forced commutating circuit. In the
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1970s, the gate turn-off (GTO) thyristor had been commercialized. And the GTO
thyristor could be not only turned on but also turned off by external signal to the gate of
the semiconductor. In the late 1970s, the bipolar power transistor opened a new
horizon of the control of power because of its relatively simple on and off capabilities.
With the transistor, general-purpose VVVF inverters had been commercialized and
used in many ASD applications. Recently, with the introduction of the integrated gate
controlled thyristor (IGCT) and the fifth-generation insulated gate bipolar transistor
(IGBT) to the market, the performance of the electric machine drive system has been
dramatically improved in the sense of output power of the system and the control
bandwidth of the motion of the drive system. However, still, all the power semi-
conductors have been fabricated based on silicon, and its junction temperature has
been limited up to 150°C in the most cases. Recently, the power semiconductor based
on silicon carbide (SiC) has been introduced, and the operating temperature and
operating voltage of the power semiconductor can be increased severalfold [8]. With
this material, the semiconductor operating at above 300°C and at several thousand
voltage can conduct several hundred amperes within one-tenth of the wafer size of the
device made by silicon. In particular, the Schotky diode and field effect transistor
(FET) based on SiC were the first devices in the field, and extraordinary performances
of the devices have been reported.

1.1.4 Trend of Development of Control Electronics

In the early days of research and development, the control signal for the power
semiconductors came from analog electronics circuits consisting of transistors,
diodes, and R, L, C passive components. And, with the development of electronics
technology, especially integrated circuit technology, the mixed digital and analog
circuit consisting of operational amplifiers and TTL logic circuit was used. Recently,
except for high-frequency switching power supplies, the major part of the power
electronics system, especially the electric machine drive system, is controlled
digitally by one or a few digital signal processors (DSP). Right now, a DSP chip
can do over 1 gigaflop/s (one x 10° floating point operation per second) [9], and
versatile input and output (I/O) function can be achieved by the chip without any extra
hardware. In the future, this tendency of full digital control with a single chip would be
widespread because of the developments of microelectronics technology. The future
control electronics for the power electronics system would be on a single chip, which
can execute the complex algorithm based on the modern control theory in real time
with a minimized extra measurement system. And it can accomplish the user’s desire
with minimum energy, and simultaneously it can adapt intelligently to the change of
operating conditions and parameters of the plant under control.

1.2 BASICS OF MECHANICS

Electric machines are usually connected to mechanical system, and it converts the
electrical energy to mechanical energy as a motor and converts mechanical energy to
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electrical energy as a generator. Hence, in these energy conversion processes,
understanding of mechanics is essential.

1.2.1 Basic Laws [10]

1. A physical body will remain at rest, or continue to move at a constant velocity,
if net force to the body is zero.

2. The net force on a body is proportional to the time rate of change of its linear
momentum:

d(Mv)
dt

where M is the mass and v is the velocity of the body.

f= (1.1)

3. Whenever a particle A exerts a force on another particle B, B simultaneously
exerts a force on A with the same magnitude in the opposite direction.

4. Between two particles, there is attractive force directly along the line of
centers of the particles, and the force is proportional to the product of masses
of the particles and inversely proportional to the square of distance of two
particles:

MM,
R2
where M| and M, are the masses of the particles, R is the distance between two
particles measured from the center to center of particle, and G is a proportional
constant. When a particle is on the surface of earth, the force can be
represented as f = Mg, where M is the mass of the particle and g is a

gravitational constant.

f=G

(12)

1.2.2 Force and Torque [1]

In the linear motion system as shown in Fig. 1.7, the equation of the motion with
external forces can be derived as (1.3) from (1.1):

d dv aM

—f = — (My) = M — - 1.3

fa=tu dt( Y) a T (13)

If there is no change of the mass for the motion, which is true in the most of
cases, (1.3) can be simplified as follows:

dv d*l
Jorfo=M— =M (1.4)

where v is the velocity of the mass, and / is the moving distance.
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/ ’ Figure 1.7 External forces in a linear motion
( m) system.

In rotating motion system as shown in Fig. 1.8, similar equation can be derived.
In this equation, the rotational inertia, J, may vary according to the motion in some
cases. Generally, to consider the variation of the inertia, (1.5) can be applied to the
rotational motion.

d dw dJ
T([—TL—E(JO))—]%-FQ)E
1.5
o, o )
A dr dr

In many application cases of motion drives, as shown in Fig. 1.9 (which is a hoist
drive), rotational motion and linear motion are coupled through some mechanical
connections. In this system, the torque and the force have a relationship as shown
in (1.6), considering gravitational force.

If there is no elongation of rope between mass, M, and sheave whose radius is 7,
and if the mass of rope is neglected, then (1.6) can be deduced:

Ty :Jsheave% -H’%(MV)—&-MgV (16)
where Jgeave 1S the inertia of the sheave. The linear speed of the mass can be
represented as v = rw,,. And if the radius of the sheave is constant, then from (1.6), we
can derive (1.7):

dw,, d(Mrw,,)

T, =J. M,
d sheave dt +r dr + 8r
1.7
J dw,, +M2dwm Iy 7 dw,, L dw,, M (17)
= _ e — = ve —5 — _— r
sheave dr dr 8 sheave di eq dt 8

Figure 1.8 External torques in a rotating

motion system.
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Ta

Sheave

fL= Mg l

Figure 1.9 Coupling of linear and rotating motion.

where Joq = M2, From (1.7), it can be seen that the mass, M, is converted to
equivalent inertia, Jeq, at the rotational motion of sheave. And, similarly, the inertia in
the rotational motion can be converted to equivalent mass in the linear motion, and it
is called equivalent inertia mass.

1.2.3 Moment of Inertia of a Rotating Body [11]

The moment of inertia of the rotating body asymmetry to the rotating axis as shown
in Fig. 1.10 can be deduced as follows. In general, every rotating body has some
asymmetry to rotating axis. Hence, to find the force to the part supporting rotating
motion such as bearings, the rotating inertia of arbitrary shape should be
investigated.
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Axis of
Rotation

Figure 1.10 Asymmetric rigid rotating body.

p(x,y,z) is the position of an infinitesimal mass, whose mass, M, is expressed
as (1.8). The position vector from the origin can be represented as (1.9). Also, the
velocity vector, v, of the mass is expressed as (1.10).

SM = psV (1.8)
where p is the density of body at p(x,y,z) and 8V is the volume of the infinitesimal

mass at p(x,y,z).
r =iy +iyy+i.z (1.9)
where, iy, iy, and i, are the unit vectors at each x,y, and z axis, respectively.
v=eXxr (1.10)
where o is the angular velocity vector, defined as w = %iz, of the infinitesimal
mass, M.

The accelerating force applied to the infinitesimal mass can be expressed as (1.11)
from (1.1):

d dv

By differentiating the velocity vector, v, regarding time, (1.11) can be derived
as (1.12) by using (1.10):

8fa:p6v[ii—(;xr+m><(mxr)} (1.12)

By using vector identity in (1.13), the force in (1.12) can be rewritten as (1.14):
ax (B xy)=PB(axy)—ylaxp) (1.13)

Sfa:pBV{i—?xr—&—m(mm)—r(m-m)} (1.14)
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Because the torque vector is defined as the cross product of a force vector and a
position vector as (1.15), the torque applied to the infinitesimal mass of the asymmetry
body can be deduced as follows:

8T, = r x df, (1.15)
d*e d*o do\> d*o do\?
_ . 2 VAN v hd s “v hd
OTe = paV i (" +y7) 7 i [xz dr: yZ(cﬁ) ] ’ [yz dt +xz(dt)
(1.16)

where the inertia at each axis, with the assumption of rigid body, can be
defined as

J. = J(x2 +yHpdv
Jys EJXZpdV (1.17)
Jy: = Jyzp av

where J *dV means the integral of “e” over the entire volume, v.

Finéjlly, the total torque vector applied to the whole body can be expressed as

d*o d*0 de\* d*o de\?
Te = .z z _.x Xz —Jyz —i )z Xz 1.1
e [J i (dz) ] b [J} P <dt> (1.18)

If the rotating body is symmetry to the rotating axis, thenJ. = J,. = 0.So, (1.18)
can be simplified as Te = i.J; % And only torque in z axis exists. In the case of
asymmetry, there is always torque at x and y axes, and such torque would be applied to
the parts supporting the rotating motion. It should be noted that as seen in (1.18) the
torque due to asymmetry is proportional to the square of the rotating speed. Hence
keeping symmetry to the rotating axis is getting important as the rotating speed is
getting higher.

1.2.4 Equations of Motion for a Rigid Body

If a rigid body is acted upon by external forces and does not have any constraints, it
shows a combinational motion of translation and rotation. This combinational motion
of a rigid body can be represented by equations of motion that have six degrees of
freedom (DOF): three independent axes for the translational motion and three
independent axes for the rotational motion in a three-dimensional space. The
acceleration of a body in each axis is expressed by a nonlinear combination of
the external forces. This kinematic analysis of a rigid body is commonly used in the
manufacturing equipment which requires highly precise motion control.
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Figure 1.11 Inertial reference frame and body fixed reference

frame.

In Fig. 1.11, a coordinate system for the kinematic analysis of a rigid body is
shown. In the figure, OXYZ is an inertial reference frame that is attached to an absolute
point and does not change its orientation to any external conditions. oxyz is a body
fixed frame that is attached to the center of the mass of a rigid body, and it changes its
orientation according to the rigid body’s translational or rotational motion. G is the
center of mass and also the center of rotation of the rigid body.

Euler angles that describe the rotational motion of a rigid body with three
different angles are defined in Fig. 1.12. A rotation about the Z axis in the XYZ frame is
defined as angle ¢, a rotation about the y; axis in the x;y;Z frame is defined as angle 6,
and a rotation about the x; axis in the x,y, z, frame is defined as angle ¢. The reference
frame x,yz is same as the body fixed frame xyz. Hence, any arbitrary rotation of arigid
body can be represented by (¢, 0, ).

The transformation matrix representing the rotation of a rigid body with Euler
angle is shown in (1.19):

ux, uy,uz: Unit vector of OXYZ frame
uy, Uy, u,:  Unit vector of oxyzframe

ux cosp —singg O cos® O sinf 1 0 0 Uy

uy | = | singy cos¢y O 0 1 0 0 cos¢p —sing | | uy

uy, 0 0 1 —sinf O cosf | [0 sing cosed u,
(1.19)

Z
74 AZ
Y1 Y1
Y
e
X1 \X1
X
X2

Figure 1.12 Euler angle(¢, 0, ).
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From (1.19), we can derive (1.20):

ux cosfcosyy cosysinfsing—cosgsing  cos¢cosysing + singsings Uy
uy | = | cosfsinyy cospcosi+sinfsingsingg  —cosysing + cospsinfsings | | uy
uy —sinf cosfsing cosfcose u,

(1.20)

In (1.20), if all of the angles of rotation are small enough to approximate the value
of sine function as the angle itself and the value of cosine function as unity, (1.20) can
be approximated as a linearized matrix in (1.21):

cosfcosyy  cosysinfsin—cossing  cospcosysing + singsing
cosfsingy  cos¢pcosy + sinfsingsing  —cosipsing + cospsinfsing

—sinf cosfsing cosfcos¢
1 —¢ 6
~ | ¢ 1 —¢ (1.21)
-0 ¢ 1

Using this simplified matrix, the relation between the unit vector of inertial
reference frame and the unit vector of body fixed reference frame can be represented
as (1.22):

ux 1 —¢ 6 uy
w [~ | ¢y 1 —¢||uy (1.22)
uy -0 ¢ 1 u,
As mentioned earlier, if the center of mass is chosen as the center of rotation in a

6-DOF system, the equations of translational motion and rotational motion separately
can be derived as (1.23) and (1.24):

F=ma+2mv x o (1.23)
Te=Ja+oxJo (1.24)
Jxx  —JIxy —Jxz
where J = _JXY ]XX —Jyz

=Jxz —Jyz JIxx

In (1.23), F stands for external force acting on arigid body, M stands for mass of a
rigid body, a stands for acceleration of the center of mass of a rigid body, v stands for
velocity of the center of mass of a rigid body, T, stands for external torque acting on a
rigid body, J stands for a tensor of the moment of inertia of a rigid body against to the
center of mass,  stands for angular velocity of a rigid body against to the center of
mass, and a stands for angular acceleration of a rigid body against to the center of
mass, G.
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In (1.23) and (1.24), there are two nonlinear terms caused by the Coriolis
effect and the gyroscopic effect. If the magnitude of these terms is very small
compared to the magnitude of linear terms, the equations above can be linearized
by ignoring the nonlinear terms. Then the equations of motion can be expressed as
linear equations:

[ Fy m 0 O ay
F, 0 m O ay
F. 0 0 m:; 0 a
""" S e N R (1.25)
T, 0O 0 O Jx ny Y. ay
T., 0 0 0 i~Jy Jy —J||ey
L Te: | L0 0 O : —Jz _Jyz Jo ] Loz

If several external forces are acting upon a rigid body, each of them can be
decomposed into three independent components against to the axes of the body fixed
frame. The resultant force of a specific axis can be represented by the summation of all
the components in that axis. Also, the resultant torque can be obtained by the
multiplication of the magnitude of each force and the distance from the center of
the body fixed frame to the point of application of a force. For example, it is shown in
Fig. 1.13 that seven different forces are acting on a rigid body parallel to the each axis
of a body fixed frame.

The summation of f] and f; is the x-axis force, Fx, the summation of f3 and f; is the
y-axis force, Fy, and the summation of f5, fs, and f7 is the z-axis force, F,. Because the
point of application of f; and f, is not on the x axis, these two forces induce y- and
z-axis torque. For same reason, y-axis forces induce x- and z-axis torque and z-axis
forces induce x- and y-axis torque. The torque acting on each axis of the body fixed
frame can be expressed as r; = (x;,y;,z;), | <i <7, which is the distance from the
center of rotation of the rigid body to the point of application of f; ~ f;.

fi = (ﬁaoao)v = 172a fi = (fi7070)7i: 374’7 fi = (ﬁ>070)7i: 57677a
(1.26)

7
Te = (Tex; Teya Tez) = ZI‘,’ X f,-
i=1

Figure 1.13  Seven external forces are acting on a
rigid body.
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The matrix form of the above equation is shown in (1.27)

u=Af (1.27)
1 1 0 0 0 0 0
0 0 1 1 0 0 0
0 0 0 0 1 1 1
A = oo I 1.28
0 0 '—z3 —z4i ys Yo V7 (1:28)
Z1 V) 0 0 : —X5 —Xg —X7

Vi =y ix3s xa i 0 0 0

u=I[F, F,, F., To, Ty, T.] (1.29)
t=[fi o /s fi s fo I (1.30)
In the above equations, [...]" means transpose of vector or matrix [. . .].

In (1.27)—(1.30), the resultant forces and torques, which have 6-DOF in the body
fixed frame, are represented by seven independent forces. In this case, to control the
motion of the body only for a specific direction from the six different axes of motion,
three or four forces among the seven independent forces should be controlled
simultaneously. Then, there may be unintended forces or torques caused by the
coupling effect of external forces. To implement precise control of 6-DOF rigid body
motion, it should be done to decompose the motion of rigid body to the intended one
and to the unintended one appropriately.

1.2.5 Power and Energy [1]

In linear motion system, the power, P, can be described as
P=f-v (1.31)

If the force, f, is constant during the motion, then the energy, E, is the product of
the force, f, and the moving distance, /:

E=f-1 (1.32)

Also, the energy is the integration of power regarding to the time. If the mass, M,
does not vary during the motion, then the energy can be expressed as

d 1
E:JPdt:Jf'vdt:JM—v-vdt:vaz (1.33)
dt 2
In a rotating motion, the power can expressed as
P=T, w (1.34)

As the linear motion, if the torque is constant during the motion, then the energy
can be expressed as

E=T,-6 (1.35)
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If the inertia, J, does not varies during the motion, then the energy can be expressed as

E:JTe-wdtszd—w-wdt
dt

1 (1.36)
= JJw dow = EJ(UZ

If the inertia, J, varies during the motion, then the variation of the inertia should
be considered as (1.5).

As shown in (1.36), the energy can be stored in a rotating body. Recently, there
have been many applications of the energy storage system using a high-speed rotating
body under the name of flywheel energy stoage [13].

1.2.6 Continuity of Physical Variables

All physical vriables in the nature are finite, and a physical variable expressed as the
time integral of another physical variable is always continuous. Because the force in
the nature is always finite, the velocity and moving distance are always continuous in
the linear motion and the angular velocity and moving angle are continuous in the
rotating motion. In an electric machine, the thrust force and the torque are generated
by the cross product of the current and its associated flux linkage. In the electromag-
netic circuit, there is always inductance, and the flux and current are always
continuous. Hence, the thrust force and the torque are also continuous. And,
the linear acceleration and angular acceleration are also continuous. Therefore, the
discontinuous function that can be implemented in reality is the jerk, which is time
derivative of the acceleration. Furthermore, in the trajectory control, the planned
trajectory (position or angle) can be obtained through the succesive time integration of
the jerk. In this sucessive integration, the acceleration reference and velocity
reference are easily obtained, and the references can be used to enhance the control
performance of a postion regulation loop (see Section 4.4.2).

1.3 TORQUE SPEED CURVE OF TYPICAL
MECHANICAL LOADS

The electric machines provide torque or force to operate the mechanical load or
sometimes absorb torque or force from the mechanical load. The mechanical load
employing the electrical machine as an actuator has its own torque—speed
characteristics.

1.3.1 Fan, Pump, and Blower

Fan, pump, and blower are the loads that consume the most electricity in the developed
countries. And those are used to move the fluids, and the torque of the loads in steady
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Figure 1.14  Control of airflow of a fan. (a) Control of airflow by a damper. (b) Performance curves and
system head curves.

state is proportional to the square of the speed of flow of the fluid. Also, the power of
the electric machine to drive the load is proportional to the cubic of the speed of flow.
In Fig. 1.14a, the conceptual diagram of airflow control system by damper and a fan
driven by an electric motor is shown. And in Fig. 1.14b, the typical performance curve
of the fan and its torque—speed curve (system head curve) are shown. The operating
point lies at the crossing point of two curves. As shown in Fig. 1.14a, if the airflow is
controlled by the damper of the fan, then the flow, Q, can be reduced, but the pressure
applied to the blades of the fan would be increased. In this case, as shown in Fig. 1.14b,
the operating point moves from A to B, and the mechanical power by the machine
changes from P4 = H4Q4 to Pp = HpQp.

If the speed of the machine is adjusted to control the airflow, as shown in
Fig. 1.14b, the operating point moves from A to C, and the mechanical power by the
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machine changes from P4 = HyQx to Pc = HcQc. Inthis case, the torque to drive the
fan decreases as the speed of the machine decreases, and the power by the machine
would be decreased proportionally to the cubic of the speed of the machine or to
the cubic of the airflow.

1.3.2 Hoisting Load; Crane, Elevator

In the steady state, the hoisting load requires torque due to gravitational force and
friction force of the load. The torque against the gravitational force is independent
with the moving speed of the load. However, the friction force increases as the speed
increases, and the torque to drive the hoisting load could increase as the speed
increases. In high-speed gearless elevator drive system or high-power crane drive
system, where the friction force is negligible compared to the gravitational force or to
the acceleration force, the torque is almost constant regardless of the speed. In
Fig. 1.15, the torque—speed curves of the typical hoisting load are shown as a solid line
and as a dashed line. The curve by the solid line curve is the case where the friction
torque can be neglected, while the curve by the dashed line represents the case where
the friction torque is proportional to the speed. If Coulomb friction is also considered
in this case, the curve may have discontinuity at null speed. In the case of the elevator
system, at the steady state the torque due the difference of the weight of the cage and
counter weight is covered by the electric machine. In the high-speed elevator drive
system, at acceleration and deceleration, 50% to 200% of the torque of the steady-
state torque is needed to get the required acceleration and deceleration force to
accelerate/decelerate the total mass including the masses of the cage and the counter
weight. Hence, the electric machine to drive the elevator should have at least 150% to
300% overload capability for a short time, which is usually less than 10s, to handle
this torque. The peak motoring power of the machine occurs at just before the finishing
point of the acceleration. In these hoisting loads, the electric machine should generate
not only positive torque but also negative torque at either direction of rotation. Hence,

A
Torque

—— Torque—speed curve,

_______ when friction is negligible

2 Quadrant 1 Quadrant

3 Quadrant 4 Quadrant Speed

Torque—speed curve,
when friction is considerable

Figure 1.15 Torque-speed curve of a typical hoisting load.
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Figure 1.16 Gearless direct drive elevator
system.

as shown in Fig. 1.15, the four-quadrant operation in a torque—speed plane is
necessary in these hoisting loads.

InFig. 1.16, aconceptual diagram of an elevator drive system is shown. As shown
in the figure, the cage or car, where the passengers are, and a counterweight, whose
weight is usually a half of the full weight of cage and passengers, are connected by a
rope through the sheave of the traction machine driven by the electric machine. And
by the rotation of the electric machine, the cage moves up or down.

1.3.3 Traction Load (Electric Vehicle, Electric Train)

The machine, used as the traction machine of the electric vehicle or the electric train,
requires high torque at starting and low speed and requires low torque at high speed, as
shown in Fig. 1.17. In the conventional internal combustion engine (ICE), the
torque—speed range with reasonable efficiency is quite narrow, and the multi-ratio
gear system—so-called transmission—is used to match the torque and speed of ICE to
the operating condition of the vehicle. However, the electric machine can provide the
required torque—speed characteristics without complex gear system. The required
characteristics can be easily obtained by field (flux) weakening control of the
machine. Also, the electric machine for the traction application can operate at four
quadrants in a torque-speed plane contrast to ICE.



22 Chapter 1 Introduction

L 10U Torque—speed curve of

— electric motor for traction
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Internal combustion engine
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Figure 1.17 Torque—speed curves of an electric

»  machine and internal combustion engine for traction
Speed application.
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Figure 1.18 (a) Outer view of a subway train and (b) Main power circuit of a motor car of the subway
train.
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A circuit diagram of a motor car of the subway train is shown in Fig. 1.18, where
an inverter driving four traction machines is powered by the catenary. With the
development of the power electronics, to enhance performance and efficiency of the
drive system, a new drive system, where each electric machine is driven by an inverter
separately, is already applied in the field.

1.3.4 Tension Control Load

Usually, in the driving of the paper mill, steel mill, pay-off roll, and tension roll, the
tension should be controlled as constant in the steady state. In this case, if the
transportation speed of a paper sheet or a metal sheet is constant, the rotational speed
of the machine decreases as the radius of the roll increases. Also, the output power of
the machine is constant. However, in the acceleration or deceleration time, due to the
torque for the acceleration and deceleration the constant power operation cannot be
kept. In Fig. 1.19, the curves of torque and power of the electric machine driving a
typical tension control system, where the metal sheet is moving at the constant speed,
are shown. As an example of a tension control system, a continuous annealing line is
shown in Fig. 1.20. In this line, the accuracy and bandwidth of the torque and speed
control of the electric machine is crucial in the productivity of the process and the
quality of the product.

Tension 1
Leveler ?
Furnace .
Pay-Off Roll L]i’(‘)tgr Delivery Looper Tension Roll

Figure 1.20 Continuous annealing processing line.
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PROBLEMS

1. Calculate the moment of inertia of rotating cylinder as shown in Fig. P1.1. The density of
the cylinder is p. Describe how to maximize the ratio, J/M under the condition
of r{ 4+ r, =constant. Here, J stands for the inertia of the cylinder and M for the mass
of the cylinder.

Figure P1.1 Moment of inertia of rotating cylinder.

2. Asshown in Fig. P1.2, a disk is rotating regarding the z axis. The origin of the Cartesian
coordinate is apart from the center of the mass, G, by 2(mm), 2(mm), 1(mm) as shown in the
figure. The G can be represented by (2 mm,—2 mm,—1 mm) in the coordinate. The radius of
the disk, 7, is 100(mm) and thickness of the disk is 10(mm).

(0)
\

X

Figure P1.2 Rotating disk, whose rotating axis is slightly offset from the center of mass.

(1) In this case, calculate rotating inertia, Jy,, Jyz, J,, defined as (1.17).

(2) If the rotating speed of the disk, w, is 1000 r/min, calculate torque at each x, y, Z axis.
Also calculate energy stored in this disk due to the rotation.

(3) Repeat problem 2 when the rotating speed is 100,000 r/min.

3. As shown in Fig. 1.13, there is a rigid body moving by seven forces. The body is not
constraint in any axis of motion. The gravitational force is acting in the direction of the z
axis. At the starting instant, the body reference frame coincides with the inertial reference
frame. The lengths of the body in the x and y direction are 100 mm and the length in the z
direction is 5 mm. The material of the body is stainless steel and the shape of the body is a
rectangular parallelepiped. The initial position of the center of mass, simultaneously center
of the rotation, G, is expressed in Cartesian coordinate in two reference frame as (X, y,
z)=(X,Y,Z)=(0,0,0), respectively. And the operating points, r; —r7, of forces, f; —f, in
the body reference frame are followings. All of the angles of rotation are small enough to
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Car or Cage

=

Counterweight
Figure P1.3 Conceptual diagram of a high-speed gearless elevator.
approximate the value of sine function as the angle itself and the value of cosine function as
unity, and the nonlinear matrix in (1.20) can be linearized as (1.21).
r; = (40, —-20,—2.5)mm, r; = (40,20,—2.5)mm, r3 = (20,40,2.5)mm,
ry = (—20,40,2.5)mm
rs = (0,40,2.5)mm, re = (20,—40,2.5)mm, r; = (—20,—40,2.5)mm

(1) Find the matrix A in (1.27), which transforms the force, f;—f;, to the force and torque
acting in each axis of the motion independently.

(2) Find the inertia matrix regarding three rotating axes.

rm 0 01 0 0 0 7
0mO0i 0 0 0
00 mi 0 0 0

0 E _Jx” _Jyz Jz:

(3) Ifthe acceleration regarding only the X axis is 1 m/s* in the inertial reference frame and
regarding all other axes there is no acceleration and movement except X axis
translational motion, then find force f,—f; for such a motion. Hint: f = AT (AAT)_lu.
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(4) If angular acceleration regarding only the x axis is 1 rad/s* in body fixed frame and
regarding all other axes there is no acceleration and movement except x-axis rotational
motion, then find force f;—f; for such a motion.

(5) Describe the method regarding how to control the linear and angular acceleration
independently by manipulating only the forces f;—f;.

4. In the cooling fan drive system for a thermal power plant, the airflow and air pressure has
the following relationship (performance curve).

H = 1.03N? 4+ 0.56NQ—0.590Q?, where N is the rotational speed of the fan, and Q stands
for flow rate, H stands for air pressure, and all units are per unit (P.U.). The 1 P.U. of the
speed of the electric machine corresponds to 1800 r/min, 1 P.U. flow rate corresponds to
1000 m*/min, and 1 P.U. air pressure corresponds to 4243 N/m?. The efficiency of the
fan is given by n = 0.5 4+ 0.3Q, where 7 is per unit. The system head curve of the fan can
be expressed as H = Q? when the damper is fully opened. And according to the damper
opening the curve can be represented by H = KQ?, where K depends on the damper
opening. The operating point of the fan lies at the crossing point of the performance
curve and the system head curve. The flow rate can be controlled by adjusting damper
opening or by adjusting the rotating speed of the electric machine driving the fan. The
required flow rate is proportional to the load factor of the generator of the power plant.
If the required airflow for a year is assumed as follows, then answer the following
questions:

50%,4000 hours;  30%, 2000 hours;  20%, 2000 hours

(1) Select an electric machine to drive the fan from following choices. The fan should
provide 100% flow rate. The rated speed of the all machines at following choices is
1800 r/min.

(a) 100Hp (b) 125hp (c) 150Hp (d) 200 Hp (e) 250 Hp (f) 300 Hp

(2) Calculate total electricity (kWh) to drive the fan during a year for the following cases to
control flow rate. It is assumed that the efficiency of the electric machine is 90%
constant regardless of the load factor.

(a) Calculate the electricity consumed for a year in the case of control of the damper
opening.

(b) Calculate the electricity consumed for a year in the case of adjusting speed of the
electric machine. In this case, it is assumed that the efficiency of the VVVF system
for the adjustable speed drive of the electric machine is 95% constant regardless of
load factor, and damper is fully opened.

(c) If the rate for the electricity is 0.1$/kWh, how much is the cost of electricity saved
for a year by the adjustable speed control compared to damper opening control?

(3) Describe the advantages and disadvantages of adjustable speed control compared to
damper opening control.
(4) Describe the reason why the flow rate of the fan is equal to or less than 50% in the case
of the normal operation.
5. The high-speed elevator system, shown in Fig. P1.3, has following specifications. Answer
the following questions.

o Rated speed: 240 m/min, 24 passengers (weight of payload: 1600 kg), maximum number
of floor for movement: 30 floors
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¢ Distance between floors: 3 m

e Mass of counterweight: 3134 kg
e Mass of cage: 2345kg

o Inertia of sheave: 95 kg-m”

o Inertia of machine: 25 kg-m?

e Diameter of sheave: 710 mm

The mass of rope and inertia of the pulley on the cage can be neglected.
The jerk profile at ascending operation is shown in Fig. P1.4.

Jerk

1.4 m/s? o
— 33s -~— : ‘
— 0.7s *— —* 0.7s +—
0.7s DY
« o
—» 0.7s | «— :
1.4 m/s3
— 33s -—
Figure P1.4 Jerk profile of the elevator at ascending operation.
(1) When the elevator moves from the first floor to the thirty-first floor (30 floors x 3 ni/

2

3

C))

E))

floor) with the jerk profile as shown in Fig. P1.4, calculate the total travel time, 7.

In the case of part 1, plot the acceleration, velocity, and position of the cage according
to the time.

If the traction machine of the elevator can withstand 200% overload for 10 s, select the
minimum capacity of an electric machine to drive the elevator from the following
choices:

(a) 40Hp (b) S0Hp (c) 60 Hp (d) 70 Hp (e) 80 Hp

From the following choices, what are the number of poles and rated frequency of the
machine selected from part 3? Here, there is no slip between machine, sheave, and
rope. The maximum speed of the machine is decided by “rated frequency x 60/
(number of poles/2)” (revolutions/min).

(a) 15Hz, 4 poles (b) 15 Hz, 8 poles (c) 30 Hz, 4 poles (d) 30 Hz, 8 poles (e) 60 Hz,
8 poles (f) 60 Hz, 16 poles

Plot the output power of the motor according to the time in case of part 1. In this
problem, the slip between rope, sheave, and pulley can be neglected and the friction of
all moving parts also can be ignored. The weight of the payload is 1600 kg.

Answer the following questions for a crane, shown in Fig. P1.5 under the following
assumptions and specification.

e The torque transfer efficiency of each pulley is 98%.

o The gear ratio is 400:1 and efficiency is 90%. And the inertia of gear itself can be
neglected. There is no slip between sheaves, rope, and pulleys.
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Electric

?
. Gear “
Drive Sheave gBruke Sheave

260 tons

Figure P1.5 Conceptual block diagram of a crane.

e The drive sheave is a solid cylinder whose length is 1.2 m; its diameter is 1 m and its
density is 7800 kg/m®.

¢ The density of the steel part of the brake sheave, which is a hollow cylinder as shown in
Fig. P1.6, is 7800 kg/m”>.

—> <+— 30cm —>| 98cm |<«—30cm
v
f Tim

Figure P1.6 Structure of the brake sheave.

e The mass of the rope and the elongation of the rope can be neglected.

¢ The maximum speed of the machine is decided by “rated frequency x 60/(number of
poles/2)” (revolutions/min).

The speed pattern to move a 260-metric-ton payload is shown in Fig. P1.7.

(1) Plot the rotational speed of the machine according to the time for the given speed
pattern.

(2) Plot the torque of the machine according to the time for the given speed pattern.

(3) It is assumed that the total efficiency of the electric power conversion system
(VVVF drive ASD sytem) including electric motor is 90% regardless of the load
factor of the system. Plot the power to the electric power conversion system
according to the time.

(4) Select a suitable electric motor from following choices. The motor can withstand 150%
overload, which means 2.5 times of rated power of the machine, for 30 seconds. The
pole numbers of the machine is four and the rated frequency of the machine is 60 Hz.
There is no slip between pulleys, machine, and sheave. The maximum speed of the

Power Power
Motor [*+— converter [*
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Figure P1.7 Speed pattern of a 260 ton payload
machine is decided by “rated frequency x 60/(number of poles/2)” (revolutions/min).
(a) 75 kW (b) 90kW (c) 110kW (d) 132kW

7. Asshown in Figure 1.P8, there is a commuter train consisted with four motor cars (M car)
and four trailer cars (T car).

Figure P1.8 Typical configuration of the commutating train

The mass of T car is 28 metric tons, and that of M car is 30 metric tons. The maximum
payload of each car is 20 metric tons. The rolling resistance of the train is given by the
following equation:

R = 1.867+0.0359 v, + 0.000745 vfl
where the unit of R is kg-G/ton = 9.8 N/ton, v, is the speed of the train, and its unit is km/h.

The train accelerates up to 35 km/h with the maximum acceleration, 3.0 km/h/s. The
maximum speed of the train is 100 km/h. During acceleration, the inertia of the rotating
parts of the train such as wheels, gears, and electric machines can be converted to an
equivalent mass in calculating of the traction force. The converted inertia to the mass is
called “inertia mass.” The compensation factor of the inertia mass to consider the traction
force due to the rotating parts of each car is 6% in the case of a T car and 14% in the case of
an M car. Hence, the equivalent total mass (including the inertia mass) to consider the
torque due to the rotating parts of the car can be given by following equation.

Equivalent mass at acceleration = Total mass of car including payload + (Compensation
factor for the inertia mass * Mass of each car itself)

Only 97% of the mechanical torque from the machine is transfered to the rail and that is used
as the tractive force to move the train. Each M car has four traction motors.
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(1) Calculate the power rating of the motor in kilowatts. The power rating of the motor is
decided at the operating speed where the tractive force is the maximum (in this problem
it is 35 km/h).

(2) The gear ratio between motor and wheel is 7.07:1 and the gear is reducing gear. When
the average speed of the train is 48 km/h, the rotating speed of the motor is the rated
value. The diameter of the wheel is 0.82 m constant.

(a) What is the rated rotating speed (revolutions/min) of the traction motor?

(b) Atmaximum train speed, 100 km/h, what is the rotating speed (revolutions/min) of
the motor?

(c) Atthe operating condition given in part 1, if the efficiency of the AC traction motor
i8 92% and the power factor is 85%, then calculate the apparent input power (kVA)
to the machine.

8. In Fig. P1.29, a conceptual diagram of the recoil line of steel mill processing system.

The total inertia of the rotor of the motor including gearbox, referred to the axis of the rotor
of the motor, is J = 200 kg-m”. The density of steel web is 7870 kg/m> and the web is tightly
wound on the drums and there is no empty space in the steel roll. The density of the drum,
whose minimum diameter is 0.61 m, is the same with that of steel web. And the drum is a
solid cylinder. Also, the minimum diameter of the roll is 0.61 m when no web on the drum,
and the maximum diameter of the roll is 2.6 m when the web is fully wound on the drum.
The thickness of the steel web is 2 mm, the width, 900 mm, and the profile of the speed of the
web is shown in Fig. P1.10. The constant 64,000 N tension is always applied to the steel web
by pay-off and tension rolls.

Tension

Pay-off roll SN ¢ 64,000 N Tension roll

TThickness 2 mm

2600 mm 610 mn —>/ 4— 610 mm
...... Width 900 mm : :
Gear, |
. ratio
Reducing Reducing
gear gear
Motor A Motor B

Figure P1.9 Conceptual diagram of a recoil line of a steel mill processing system.

(1) Plot the radius of the tension roll according to the time from minimum value to the
maximum value.

(2) With consideration of gear ratio, plot the rotational speed (r/min) of the motor B
according to the time.

(3) Plot the torque (N-m) of the motor B according to the time.
(4) Plot output power (kW) of the motor B according to the time.
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Figure P1.10 Speed profile of the movement of steel web.

In Fig. P1.11 a photo of a rubber-tired gantry crane (RTGC) used for handling containers in
a port is shown. The mass of a spreader, which is used to catch the container, is 11 metric
tons. The mass of trolley is 23 metric tons [14].

|8 |
L

Figure P1.11 Photo of a rubber-tired gantry crane.

The mechanical system of RTGC including an electric machine is similar to that shown in
Fig. P1.25. Athoist motion the total inertia, including gears, brake drum, rope, sheave, and
machine itself reflected to the rotating axis of electric machine is 11 kg-m>. Regardless of
torque and direction of motion, the total efficiency of the mechanical system for hoist
motion is 86% constant and that of the electric machine is 95% constant. And there is no
slip between all moving components. The weight of the rope can be neglected. The speed,
800 r/min, of the hoist motor, used for the vertical motion of the container, means 60 m/min
of hoisting speed of the container.In trolley motion, the total inertia including gears, brake
drum, rope, sheave, and electric machine itself reflected to the rotor of the machine is
0.4 kg-m>. Regardless of torque and direction, the total efficiency of the mechanical system
for trolley motion is 90% constant and that of the electric machine is 92% constant. The
speed, 1750 r/min, of the trolley motor, used for the horizontal motion of the container,
means 70 m/min of hoisting speed of the container. In trolley motion, the hoist motor is
locked by the mechanical brake, and the power to the hoist motor is null.

(1) The spreader of the RTGC is moving from Layer 4, Column 6 to Layer 4, Column 1,
shown in Fig. 1.12, without a container. First (1) the spreader moves vertically up from
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Figure P1.12 Operation of RTGC (rubber-tired gantry crane).

Layer 4 to the top (line between point A and point B), for 7.95 m, and then (2) the
spreader moves horizontally to Column 6 (line between point B and point C), for
17.24 m; finally (3) the spreader moves vertically down to Layer 4 (line between
point C and point D). In the hoist motion, the acceleration is (60 m/min)/2.5s
constant and deceleration is (60 m/min)/3.5 s constant. The maximum speed of the
hoist motion is 60 m/min. In the trolley motion, the acceleration and deceleration
are both (70 m/min)/5.5 s constant. The maximum speed of the trolley motion is
70 m/min. During trolley motion, the spreader and trolley can be considered as a
single mass. Plot the torque and speed of the hoist machine and trolley machine
according to the time, respectively. Also plot the sum of input power to the
machines according to the time.

The spreader of the crane is now holding a container whose mass is 40 metric tons, and
moves in reverse (from point D, C, B, and A as the motion described in part 1). Plot
the torque and speed of the hoist machine and trolley machine according to the time,
respectively. Also, plot the sum of input power to the machines according to the time.
During trolley motion, the spreader, trolley, and container can be considered as a
single mass. The acceleration and deceleration of the hoist motion is the same with the
case of part 1, but the maximum speed of the hoist motion is 24 m/min.

For RTGC in problem 9, the electric power to the machine is provided by a 400-kW engine
generator set as shown in Fig. P1.13.

@

When the hoist machine is a six-pole, permanent-magnet synchronous machine, plot
the input frequency to the hoist machine according to the time at the motion described
in problem 9.

In trolley motion, the machine for hoist motion is stopped. (The speed of the machine
is decided by “input frequency x 60/(number of poles/2)” (r/min).)
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Engine Drive System L
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Figure P1.13 Electric power supply system of RTGC based on an engine generator set.

3600 T X, where “x

(2) The fuel consumption of the engine generator is given by y = 3500
means output power of the generator in kW and “y”” means consumption of diesel fuel in
liter/s. The auxiliary load is a 15-kW constant, and the regenerated power at the vertical
down motion of the load (the spreader and the container) cannot be transferred to the
auxiliary load or not to the generator. Hence, the regenerated power is dissipated at
the resistor box, which is separately installed in the drive system. The efficiency of the

motor drive system is 90% constant regardless of the load factor.

(a) For the motion described in problem 9, part 1, calculate total quantity of the
consumed diesel fuel.

(b) For the motion described in problem 9, part 2, calculate total quantity of the
consumed diesel fuel.

(c) For an hour, 8 times of motion described in problem 9, part 1 and 8 times of
the motion described in problem 9, part 2 have been done, and for other
times of the hour the generator only supplies the electricity to the auxiliary
load. For such operation, calculate total quantity of the consumed diesel fuel
for an hour.

(3) The electric power system for RTGC has been changed to the system shown in
Fig. P1.14.

The engine generator can supply up to 150 kW, and its response is fast enough. The
response of the power converter is also fast enough. And the response time of the engine
and power converter can be neglected. The efficiency of the power converter is 90%
constant regardless of the load factor and direction of power flow. Before the hoist
motion the super-capacitor, Cs, is charged to 600 V, always. And the capacitance of the
capacitor is 25 F. The power needed for the electric machine drive system is, at the first,
supplied from the engine generator set as much as possible, and then the additional
power to the drive system is supplied from super-capacitor through the power
converter. The efficiency of the electric machine drive system is 90% constant
regardless of the load factor and direction of power flow. The regenerated power at
the vertical down motion of the load (the spreader and the container) can be used to
charge the super-capacitor. And if the voltage of the super-capacitor is less than 600 V
after the hoist motion, the capacitor should be charged to 600 V using the power from
the generator through the power converter. The super-capacitor,Cy, can be assumed as
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Figure P1.14 Power supply system of RTGC based on engine generator and an energy storage system
based on the super-capacitor.

an ideal capacitor. The stored energy in the capacitor and the power to the capacitor are
given by following equations.

1
E =-C,V*[J
S GV
v,
P =CVe- W
C,V, dt[]

Also, the power converter for charging and discharging of the super-capacitor operates
only for hoisting motion. At the other operation, the power converter turns off and there
is no loss at the power converter and at super-capacitor. The fuel consumption of the
150-kW engine—generaFor §et is given by y = % + %x, ‘where “.x” means oqtput
power of the generator in kilowatts and “y” means consumption of diesel fuel in liters

per second.

(a) For the motion described in problem 9, part 1, calculate total quantity of the
consumed diesel fuel.

(b) For the motion described in problem 9, part 2, calculate total quantity of the
consumed diesel fuel

(c) For the motion described in problem 9, part 2, plot the voltage of the super-
capacitor according to the time. In here, the initial and final value of the voltage of
the capacitor should be 600 V.

(d) For an hour, 8 times of motion described in problem 9, part 1 and 8 times of motion
described in problem 9, part 2 have been done, and for other times of the hour the
generator only supplies the electricity to the auxiliary load. For such operation,
calculate total quantity of the consumed diesel fuel for an hour.

(4) For a year, calculate the saving of diesel fuel cost of the system shown in
Fig. P1.14 compared to the system shown in Fig. P1.13 under the following
assumptions.
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The price of diesel fuel is $1/liter, and the operation time of RTGC is 5000 h/year, the
operating patterns are given by parts 2(c) and 3(d), respectively.

(5) Compare the advantages and disadvantages of the system shown in Fig. P1.14 against
the system shown in Fig. P1.13 in the following viewpoints:

(a) Total life cycle cost (Initial cost and running cost)
(b) Effects to environment
(c) Control performance
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Chapter 2

Basic Structure and Modeling
of Electric Machines and
Power Converters

In this chapter, the basic structure and the operation principle of the electric machine,
which converts mechanical energy to electrical energy as a generator or converts
electrical energy to mechanical energy as a motor, is described. And the steady-state
equivalent circuits of several machines are introduced to understand the steady-state
characteristics and control of the machines. Also, several examples to control

the machine with regard to a motor are discussed with its control features. In addition,
the power converters, which convert the electrical energy to another form of the
electrical energy based on power semiconductors, are modeled as the equivalent
circuits. The brief description of the operation principle of each power converter is
given. The models of the machine and the power converter will be used as a plant
model in Chapter 4, where the design of the controller is described in detail.

2.1 STRUCTURE AND MODELING OF DC MACHINE

The DC machine had been used for 100 years for adjustable speed drive (ASD), and
the variable torque control had been implemented based on the DC machine.
However, since the late 1980s with the developments of power electronics and
control technologies of the AC machine, the DC machine is getting out of date. But,
still in many traditional industries, the DC machine is operating.

As shown in Fig. 2.1, the DC machine has a field winding for the excitation flux
and armature winding to generate torque through the interaction with the flux. As
shown in Fig. 2.2, the machine can be classified as shunt, series, and compound type
according to the connection of a field winding and an armature winding. Each type of
the machine has its own torque—speed characteristics. In early times, a specific type
of the machine had been used for the specific application, but with the development of
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Copyright © 2011 the Institute of Electrical and Electronics Engineers, Inc.

36



2.1 Structure and Modeling of DC Machine 37

O
Field Armature
Winding Winding
O
@) (b)

Figure 2.1 Basic structure of DC machine and its circuit symbol. (a) Field winding (current, ir) and
armature winding (current, i,). (b) Symbol of DC machine.

T e

Shunt machine Separately excited machine

/YN /YN

Series machine Cumulative compound machine

Differential compound machine

Figure 2.2 Classification of DC machine according to the connection of a field winding and an armature
winding.
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power electronics technology, the shunt (especially a separately excited shunt) DC
machine is widely used in conjunction with the control of both the field current and the
armature current. By the control of both currents, the various torque—speed curves can
be implemented, and it has been applied to various applications. In series and
compound DC machine, the armature current also contributes to excitation flux
together with its own field winding. And in the series machine, the field current and
armature current are the same. In the cumulative compound machine, the field flux by
the armature current is the same direction of the flux by the field winding current. In
differential compound machine, the field flux by the armature current is the opposite
direction to that by the field winding current.

To get the continuous torque, the DC motor needs electric rectification devices
consisting of a commutator and a brush, because the induced voltage at each turn of
the armature winding by the excitation flux is AC voltage whose frequency is
proportional to the rotating speed of the armature. To connect AC voltage of the
armature winding to a DC source, the AC voltage should be rectified. In a DC machine
the commutator and the brush rectify AC voltage to DC voltage.

In Fig. 2.3, a simple circuit diagram of a two-pole DC machine is shown with
armature and field winding. The armature winding is connected to an external DC

Commutator
Segment

Armature
Winding

Field
Winding

a,, ﬁ dt rm

- Axis of Rotation

Figure 2.3 Commutator and brush of DC machine.
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Figure 2.4 Field flux and armature flux.

source, V,, through a commutator and a brush. As shown in Fig. 2.4, the brush
locates at the position, where the flux density is null. And through the commutator
and the brush, the turn of the armature winding, whose polarity of the induced
voltage is positive, is always connected to the positive terminal of the DC source
feeding DC machine. The current flows in the armature winding, as shown in
Fig. 2.4, induces a flux by the current itself. Because of the flux by armature current
the spatial flux distribution, originally set by the excitation flux from the field
winding current, is distorted. The spatial distribution of the air gap flux is the vector
sum of the flux by armature winding current and the field winding current. Also,
the distortion of the spatial distribution of the flux is getting worse as the armature
current is getting larger in magnitude. The distortion of the flux by the armature
current, referred to as an armature reaction, results in the shift of the null point of
the flux density distribution, and the commutating of the armature current from one
turn to another turn becomes difficult. In the worst case, the commutator segments
experience flashover and over-current due to the short circuit of the induced voltage
at the commutating instants. To reduce these harmful effects on the commutation
from the armature reaction, commutating poles and a compensation winding can
be installed as shown in Fig. 2.5. In the case of a larger DC machine or a highly
dynamic DC machine, the commutating poles and the compensation winding are
indispensable.

Under the assumption that the armature reaction is perfectly canceled out by the
commutating poles and the compensation winding, a DC machine can be modeled
using the following equations:

dis
Vi = Rrir + —— 2.1
' L+ i ( )

e = Ke)#vw,m (22)
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. dig
Va - Rala"’L([E +e+Vb (23)
T, = Ky gl (2.4)
A = Lyl (23)

dwp, dJ

T, =J m—— + Bwp, + T, Kn0pm 2.6

i +w 7 + Bwy, + 11 + Ky, (2.6)

where e stands for back electromotive force (EMF) in volts(V), V,, stands for terminal
voltage in V, T, stands for torque in N-m, A stands for the linkage flux to the
armature current by the field winding current in Wb - turn, V; stands for applied
voltage to the field winding in V, K, stands for the back EMF constant in
V/(Wb - turn - rad/s), w,, stands for the rotating angular speed of the rotor in
(rad/s), R, stands for an equivalent armature winding resistance in €2, and L, stands
for an equivalent armature winding inductance in H. V}, stands for the voltage drop by
the brush in V, which depends on the rotating speed of the rotor and the wear-out of
the brush. The voltage drop shows nonlinear characteristics and is usually less than
1% of the rated armature voltage of DC machine, and it can be easily neglected.
However, in the low-speed operation or in stalled operation the voltage drop by
the brush should be considered. Ky stands for the torque constant in
N-m/(Wb - turn- A), Ry stands for an equivalent field winding resistance in €, and
Ly stands for an equivalent field winding inductance in H.

If the magnetic saturation of the field flux by the field current on the magnetic
circuit of DC machine occurs, the field flux should be expressed as a nonlinear
function of the field current as A; = f (tf) In the case of series DC machine where
the armature current flows in the field winding, the saturation should be considered.
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In (2.1)—(2.5), the armature reaction is neglected. However, if the flux by the field
winding is much smaller (less than one-third of the rated value) than its rated value or
the armature current is much larger (larger than several times of the rated value) than
its rated value, then the armature reaction should be considered. In this case, torque
constant and back EMF constant, K7 and K,, may be reduced considerably due to the
armature reaction.

Equation (2.6) is an equation of the motion of the rotor, where 7; means load
torque. The torque usually reveals nonlinear characteristics according to the rotating
speed, and it can be expressed as a nonlinear function of the speed, Ty (w,,). J stands
for the total inertia of the rotating part of the drive system, referred to as the rotor of the
motor in kg-m? driven by DC machine including the inertia of machine itself. B
stands for friction coefficient in N-m/(rad/s), and K, stands for a stiffness coefficient
in N-m/rad. When a DC machine rotates continuously and the inertia of the rotating
part of the drive system is constant during the motion, then Ky = 0 and dJ/dt = 0.
And, (2.6) can be simplified as (2.7). In addition, the friction coefficient, B, also varies
nonlinearly according to the speed and direction of the rotation, and if the torque due
to the friction is included in the term of the load torque, then (2.7) can be further
simplified as (2.8).

dw,,,

T.=1J U + Bwyy + Tr(@rm) (2.7)
d
Te =J (Cl;;m + TL(wrm) (28)

2.2 ANALYSIS OF STEADY-STATE OPERATION

In the steady state, the rotating speed of a DC machine is constant as dw,,, /dt = 0,
and the armature and field current are also constant as di,/dt = dif/dt = 0. And if
the voltage drop by the brush is neglected, (2.1)—(2.5), (2.8) can be rewritten
as (2.9)—(2.14) in the steady state.

e = KAy (2.9)
Vi = Ruia+e (2.10)
T, = Kyiyiy (2.11)
Ap = Lyly (2.12)
Vi = Ryiy (2.13)
T,=T, (2.14)

From (2.9)—(2.14), the steady-state characteristics of several different types of
DC machine can be derived.
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2.2.1 Separately Excited Shunt Machine

In a separately excited shunt machine, the voltage applied to the field winding and the
current flowing armature winding can be controlled separately, and hence versatile
torque—speed control characteristics can be obtained. From (2.9), (2.10), and (2.11),
after eliminating e and i,, the relationship between V,, ¢, and w,,, can be deduced
as (2.15):

. Krlf V., KTKel_?wrm
R, R,

T, (2.15)

At (2.15), if Ay is constant, then the torque—speed curves varies according to V, as
shown in Fig. 2.6.

The operating point of the machine in torque—speed plane locates at the crossing
point of the torque—speed curve of the machine and the torque—speed curve of the load.
Whether the continuous operation at the crossing point is possible or not is decided by
the stability of the system at the point. For a stable operating, point the following
condition should be met: 07, /0w, <0TL/Ow,,. Otherwise, even with a very small
disturbance the operating point moves to a different stable point. In the case shown in
Fig. 2.7, as the armature voltage, V,, increased, the operating point would move from
A to B to Cin the steady state, because all points are stable. However, while it is certain
that when the voltage, V,, varied from V,; to V,,, the operating point would move
finally from A to B, it is uncertain with regard to what trajectory the operating point
would move from A to B and also with regard to when the operating point would arrive
atB from A. As shown in Fig. 2.7, there are infinite cases of trajectory from A to B, and
the trajectory can be decided by the transient analysis described in Section 2.3.
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Figure 2.6 Torque-speed curves of a separately excited shunt DC machine according to V,, with
constant /; (rated armature voltage 440V, rated power 110kW, rated speed 560 r/min).
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Figure 2.7 Migration of the operating point according to variation of the armature voltage.

In (2.15), if V,, is constant, then by varying field current, ir, and hence by varying
/¢, the torque—speed curves as shown in Fig. 2.8 can be obtained.

With these torque—speed curves, if the load torque—speed curve looks like the
curve shown in Fig. 2.8, then the operating points would move from A to B to C as the
field flux decreases. Also, the operating speed increases. Usually, the rated field flux is
set as the maximum value to get the maximum torque constant, where the magnetic
saturation does occur slightly. Because the rated field flux is the available maximum
value to the machine, the variation of the field flux means the weakening of the flux.
So, if /1 is the rated value, then /s, and /3 are the values in which the flux are reduced
(field weakening). Through the field weakening control, the operating speed can be
increased, but as given in (2.11), to get the same torque as the torque without the field
weakening, the armature current should be increased by the amount by which the flux
reduced. Also, the increased armature current results in increased copper losses. The
maximum armature current is usually limited due to the thermal limit of the machine
itself or due to the other parts of the drive system. Hence, if the speed is increased by
the field weakening, then the available maximum torque at the increased speed is

T,

e

Torque Torque speed

curve of Motor

Torque speed
curve of Load
Figure 2.8 Speed-torque

curves with the variation of the
Speed. Wy field flux.
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weakening control.

reduced proportional to the reduced field flux. Moreover, in the field flux weakening
operation, the armature reaction is relatively larger and commutation problems may
occur. Because of the higher operating speed by the field weakening control, the
mechanical problems in the commutator and the brush of the machine may also occur.
Hence, the minimum flux level for the field flux weakening control is usually limited
down to a certain value—for example, one-third of the rated value.

Through the flux weakening control along with armature voltage control, a DC
machine can be operated in a wide region of torque—speed plane as shown in Fig. 2.9.
In Fig. 2.9, the boundary of the region where a DC machine can operate under limited
voltage and limited current condition is defined as the capability curve of a DC
machine. The capability curve can be specified in the first quadrant of the torque—
speed plane or in all four quadrants of the plane. The capability curve shown in Fig. 2.9
is obtained after neglecting the armature reaction, voltage drop due to the armature
winding and the brush, and friction and windage losses of the machine itself. With
consideration of the losses and the voltage drops, the capability curve would
be asymmetric with regard to the vertical axis of the torque—speed plane. In this
case, the area in the second and the fourth quadrant of the torque—speed plane, where
the machine works as a generator, is larger than the area in the first and the third
quadrant, where the machine operates as a motor.

The control method to increase the operating speed of the electric machine
through the field weakening can be applicable to not only a DC machine but also to an
AC machine. The detailed description about the flux weakening control of AC
machine will be in Sections 2.8, 2.15, and 5.4. The field weakening control to get a
higher operating speed can be compared with the gearing of the machine to get a
higher speed. In the case of the gearing, the speed is decided by gear ratio, which is
mostly discontinuous. In addition, the gear itself adds rotating inertia to the drive
system, and the acceleration performance would be degraded. However, by the
field weakening, the speed can be increased continuously up to the maximum speed.
The maximum output power of the machine by the field weakening control
is the same as the output power of the machine through gearing at the same speed
if the loss of gear itselfis neglected. With the gearing and with the field weakening, the
speed can be increased but the available torque at the increased speed is reduced, and
the power, which is the product of the speed and the torque, is always constant
regardless of the speed. One advantage of the gearing is that the speed can be increased
to more than several times of rated speed, while the speed control by the field
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weakening is limited up to a certain point—for example, three times the rated speed—
due to above-mentioned commutating and mechanical problems.

If the machine operates in a light load, then the load torque can be matched by the
machine with the reduced flux in the cost of increased the armature current. While the
increased current results in more copper loss, the iron loss would be decreased due to
the reduced flux level. The iron loss is roughly proportional to the square of the flux
level, and there should be an optimum flux level where the total loss, which is the sum
of copper loss and iron loss, is minimized at the given load torque [1]. By this kind of
field weakening control, the efficiency of the machine can be improved in the light
load condition. However, if the flux level is too low and an impact load is suddenly
applied, then the machine would stall because the flux cannot increase rapidly due to

the field circuit time constant (rf = 1%) So, the machine might be permanently

damaged with the excessive armature current at the stalled condition. Thus, to apply
this field weakening control to improve operating efficiency of the machine, the
dynamics of the drive system should be considered carefully.

To control a DC machine in four quadrants of the torque—speed plane, both
the torque and the speed of the machine should be controlled in positive and
negative direction independently. As seen in (2.11), because the product of the flux
and the armature current represents the torque, and to change the direction of the
torque, for four-quadrant operation the direction of the flux or the direction of the
armature current should be changed. The direction of the flux can be changed by
changing the direction of the field current, but the time constant of the field circuit is
quite large, and it would take more than several hundred milliseconds in the case of
above several-kilowatt-range machines. Moreover, in the course of changing the
direction of the flux, the flux level would be zero at a certain instant. Near at that
instant, the armature reaction, if the armature current flows, could be prohibitive,
and armature current should be controlled as zero during field current reversal.
Therefore, during the field reversal, DC machine loses the torque controllability
over the load. This is a severe demerit of the field reversal control for the reversal of
the torque. However, the power rating of the field circuit is only a small percentage
of the armature circuit, and the field reversal can be easily implemented without
much cost. That is a merit of the field reversal control. Another method to change
direction of the torque is to change the direction of the armature current. For four-
quadrants operation by armature current control, the voltage and current of the
armature should be controlled in the positive and the negative direction.
The detailed implementation of the control of armature voltage and current will
be described in Section 2.4.

2.2.2 Series Excited DC Machine

Nowadays, the series excited DC machine is not used very much in newly designed
system, but it is still used in the limited application area such as a traction motor or as a
universal motor for home appliance. From (2.9)—(2.13), the voltage equation of a
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Figure 2.10 Torque—speed curve of a series excited DC
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machine under constant terminal voltage.

series machine driven by DC source can be expressed as (2.16) with the constraint of
iy = iy after eliminating e and i,.

V, = T€R+ T€R+KL L. (2.16)
a — KT Lf a KT Lf f elf KT Lf Wym .

InFig. 2.10, there is a torque—speed curve of a series motor in the first quadrant of
the torque—speed plane under the constant terminal voltage.

In the figure, regions C and D are the field weakening area, and especially in the
case of the operation in region D, the flux is too small to commutate current smoothly.
Also, the operation at D region is normally not allowed because of the armature
reaction. Inregions A and B, the magnetic circuit of the machine is saturated due to the
excessive field current, where iy = i,, and the flux is almost constant as A, regardless
of the increase of the current. Hence, the torque would vary linearly with the current at
those regions. Especially at region A where back EMF of the machine is too small, the
continuous operation may result in permanent damage to the machine because of the
excessive current. The torque—speed curve of the series machine, as shown in
Fig. 2.10, reveals larger torque at lower speed and smaller torque at higher speed
without any special control means. So, the machine had been used widely in the
traction application, where such torque—speed characteristics are requisite. But,
nowadays, due to the developments of power electronics, the application of a series
machine to that application area is becoming rare.

2.3 ANALYSIS OF TRANSIENT STATE OF DC MACHINE [2]

Without considering armature reaction, magnetic saturation, and voltage drop due to
the brush and the commutator, the equivalent circuit of a separately excited DC
machine can be represented as shown in Fig. 2.11. Also, (2.1)—(2.7) can be simplified
as (2.17)—(2.22). Here, the inertia and the friction coefficient are assumed to be
constant regardless of the rotational speed. In the transient state, the characteristics of
a DC machine can be expressed by solving the equations. The three differential
equations, (2.17), (2.18), and (2.22), in general, are nonlinear equations, and it is very
difficult to find general analytical solutions. Furthermore, the analysis of the stability
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J, B :Constant

Figure 2.11 Equivalent circuit of a separately
™ excited DC machine.

of the nonlinear system in overall operating region is quite difficult. At a given
operating point, by using small signal analysis the system can be linearized, and the
stability at that operating point can be evaluated under the assumption of the small
disturbance. Also, by using numerical analysis based on the computer simulation, the
operating characteristics of the DC machine can be evaluated in the overall operating
region.

"
Vo = Ruig + Lo 2% 1 e (2.17)
dt
g
Vy = Ryip+ Ly (2.18)
di
e = Kol (2.19)
T, = KyJsis (2.20)
/lf = Lfif (221)
dwrn
n:J—Ei+B@m+n, (2.22)

2.3.1 Separately Excited Shunt Machine

If the field winding of machine is excited by a constant current source or if the field flux
is provided by a permanent magnet, then the excitation flux can be considered as
constant. Under this assumption, (2.17) and (2.22) can be rewritten as the linear
differential equations. If MKS units are used in (2.17)—(2.22), then back EMF constant,
K., and torque constant, K7, are identical. If the products of the constant and field flux,
/g, is expressed as (2.23), then (2.17), (2.20), and (2.22) can be transformed to (2.24)—
(2.26) through Laplace transformation with zero initial conditions. In these equations,
the unit of K'is N - m/A or V/(rad/s), which are identical to each other.

K.; =Krly =K (2.23)
Vo= (Ry+ L), + Kwyy, (2.24)
T, = KI, (2.25)

T.= (Js+B)om+ Ty (2.26)
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Figure 2.12 Control block diagram of a separately excited DC machine.

Equations (2.24)—(2.26) can be formulated as a control block diagram as
shown in Fig. 2.12. In the figure, the overall system consists of the cascade
connection of the electrical part and the mechanical part. And there is a feedback
loop given by back EMF.

InFig. 2.12, R, is the armature winding resistance and it is a damping component
of the electric part. Similarly, B is the friction coefficient, and it is a damping
component of the mechanical part. Both damping components degrade the efficiency
of the system, but they may contribute to enhance the stability of the system. If there
are no damping components, that means R, = 0 and B = 0, as shown in Fig. 2.13, the
system would oscillate without decaying and its oscillation angular frequency is
K/+/L,/J. By introduction of the damping components into the mechanical part and/
or electrical part, though the efficiency of the system is getting worse, the oscillation
decays out.

The transfer function regarding speed to the terminal voltage of the system in
Fig. 2.12 is given in (2.27).

wl"ﬂl K

— = 2.27
Ve  (sLg+R,)(Js+B)+K? (227)

As K is getting larger, the eigenvalues, which are roots of denominator of (2.27),
have imaginary parts, and their magnitudes are getting larger. And, it can be said that
as K is getting larger, the damping is getting smaller. Hence, the current, torque, and
speed responses are all getting more oscillatory according to the variation of the
armature voltage.

In (2.27), if the torque due to the friction is included in load torque, 7;, or
the friction torque is neglected and if the transient phenomena by the armature
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Figure 2.13 Control block diagram of a separately excited DC machine with no damping
component.
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E with neglecting of the armature inductance.

inductance, L,, is neglected, then (2.27) can be simplified as follows:

K K
Wrpy 7 JR, 1 o
~ = = 2.28
V., Rost K? N K? Ks+o, (2.28)
ST ST R,

As seen from (2.28), the speed response due to the terminal voltage variation can be
modeled as the output of the first-order low-pass filter of the terminal voltage. In
here the angular cutoff frequency of the filter is . = K*/JR,. The time constant of
the filter, which is the inverse of the cutoff frequency, JR,/K 2 is called as electro-
mechanical time constant, 7,,. In this case, the machine can be modeled as the first-
order system, whose pole lies at —w,.. The torque from the machine after neglecting L,
can be expressed as shown in Fig. 2.14, where the torque can be obtained instan-
taneously according to the variation of the terminal voltage. As seen from this
approximation, if the rotating inertia is large enough and the armature circuit response
is fast enough (K?/JR, < R,/L,), then the torque is directly proportional to the
voltage applied to the armature winding without any time delay.

The eigenvalues of (2.27) varies according to the electrical and mechanical
parameters of the drive system such as L,, R, J, and B. It can be noted that the speed
responses against the variation of the terminal voltage are decided as underdamping,
critical-damping, or overdamping according to the eigenvalues. After finding eigen-
values, it can be said that in the case of (2.29) the responses are nonoscillatory, which
means that the system is overdamping. Otherwise, the system is critical-damping or

underdamping.
& 4 BLa g
a J 1

7 > — (2.29)
—(R.B+K?)
J

It can be seen from (2.29) that as K is larger, the response is getting oscillatory
(under-damping). By reducing the field current, ir, K can be reduced, and then the
system can be changed to an overdamped case from an underdamped case. In (2.29), if
the friction torque is neglected or if it is included in the load torque, then (2.29) can be
simplified as follows:

JRSZ 1
7 I”<2 > (2.30)
a

From (2.30) it can be said that to prevent the oscillatory responses the armature
resistance or the inertia should be increased. However, the increased inertia degrades
the acceleration characteristics of the machine, and the increased resistance degrades
system efficiency because of the increased copper loss. Hence, by increasing these
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Figure 2.15 Control block diagram of a separately excited DC machine with active damping term.

passive elements such as the inertia and the resistance, the improvement of the control
performance is very limited, and the implementation is also costly. However, by a
feedback control after measuring or estimating the control variables such as acceler-
ation and current, an artificial damping can be added to the control loop as if the added
damping is the physical one. This artificial damping can be said to be an active
damping, in contrast to the passive damping such as resistance and friction. In this
way, without any modification in the physical system such as the increase of inertia
and/or the increase of the resistance, the control performance can be easily improved.
Moreover, there are no additional losses for the improvement of the performance by
these acting damping components. A simple example of an active damping is shown
in Fig. 2.15. In here, after measuring the current, by a negative feedback of the current
with gain, which is an active damping resistance, to the armature voltage as shown in
Fig. 2.15, it may generate the same control performance as if the armature resistance
increases. Like this example, by feedback control of the measurable states or
observable states, the eigenvalue of the physical system can be adjusted to get better
control performance. This is a kind of state feedback control. The detailed explanation
of the active damping will be given in Section 4.1.

2.4 POWER ELECTRONIC CIRCUIT TO DRIVE
DC MACHINE

Even before the power semiconductors were available, a DC machine had been widely
used for the application area where adjustable torque or speed is essential. At that
time, the adjustable speed drive of the DC machine was implemented in electrome-
chanical means based on multiple electric machines as shown in Fig. 2.16. The system
shown in the figure, the so-called Ward—Leonard system, consists of an induction
machine and two DC machines, where one is used as a motor and the other as a
generator.

In this system, the speed of the DC motor is adjusted by controlling the terminal
voltage of the motor, V;, through the control of the field current of the DC generator,
and simultaneously by controlling the field current of DC motor. With control of V,
and Vj, in Fig. 2.16, the operating region of the DC motor can be expanded to all
quadrants of the torque—speed plane as shown in Fig. 2.9. Especially in the application
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generator
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Figure 2.16 Ward-Leonard system.

of a steel mill process line, where normally impact loads are frequently applied to the
motor, a large inertia can be attached to the axis that connects the induction machine
and the DC generator. With the help of the energy (}Jw?,) stored in the inertia, it
should be noted that the speed drop, the variation of the terminal voltage, and the
torque of the motor can be minimized against the impact loads. This kind of
Ward-Leonard system that has a large inertia is called an Ilgner system. Though
the Ward-Leonard system has some advantages such as no harmonic currents to an
AC source and the higher over-load rating, the efficiency of the system is poor and the
weight and volume of the system, because of multiple machines to drive a motor, is
prohibitive in the modern manufacturing facilities. Moreover, due to the regular
maintenance of the machines and expensive running cost, a traditional Ward-Leonard
system is no longer installed as the adjustable speed drive system.

2.4.1 Static Ward-Leonard System

As shown in Fig. 2.17 [3], a variable voltage DC source can be easily obtained by
thyristors, which were invented in the late 1950s. The average DC voltage of the motor
terminal can be controlled from —135% to 135% of line-to-line rms voltage of a three-
phase AC source by manipulating the gating signals to the thyristors. The field current
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Figure 2.17 Static Ward-Leonard system based on the power semiconductors.
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of the motor can also be controlled by a semiconverter, where only the upper or lower
three thyristors are controlled and the others are replaced by diodes. In the case of a
small motor, the field current can be controlled simply by adjusting the value of the
resistance, which is inserted in series to the field winding. By this static variable DC
voltage source and field current control, the same operating region with the region by
Ward-Leonard can be obtained. Compared to the traditional Ward—Leonard system,
this static Ward-Leonard system has several advantages such as faster current
regulation (in the case of a 60-Hz, three-phase AC source, several tens of rad/s of
current regulation bandwidth is possible), easy maintenance, and smaller size and
weight. However, there are still some disadvantages such as smaller overload rating,
harmonics to AC source, sensitivity to the power quality of the AC source, and poor
power factor at light load condition. Regardless of these shortcomings, since the
late 1960s, in above several 100-kW variable-speed DC drive systems the static
Ward-Leonard had been a mainstream. Recently, with developments of power
electronics technology, the DC machine drive system is becoming obsolete and the
AC machine drive system is replacing the DC machine drive system. Hence, the static
Ward-Leonard system is not installed in the newly designed adjustable speed and
torque control system.

2.4.2 Four-Quadrant Chopper System

A four-quadrant chopper circuit shown in Fig. 2.18 can easily control the DC
machine whose rated power is below several tens of kilowatts. In particular, a DC
servomotor whose rating is less than a few kilowatts is usually controlled by this
circuit.

In the circuit shown in Fig. 2.18, by turning on and off the four power
semiconductor switches, T}, T,,T{, and 73, the terminal voltage to the motor, V,,
can be varied from —V,; to 4V, which is normally almost the peak of the line-to-line
voltage of AC source. When a DC machine operates as a generator, it means that when
a DC motor is operating in regenerative braking mode, the link voltage, V,, will
increase due to the energy accumulated in the DC link capacitor. To prevent the
overvoltage of a DC link, the discharging switch implemented by a power

Rog h ﬂ%
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Figure 2.18 Four-quadrant chopper.
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semiconductor turns on and the regenerated energy is dissipated at a resistor, Rpg,
as a form of the heat. This kind of braking energy absorbing method is called
dynamic braking. Through the four-quadrant chopper circuit, the current regula-
tion bandwidth can be easily extended up to several thousand radians per second.

2.5 ROTATING MAGNETIC MOTIVE FORCE [4]

AC machines powered by an AC voltage source have been widely used to get the
mechanical power for the past hundred years after they were invented, because it
can be directly connected to an AC utility grid. Among AC machines, the squirrel
cage induction machine has consumed more than 90% of the total electricity to
drive an AC machine due to its simplicity, ruggedness, and virtually no mainte-
nance as described in Section 1.1. The operation principle of all AC machines is
based on a rotating magnetic motive force (MMF). In this section the principle of
rotating MMF is described. An AC machine rotates with the interaction of the
magnetic materials of the rotor and the rotating MMF generated by a stator
winding current. As shown Fig. 2.19, by applying balanced three-phase AC voltage
to the three sets of windings spatially apart by 120°, each winding generates MMF.
The vector sum of an MMF by three sets of winding is equivalent to an MMF by a
rotating magnet.

If the numbers of turns of three windings are the same and the magnitude of the
current in each winding is identical but its phase is different by 120°, then the vector
sum of an MMF by three windings can be described as (2.31) at the orientation with an
MMF by a.

1 3 1 V3
Fop = zviaJrNib(—E +j§> +Nic<—§—j\/7_> (2.31)

where N is the effective number of turns of each winding. i,, iy, and i, current flows in
a, b, and ¢, phase winding, respectively. If the current is sinusoidal and its peak value is

Figure 2.19 Rotating magnetic motive
force (MMF) by three-phase windings.
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I and if the angular frequency of the current is w, (rad/s) and all currents are balanced,
then (2.31) can be rewritten as

1 3 2
Fupe = NI cos w,t + NI(— 3 +j§) cos (wet— ?n)

(2.32)

1 3 2 3
+NI(— E—j%)cos (wet—k ?n) = ENI[cos @t +jsin w,!]

The MMF in (2.32) is equivalent to the MMF by two windings spatially apart
by 90° whose number of turn is %N as shown in Fig. 2.20a. The current in each
winding is i, = I cosw,! and ig = I sinw,1, respectively. The MMF by these two
sets of winding is equivalent to the MMF by a winding, which is rotating with
angular speed, w,, and the current in the winding is constant DC and its magnitude
is I as shown in Fig. 2.20b.

Also, the MMF by a rotating winding can be equalized to the MMF by a rotating
permanent magnet as shown in Fig. 2.21. Such a rotating MMF can be understood

Number of turn;|
1.5N l ig=1Isinat

i, =1 cosaw,t
a
Number of turns:
1.5N

-

(a)

_—

Number of turns:
1.5N

G)—
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(b)

Figure 2.20 Equivalence of MMF by three-phase winding. (a) Equivalence of MMF by three-phase
winding to two-phase windings. (b) Equivalence of MMF of three-phase winding by a rotating winding
powered by a DC current source.
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Figure 2.21 Equivalence of MMF by
a rotating permanent magnet.

easily with a mechanical analogy as shown in Fig. 2.22. In the figure, three persons
are holding one end of a line spatially 120° apart. All the other ends of the line are
tied together to a small disc-shaped body. If each person pulls the line sequentially,
then the disc would rotate. If the force applied to the body by each person is ideal
sinusoidal and exactly spaced in time by 120° apart, then the motion of the disc
would be a perfect circle. But if each force is not sinusoidal and not 120° apart in
time, the motion would be a distorted circular shape. Like this motion of the disc, the
MMF of an AC machine would rotate, which is the reason for the rotation of the rotor
in all AC machines.

In Fig. 2.21, if a rotor has an asymmetric shape with respect to the rotating MMF
and is made by ferromagnetic material as shown in Fig. 2.23, then the magnetic
reluctance is different along the angle, 6,. If there is no external force to the rotor,
then the rotor rotates to minimize the reluctance. In this case, the instantaneous
angle of the rotating MMF, 6, and the angle of the rotor, 6,, would be the same
(0.—6, =65 =0).

As the dragging force to the rotor, which is a load torque, increases, the angle
difference, 605, increases. If the magnetic saturation is ignored, then torque generated
by the rotor and the rotating MMF for the minimization of the reluctance is maximum
when 6 is equal to 45°. Above 45°, the torque would decrease. Hence, if the load
torque including friction torque continues to increase above 65 = 45°, the rotor

/ f. = fcos [a)et + 23”]

Figure 2.22  Analogy of rotating MMF
to rotating movement by three forces.
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Figure 2.23 Operating principle of a synchronous reluctance machine (SynRM).

eventually stops. In this case the rotor could not generate DC torque in average, but
only generates ripple torque whose average is zero. The machine exploiting the
reluctance minimization principle under the rotating MMF is called a synchronous
reluctance machine (SynRM). If the rotor of the machine is driven by an external
prime mover such as an engine and a turbine, then three-phase AC voltage would be
induced by the residual flux of the rotor. If the stator winding is connected to the outer
circuit and the current flows, then rotating MMF would formulate. With the interac-
tion with this rotating MMF and the rotor driven by the prime mover, the electric
power is generated in the stator winding continuously. In this generating operation, the
angle difference, 65, is negative as in (2.33):

0.0, = 05<0 (2.33)

Like this example, in all electric machines based on the electromagnetic energy
conversion principles, the motor and the generator are inherently the same except
for the direction of energy (power) flow. Due to the virtue of the simple mechanical
structure of the rotor, the synchronous reluctance generator is widely used as a
generator in aero and military applications, where the reliability is the first concern.
The analysis of transient characteristics of this type of machine is described in
Section 3.3.4.

If a set of permanent magnets is mounted on the surface of the rotor as shown in
Fig. 2.24, the rotor rotates through the interaction with rotating MMF and the flux of
the permanent magnet. In this case, like a synchronous reluctance machine, if there is
no external force, then the angle difference is 8,—6, = 0. But unlike the previous
machine, the maximum torque occurs not at 45° but at 90°. The machine shown in
Fig. 2.24 is called a surface-mounted permanent magnet synchronous machine
(SMPMSM) because the magnet is mounted on the surface of the rotor. Also, in
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Figure 2.24 Operating
principle of a surface-mounted
permanent magnet synchronous
machine (SMPMSM).

this machine, if the rotor is driven by an external prime mover, then the machine acts as
a generator. The analysis of transient characteristics of this type of machine is
described in Section 3.3.3.1.

As shown in Fig. 2.25, if the permanent magnet is inserted inside of the rotor, then
the reluctance of the rotor would be asymmetry because the relative permeability of
the permanent magnet is almost unity like air. This type of permanent magnet machine
is called an interior permanent magnet synchronous machine (IPMSM).

In this type of machine, as a motor, not only torque due to the permanent magnet
but also torque due to the difference of the reluctance can be obtained. Hence the
versatile operating characteristics can be obtained. In this case the angle difference,
05_max, Where maximum torque occurs, is between 90° and 135°. If the torque due to
the reluctance torque is getting larger relative to the torque due to the magnet, then
05_max 18 getting nearer to 135°. The detailed description of this type of the machine is
given in Section 3.3.3.2.

In the case of the above-several-megawatt synchronous machine, where the
permanent magnet cannot provide enough excitation flux, or even in the case of
smaller power machines, the excitation flux can be obtained from a separately wound
winding, where excitation current flows. The winding is called a field winding, and as
shown in Fig. 2.26 the machine can be classified as a round rotor machine or a salient
rotor machine according to the shape of the rotor. In the case of above-multi-megawatt
and the above-several-thousand revolution/minute rotor speed machines, the round
rotor machine is usually used due to even distribution of a centrifugal force. The
synchronous machine, which has a field winding, is called a wound rotor synchronous
machine, and the torque and power factor of the machine as a motor, as well as the
generated voltage and power factor as a generator, can be manipulated by adjusting

Figure 2.25 Operating princi-
ple of an interior permanent magnet
synchronous machine (IPMSM).
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(a (b)

Figure 2.26  Rotor structures of a wound synchronous machine. (a) Round rotor synchronous machine.
(b) Salient rotor synchronous machine.

the field current, i;. In the case of the salient rotor machine, there is the torque due to
the difference of the reluctance like the case of the interior permanent magnet (IPM)
machine. But unlike the IPM machine, as shown in Fig. 2.26b, the reluctance at the
direction of the flux by field winding, which is the direct axis direction, is smaller than
the quadrature direction of the flux. In the wound rotor synchronous machine, the
instantaneous speed difference between the rotating MMF and the rotor induces
alternating voltage to the field winding, which results in a large AC current to the field
winding. To prevent such a current and to improve the transient characteristics of the
machine, damper windings are usually installed in the rotor of the large wound rotor
synchronous machine. The analysis of the machine with the damper windings is
described in detail in Section 3.3.

2.6 STEADY-STATE ANALYSIS OF A SYNCHRONOUS
MACHINE [5]

In the analysis of a three-phase synchronous machine drive system, the balanced
steady state means that all current and voltages of each phase is sinusoidal and apart by
120° in phase, the phase difference between voltage and current at each phase is
constant, and the speed of the rotor and rotating MMF is constant:
db./dt = db,/dt = const = w,, 6,—0, = 05 = const. In this case, even if there
are damper windings, no current flows through the damper windings in the steady
states. Also, the damper windings do not affect the analysis of the steady-state
characteristics of the machine. In the balanced steady-state analysis, like analysis of
the steady-state analysis of a three-phase AC circuit, the system is analyzed as if there is
a single-phase system such as only the “a” phase. And other phase (“b” and “c” phase)
responses can be obtained by considering simply a £120° phase difference. In the case
of the salient rotor machine including SynRM and IPMSM, it is difficult to describe the
steady-state characteristics by only a simple equivalent circuit. The analysis of this
type of machine is in Section 3.3, including the transient state.

In the cases of the round rotor and SMPM synchronous machine, the reluctance
is symmetry to the rotating axis, and the induced EMF at the stator winding is
synchronous to the rotor position. If the air gap of the machine is smooth, and there
is no eccentricity and no magnetic saturation, then the induced voltage would be
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sinusoidal. In Fig. 2.27, an equivalent circuit is shown under the above assumptions
using a so-called “phasor.” Usually, the armature (stator) winding resistance, Ry, is
much less than the synchronous reactance, Xj, at the rated speed as R, < X;. X of the
wound rotor synchronous machine is around 1 per unit (see Section 2.19), while that
of the SMPMSM is typically several tens of a percentage per unit because of a large
equivalent air gap of the machine, where the thickness of the permanent magnet acts as
an air gap.

In Fig. 2.27, the angular frequency of the voltage and the current is the same with
the rotating speed of MMF, w,, which is also the same with the rotating speed of the
rotor, w,. In the circuit, if the magnitude of R, is much smaller than that of X; and R,
can be neglected, then the load angle, 8, has the following relationship with the angle
difference previously mentioned:

5 =—0; (2.34)

Under the above assumptions, the current in the stator winding can be deduced as
follows:

_ Vy—E;cos0—jE;sind

I
JXs

(2.35)

Under the assumption of a balanced three-phase system, the input power to the
machine can be described by

—3V,E;sind

Py =3Re[V,-I]| = e
S

(2.36)
where * stands for complex conjugate and Re stands for real part of the complex
number. As seen from (2.36), if § <0, then the machine acts as a motor, and if 6 >0,
then it acts as a generator. If it works as a motor, the torque including friction torque
of motor itself in the balanced steady state can be given as (2.37) after neglecting the
internal losses of the machine such as the copper loss, the iron loss, and the stray
loss.

P3V,E;sind

2.37
2 w.Xj (2.37)

Te— L~

where P is the number of pole of the machine. It can be seen that the magnitude of
the load angle, |8|, increases as the load torque increases. The maximum value
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occurs when 8§ = —90°. If & is less than —90° (i.e., the magnitude of & is larger than
90°), then the machine would be out of synchronism, and it cannot generate
average DC torque. If the rotating speed of the machine is low, where the voltage
drop due the stator winding resistance is almost same magnitude compared to that
due to X, then the effect due to R, cannot be ignored. In this case, the maximum
torque occurs when 6 >—90°. As mentioned before, the magnitude of X; is almost
unity per unit, and the magnitude of the short circuit (Vy = 0) current of the
machine is almost unity per unit, which means that the short current level in the
steady state is almost the order of the rated current of the machine. However, if
short circuit occurs, due to the damper winding, and if there is damper winding,
then the transient value of X,, namely as X’;or X", is much smaller than the steady-
state value of X,. And the short current after the brief moment of the short circuit
would be much larger than the steady-state short-circuit current. But in the case of
an SMPMSM, even the magnitude of the short-circuit current in the steady state is
several times the rated current due to its smaller value of X;. So, this excessive
short-circuit current may result in demagnetization of the permanent magnet at
the short-circuit faults of an SMPMSM, and the magnet of the machine can be
damaged irreversibly. Normally, at the designing stage of an SMPMSM, the short-
circuit current level is investigated, and the machine is designed not to be
demagnetized even at the worst-case short-circuit fault. In the equivalent circuit
at Fig. 2.27, E; is proportional to the product of the rotating speed and the flux
linkage to the stator winding by the field current on the rotor as follows:

Ei = /lf-w,, = Kf-If~w,, (238)

where [y is the current flowing in the field winding of the wound rotor synchronous
machine, and K is a proportional constant decided by the number of turns of the field
winding and the structure of the magnetic circuit. If the saturation of the magnetic
circuit is neglected, K is a constant regardless of the operating condition. As seen
from (2.35) and (2.38), by changing the magnitude and direction of Iy, E; can be
adjusted and the phase and magnitude of the stator current can be controlled even
under the constant stator voltage. Hence the power factor of the machine can be
adjusted by controlling the field current. In Fig. 2.28, the phasor diagrams of

(@)

Figure 2.28 Phasor diagram of the terminal voltage and current of a round rotor synchronous machine
with different field current at motoring operation. (a) Lagging power factor operation. (b) Unit power factor
operation. (c) Leading power factor operation.
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the motoring operation of the synchronous machine after neglecting R, are shown in
the case of leading, unity, and lagging power factor, respectively. In the figure, ¢, isa
power factor angle.

Like the above phasor diagrams, by controlling I;, the power factor of the
machine can be adjusted under the same terminal voltage and the same output power.
As Iy increases, the power factor varies from lagging to leading in the case of motoring
operation. Using this feature of the machine, the large power round rotor synchronous
machine had been used as a device to improve the power factor of the distribution
network of the power system. The machine for this application is called as a
synchronous phase shifter. But with the development of the power electronics, the
synchronous phase shifter was replaced by a static var compensator consisted with
power semiconductors such as thyristors or IGBTs.

By exploiting the characteristics that the terminal power factor can be a
leading power factor with overexcitation of the round rotor synchronous machine
whose field flux is supplied by external field winding, the speed of the machine can
be controlled by a simple thyristor bridge circuit as shown in Fig. 2.29. The
thyristors are commutated sequentially by turning on the next thyristors due to
the back EMF voltage, E, of the machine (load commutation) in the case of
leading power factor operation. Such a variable-speed drive system using a large
wound rotor synchronous machine fed by the thyristor bridge is called a load
commutated inverter (LCI) system or a thyristor motor, and it had been used
widely from the 1970s until the 1980s. But, with the development of self-
commutated power semiconductors such as IGCT, IEGT, and IGBT, the system
had been faded out faded out except extremely large motor drive.

In the case of an SMPMSM, because the excitation flux is provided by the
magnet and it is constant, the magnet can be modeled by an ideal current source.
Usually to get the maximum torque per ampere (MTPA), the phase of the stator
current phasor is kept to be the same with the phase of EMF phasor as shown in
Fig. 2.30. In this kind of MTPA operation, the power factor of an SMPMSM is
always lagging.

A
ﬁ ﬁ §Z §Z Wound rotor synchronuous

machine <
' W 1
~N) W =
A AN T
Thyristor Bridge

Figure 2.29 Circuit diagram of a thyristor motor (or LCI system).
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Figure 2.30 Phasor diagram in the case of
MTPA operation of SMPMSM.

2.7 LINEAR ELECTRIC MACHINE

For the application where the linear motion is required, the rotary motion of an electric
machine is converted to the linear motion with a proper mechanism such as ball and
screw, wheel and rail. However, the conversion of the motion through the mechanical
devices has several demerits such as increased weight and volume, poor efficiency,
less stiffness, and less accuracy in positioning due to the backlash and the Coulomb
friction. Because of these demerits, the linear machine is getting widely applied to the
application where highly accurate and fast positioning of the linear motion is the first
concern. All the electric machines mentioned previously—DC machine, induction
machine, permanent magnet AC machine, and wound rotor AC machine—can be
implemented as a linear machine, but an SMPMSM is widely implemented as a linear
electric machine. In this case the control characteristics are almost the same as the
rotary motion SMPMSM except for a slight difference due to asymmetry of the
magnetic circuit. In Fig. 2.31, the photo of a linear SMPMSM is shown. The linear
machine can be classified by a moving magnet type and a moving coil type. The
machine in the figure is a moving coil type, where the magnet is fixed and it is installed
at the stator, and the coil on the mover is moving according to the motion. Hence, the
electric power line should be connected to the mover via a flexible wire harness. In the

Figure 2.31 Moving-coil-type linear permanent magnet synchronous machine.
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case of a less-than-several-meter stroke, a moving-coil-type linear machine is widely
used because of its simplicity of the control.

2.8 CAPABILITY CURVE OF SYNCHRONOUS MACHINE

2.8.1 Round Rotor Synchronous Machine
with Field Winding

From the equivalent circuit at Fig. 2.27, if the magnitudes of the terminal voltage,V,
and line current, I, are limited, then the capability curve of the synchronous
machine is similar to that of the separately excited DC machine. In the region where
the speed is less than the base speed, wy, referred to as the constant torque operation
region, if R, < w,Ly, then the same phasor diagram shown in Fig. 2.30 can be drawn
for the round rotor machine with the constant field winding current for MTPA
operation. L stands for synchronous inductance, which is the sum of leakage
inductance, Lj, and magnetizing inductance, L,,. The rotational angular speed in
electrical angle, w,, is the same with the angular speed of rotating MMF, w,, in the
steady state.

InFig.2.30 we have X; = jw.L,, and EMF can be represented as E = K¢ Iy, /8 in
phasor. (For motoring operation, 0 is negative.). If V; is controlled proportionally to
w.—thatis, Vi = K, - w,—then the shape of the phasor diagram in Fig. 2.30 does not
vary regardless of the variation of w,. Here, K, is a proportional constant. The shape of
the phasor diagram can be kept until V; reaches to its limiting value,V; = Vji,. The
torque in this operation mode can be represented as (2.39) from the phasor diagram
and (2.35), (2.37), and (2.38):

- SX\|IY| -KfIf *We

T,
2
ﬁXYwe

= %P~ L| - Kry (2.39)

Hence, the field current, I, is kept as constant, which is the rated value, then
torque, 7,, can be maximized under the limiting condition of the armature (stator)
current, |I;| = L. In this operating region, the maximum torque with the current
limitation, |I;| = Iy, is always the same regardless of the operating speed, w,, as seen
from (2.39). Also, this operation region is called a constant torque operation region. If
w, 1s quite small and the magnitude of R, is comparable to w,Ly, then the voltage drop
due the resistance of the stator winding, R, should be considered. So, in this case the
armature voltage should be controlled as V; = Ry, + K we.

Above the base speed, wy, if I is controlled as the rated value, then the terminal
voltage would be above the rated value, which is the limiting value of the machine. So,
to keep the terminal voltage equal to the limited value as |V,| = Vjin, the field current
should be decreased according to the speed above the base speed. In this operating
region where the field current should be reduced, the R,, is sufficiently small compared
to the magnitude of w,Ls, and the voltage drop due to R, can be neglected. Also, the
copper loss in Fig. 2.27 can be neglected. Furthermore, if the iron loss and the stray
loss of the machine are neglected, the output power of the machine is the same as the
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5 > > Figure 2.32 Maximum torque per ampere
| (MTPA) operation of a round rotor synchronous
: hdl machine with field winding under limited voltage
E " and current condition after neglecting the voltage

drop of stator winding resistance.

input power of the machine. Under these assumptions, to get maximum torque per
ampere (MTPA) with both the limitation of the voltage and current, the power factor of
the machine should be kept as unity. The phasor diagram in this operation is shown in
Fig.2.32. With the increase of w,, I should be reduced to keep the shape of the phasor
diagram in Fig. 2.32. In this operation, the air gap flux of the machine decreases as the
speed increases, and the available maximum torque also decreases exactly propor-
tional to the inverse of the speed as shown in (2.40). This operation region is called
the field weakening region.

_ 3 p ViimZlim

T,
) w,

(2.40)

Between this field-weakening region and the previously described constant-
torque operating region, there is a brief operating region where the power factor
angle, ¢, decreases from |8| to null. In this operating region, the voltage and current
are both at their limiting values, Vg = Vyiy, and |I| = I, while the power factor
angle varies according to the operating speed, w,.. The torque in this operating mode
decreases according to the speed, w,, but is not exactly inversely proportional to
the speed.

Unlike a separately excited DC machine, because there are no commutation
problems in the synchronous machine, the torque inversely proportional to the speed
can be obtained up to the speed where the mechanical problems occur due to
centrifugal forces. After considering the above characteristics of the constant torque
control and field weakening control, the capability curve of a round rotor synchronous
machine with separate field winding can be drawn as shown in Fig. 2.33.

Because the mechanical output power is the product of torque and speed, the
output power is constant in the overall field-weakening region. In the case of a salient
rotor synchronous machine, the similar capability curve can be drawn, but in this case
it should be noted that there is another torque that comes from the difference of
reluctance.

2.8.2 Permanent Magnet Synchronous Machine

In the case of the permanent magnet synchronous machine, where the reluctance
difference is almost none or small (less than 20%), most of the torque occurs through
the interaction with rotating MMF and the flux of the permanent magnet. In this case
the air gap flux is almost constant, and the flux-weakening region is very narrow.
So, the capability curve of such a machine can be drawn as shown in Fig. 2.34, where
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the torque decreases rapidly above the base speed. Even in this type of the machine,
the flux-weakening region can be extended by improving the control methods. The
detailed discussion of the improved flux-weakening control method for this type of
machine is given in Section 5.4.2.

2.9 PARAMETER VARIATION OF SYNCHRONOUS
MACHINE

2.9.1 Stator and Field Winding Resistance

The stator and field winding of the synchronous machine is usually made by copper
wire, and the resistance of the copper varies according to the temperature as shown
in (2.41). Also, the resistance of the copper varies according to the frequency of the
current flowing in the winding because of the skin effect. The normal frequency range
of the current flowing in the stator winding of the conventional AC machine is less
than a couple hundred hertz, and the stator winding is usually made by a stranded
copper wire for easy manufacturing. So, the skin effect can be neglected in most of the
general-purpose synchronous machines. Even in the field winding, the field current is
normally DC, and the skin effect can be neglected.

235 + T)

30 (2.41)

Ryar = Rysec <
where T stands for temperature in °C, and R,75°¢ for the resistance value of the winding
at 75°C.

2.9.2 Synchronous Inductance

The synchronous inductance, which is the sum of a mutual inductance and a leakage
inductance, is dominated by the mutual inductance, which varies according to the air
gap flux, which is a vector sum of the flux by field winding and the flux by the stator
winding. Because of the relatively large air gap in the g axis, in the case of the salient
rotor synchronous machine with separate field winding, the variation of the synchro-
nous inductance at the d axis, Ly, where the flux by field winding lies, is larger than that
of the synchronous inductance at the ¢ axis, L,, which is the quadrature to the d axis.
That is because the saturation occurs more easily in the magnetic circuit where the air
gap is smaller. However, as shown in Fig. 2.35, in the case of an interior permanent
magnet synchronous machine IPMSM), where the magnet lies at the d axis and the
permeability of the magnet is almost same as that of the air, the equivalent air gap at
the d axis is much larger than that of the ¢ axis. Hence, the variation of the inductance
at the d axis is smaller than that of the inductance at the ¢ axis. The equivalent circuit of
this type of machine is considered in Section 3.3.2.2. The g-axis inductance, L,, of an
IPMSM for a traction application can vary up to several times according to the
operating condition. The inductance decreases as the magnitude of the current at the
q axis increases.
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Figure 2.35 Stator winding and magnet
structure of a four-pole interior permanent

magnet synchronous machine (IPMSM).

In Fig. 2.36, the variation of L, and L, of a typical IPMSM for the traction
application according to the magnitude of the current and to the angle of the current, 3,
at the d—q current plane, where angle 0° stands for the d axis and angle 180° stands for
—d axis. Hence, in the figure, 8 equals 90° means that all current is in the ¢ axis, which
is the quadrature to the d axis where flux by the magnet lies. Also, 8 equals 180° means
that all current is in the d axis, meaning that the flux by the stator current is against
the flux by the magnet, which means flux weakening by the stator current. In the
measurement of Ly, when B is near 90°, due to the difficulties in the control of the
current, the accuracy of the measurement degrades rapidly. If the values of L; and L,
in the range of 8 =90°-100° are neglected, then L, varies about 2.5 times and Ly
varies about 1.5 times in this specific IPMSM. These kinds of the variations of the
synchronous inductances should be considered in the design of the high-performance
IPMSM drive system. In Fig. 2.37, the capability curve of the above-mentioned
IPMSM is shown. From the figure, it can be seen that from 2000 r/min to 9000 r/min
the constant power operation by flux weakening control is possible under the voltage
and current constraints. The detailed description of the flux weakening control of
IPMSM is seen in Sections 5.4.2 and 5.4.3.

2.9.3 Back EMF Constant

In the case of a wound rotor synchronous machine, where the excitation flux is
provided by field winding current, the back EMF constant is mainly decided by the
field current. However, as mentioned in Section 2.5, in the case of the permanent
magnet synchronous machine where the excitation flux is provided by the magnet, the
field current, Ir, in (2.38) can be modeled as a constant value set by a current source.
Usually, the remanence of the magnet varies according to the temperature. Hence, the
back EMF constant, K¢, in (2.38), varies according to the temperature of the magnet
itself. The temperature coefficient of a ferrite magnet is typically —0.2%/°C, and
that of a NdFeBr (neodymium-iron—boron) magnet is typically —0.1%/°C. So, in
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Figure 2.36  Variation of synchronous inductances, L, and L, of 50-KW, 220-V, 20-pole IPMSM
for traction application.

the case of a NdFeBr permanent magnet synchronous machine, the back EMF
constant would decrease by 10% according to a 100°C increase of the temperature
of the magnet. In Fig. 2.38, the variation of the flux density according to the
temperature of NEOMAX-32H, one of the NdFeBr magnets, is shown. From
the figure, the temperature coefficient, «, is about —0.11%/°C, and the flux can be
represented as the function of temperature in (2.42)—(2.44).

B,(T) = By (1 ta IA—OTO) (2.42)
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Figure 2.37 Capability curve of 50-KW, 220-V, 20-pole IPMSM for traction application.

Jy = JB,‘ dA (2.43)

AT
where B, stands for remanence of the magnet at 30°C, Ay for flux of the magnet at
30°C, AT for difference between 30°C and operating temperature 7' (°C), and dA for
infinitesimal area where the flux passes. In Fig. 2.39, the back EMF waveforms of
IPMSM using NEOMAX-32H magnet at two different operating temperatures are
shown. In the figure, the operating speed is 1605 (r/min), constant at both waveforms.
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Figure 2.38 Variation of remanence of NEOMAX-32H magnet according to the temperature.
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Figure 2.39 Back EMF waveforms of 4-kW, 6-pole IPMSM made by a NEOMAX-32H magnet at
different temperatures. (a) 30°C. (b) 110°C.

The magnitudes of back EMF in rms through fast Fourier transformation (FFT) at two
temperatures, 30°C and 110°C are 7.62 (V) and 7.32 (V), respectively. Because, the
magnitude is set by the product of the speed and the flux linkage, /y, it is concluded
that /s varies according to (2.42)—(2.44).

Such a variation of the flux according to the temperature may also affect the
variation of the synchronous inductances through the variation of the level of the
magnetic saturation. But the variation of the inductance according to the temperature
variation would be minor compared to that according to the magnitude of the stator
current.

2.10 STEADY-STATE ANALYSIS OF INDUCTION
MACHINE

The induction machine is rotating based on the rotating MMF by the stator winding
current like the synchronous machine; but unlike the synchronous machine, the
induction machine has no reluctance difference and no excitation flux on the rotor by
the permanent magnet or by a separate field winding. The induction machine can be
classified according to the structure of the rotor as a wound rotor induction machine as
shown in Fig. 2.40, where three-phase windings are in the rotor and the terminals of

Figure 2.40 Conceptual diagram of a
wound rotor induction machine.
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Figure 2.41 (a)Rotor structure of a squirrel cage rotor induction machine with rotor conductors and iron
core. (b) Rotor structure of a squirrel cage rotor induction machine with rotor conductors only.

the windings are brought out, and a squirrel cage rotor induction machine as shown in
Fig.2.41. In the 20th century, the wound rotor induction machine had been used for an
adjustable speed drive system because of its simplicity of the speed control through
rotor winding terminals. But recently, due the development of power electronics, the
application of the wound rotor induction machine is limited except for a high-power
wind generation system. In this section, mainly the operation principle and the steady-
state characteristics of the squirrel cage machine will be discussed. But the same
principle works for a wound rotor induction machine. When the rotating MMF is
applied to the squirrel cage rotor, EMF is induced at the conductors of the rotor, and
EMF let the current flow in the conductor because the rotor circuit is short circuited by
the end rings as shown in Fig. 2.42.

The current in the rotor conductors, by the induced EMF, again generates a
rotating MMF. With the interaction between the rotor current and the rotating MMF
by stator current, the torque of the induction machine is generated. When the load
torque applies, the flux by the load current of the rotor is canceled out by the
additional stator current except for the leakage flux of rotor flux. Hence, the air gap
flux of the induction machine is constant regardless of the load condition if the
excitation current of the stator winding is constant. This is the same with the case of a

We

Figure 2.42 Current flow-
ing in the conductors of the

cage rotor with a rotating
@, MMF.
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transformer, where the flux by the load current of secondary winding is canceled out
by the flux generated by the additional primary winding current. So, there is no
armature reaction in the induction machine, inherently. If the leakage flux at rotor
and stator winding is neglected, then the air gap flux, the stator flux, and rotor flux are
the same in spatially and also in time. However, in the case of a synchronous machine
and a DC machine the air gap flux is the vector sum of the flux by a rotor winding or
by the permanent magnet and the stator flux by the stator winding current. Hence, the
air gap flux of synchronous machine and DC machine varies according to the load
condition. To prevent this flux variation, a DC machine has compensating windings
and commutating poles. However, in the case of an SMPMSM, where the air gap
flux is usually dominated by the permanent magnet, the flux by the stator winding
may be neglected.

The frequency of the current and voltage of the rotor conductor of the induction
machine is the difference between the angular frequency of the rotating MMF and that
of the rotating speed of the rotor. And, the slip angular frequency, which is the
frequency of the electrical variables of the rotor circuit, is given by

d
wy =—(0,—6 2.45
sl dt( e r) ( )
where 6, is the instantaneous position of the rotor in electric angle, and it can be
expressed as

P t
0, = fJ Wy AT+ 6, (2.46)
2 )o
where 6,, stands for the rotor position at t = 0 s, w,,, stands for the mechanical angular
frequency of the rotor in rad/s, and P stands for the number of pole of the induction
machine. The angular frequency of the rotor can be expressed as w, = g W, in electric
angle.

2.10.1 Steady-State Equivalent Circuit of an Induction
Machine [6]

The operation principle of the induction machine is the same as that of the
transformer, which is that the rotor current flows through the induced voltage from
the variation of the stator flux with regard to the rotor conductors. Similarly, in the case
of the transformer the secondary voltage is induced through the flux variation of the
primary flux with regard to the secondary conductors, whereas in the case of
transformer there is no relative motion between primary and secondary conductors
compared to the case of the induction machine. Because of no relative motion, the
angular frequency of the electrical variables of the transformer in both the primary and
the secondary windings are always the same. By using the steady-state equivalent
circuit of the transformer, the steady-state equivalent circuit of the induction machine
can be easily understood as follows by only considering the relative motion between
the stator and rotor conductors.
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Figure 2.43 Steady state per phase equivalent circuit of a squirrel cage rotor induction machine.

The slip of the induction machine can be defined as

We—w;

S= (2.47)

We

where w, = % and w, = % =L wp.

The equivalent circuit of the induction machine can be drawn as Fig. 2.43 using
the equivalent circuit of an ideal transformer.

In the figure, R, stands for the stator winding resistance, Xj; stands for the
stator winding leakage reactance, X;, stands for the excitation reactance, X;, stands
for the rotor winding leakage reactance, and R, stands for the rotor winding
resistance.

From the circuit, the excitation voltage, E,,, can be represented by (2.48) by using
the phasor method, which is usually used to analyze linear AC circuit in the steady
state.

Em - V‘v_(R.v +]le) Is (248)

where E,,; stands for the voltage in the phasor applied to mutual inductance, V stands
for the phase voltage in the phasor between the stator terminal and the neutral point of
Y connection of three phase stator winding, and I stands for the current in the phasor
flowing in a phase of the stator winding.

If the induced voltage to the rotor circuit is E, and the turn ratio between the stator
circuit and rotor circuit is 1:1, then (2.49) can be deduced.

|E/| = S|Ep| (2.49)

If there is no slip, S = 0, which means that the speed of rotating MMF and the rotor
speed is the same, then the induced voltage to the rotor circuit is |E,| = 0. In this case,
no current flows in the rotor conductors and no torque can be generated. That can be
easily understood from the principle of the induction machine mentioned previously.
And, when S = 1, which means that the rotor is stationary, then the induction machine
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Figure 2.44 Per phase equivalent circuit, where electric variables in the rotor circuit is referred to
stator side.

is the exactly same to the transformer. Because of the motion of the rotor, there is a
difference between the transformer and the induction machine in the analysis using
the phasor. While the frequency of the variables in the stator circuit is w,, that of the
variables in the rotor circuit is wy(= Sw,), and the reactance at each circuit is
JXm = jweLy,, jXis = jw.Ljs, and jX; = jogL; respectively. Here, L, means excita-
tion inductance of the machine, and L;; and L;, are leakage inductances of stator and
rotor winding, respectively. Such an inconsistency of the frequency makes it difficult
to simultaneously analyze both stator and rotor circuit. In particular, because the
current and voltage of the squirrel cage rotor cannot be measured directly, the
variables in the rotor circuit can be referred to the stator side, like in the analysis
of the transformer where the secondary variables are usually referred to the primary
side. If the variables at the rotor circuit are referred to the stator circuit after
considering slip, then an equivalent circuit as shown in Fig. 2.44 can be drawn,
where the ideal transformer is stationary. Instead, the rotor resistance varies according
to the slip.

InFig. 2.44, the angular frequency of both stator and rotor circuits is the same as
w,. And if the magnitude of the referred rotor current, I} is the same as that of the
actual rotor current, I, then the impedance of the rotor circuit referred to the stator
side should be increased to 1/S of its actual value because the induced voltage
referred to the stator side is increased to 1/S of its actual value. So, the rotor
resistance should be 1/S of its actual value as shown in the figure. But the leakage
reactance referred to stator side, X, is already increased because the frequency of
the rotor circuit has been increased from wy to w.[= (1/S)wy]. The actual para-
meters of the rotor circuit such as Lj, R, cannot be easily measured. Instead, it is
deduced from the tests such as the no-load test and the locked rotor test done in
the stator side, and the deduced rotor parameters and the calculated rotor current
from the tests are inherently the values referring to the stator side such as XJ, and I;.
Moreover, the control of the squirrel cage induction machine is always done in the
stator side, and the equivalent circuit can be simplified by omitting the ideal
transformer as shown in Fig. 2.45, where all rotor variables are expressed at the
stator side without the prime symbol ('), which means the referred variable.
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Figure 2.45 Simplified per phase equivalent circuit of an induction machine.

Using the circuit in Fig. 2.45, the characteristics of the induction machine can be
investigated by using the phasor method like the case of a simple AC circuit.

From the circuit and phasor of the stator and currents, the losses due to the
winding resistances—that is, the so-called copper losses—can be represented
as (2.50) in the case of a three-phase induction machine.

R,
Peopper = 3 <RY|IS|2 + |I,|2> (2.50)

The air gap power, Pg,p, defined as the power transmitted from stator to rotor
through the air gap can be represented as Re [3Em I:] using the complex power
theory of the phasor method in the case of three-phase balanced circuit. To consider
the copper loss by the rotor resistance, R,, in the rotor circuit, the resistance can be
segregated to R, and %Rr. Then the circuit in Fig. 2.45 can be redrawn as the circuit
in Fig. 2.46, where the power consumed at the resistance, I—ES R,, can be considered as
the mechanical output power, P,,, and the power consumed at the resistance R, can be
considered as the rotor copper loss.

Then, P,, can be expressed as

1-S
Py =3-|L* —~ R (2.51)

R jaolLy=iX, P jaLy=iX,
—_—

o A\ o T
* [
s r R,
v E. % JOL=j X
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s
(e}

Figure 2.46 Equivalent circuit of an induction machine where copper loss due to the rotor resistance
is separately considered.
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From (2.51), the torque of the machine at the operating speed, w,,,, can be
deduced as
Py, Py, _ PPy _ P R,

T =—=—=—— — — 3_—
Com (1-S)wed 2 w. 2 Sw,

P R
L>=3>. .-
LP=37

I 2.52
oy L (2.52)

As seen in (2.52), the torque can be expressed using the air gap power, Pg,p, and the
synchronous speed, @, = w./(P/2).

The input power to the machine is Re[3V,I], and the power factor angle is
defined as the difference of the phase of V; and I;. The mechanical power, P,,, and
the torque, 7,, at synchronous speed, w, = w,(S = 0), is null, because there is no
current at the rotor circuit, |I,| = 0. However, at zero speed, o, = 0(S = 1), while
mechanical power is zero, the torque can be represented as (2.53) by inserting
S=1in (2.52).

P 1
T,y = E3\1,.|2 Ry — (2.53)

e

From the circuit in Fig. 2.45, the air gap voltage, E,,, can be expressed as

R,
E, = <jX1,. + S) I (2.54)
The power factor at the air gap can be represented by
R,
_ S
cose, = (2.55)

2 R\’
X+ (5

The torque can be expressed in terms of I, ¢,, and E,, as
P 1
T,=3- = |Ey| coso,|I,| — (2.56)
2 W,
The air gap flux, N\,,;, can be defined as
E,,

Jwe

A (2.57)

And, the torque in (2.56) can be expressed in terms of the air gap flux and rotor
current as

T,=3-

(STl

: |)\m| : ‘Ir|COS(}'),, (258)

The slip of a standard NEMA B-type general-purpose induction machine (see
Section 2.13), if the output power of the machine is above several kilowatts, is less
than 5%, and X;» < R,/S. Hence, in (2.55), the power factor at the air gap can be
approximated as cos¢, ~ 1. With this approximation, the torque in (2.58) can
be expressed as simply the product of the magnitude of the air gap flux and that
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Figure 2.47 Equivalent circuit considering iron loss.

of the rotor current. This expression for the torque of the induction machine is very
similar to that of DC machine in (2.4).

At the circuit in Fig. 2.46, a resistance paralleled to excitation (magnetizing)
inductance, L,,, can be added to express iron loss of the induction machine as shown in
Fig. 2.47. The effects of the resistance, R,,, for the iron loss, to the torque is less than a
few percentages, and it can be easily ignored. However, to evaluate the efficiency and
the no-load power factor, it should be considered. Usually, in the case of the standard
general-purpose induction machine the iron loss is almost same as the copper loss at
around 80% load condition at the rated speed, where the efficiency is maximum. So,
the efficiency evaluated from the circuit in Fig. 2.46 is unrealistically high compared
to that from the circuit in Fig. 2.47, where the iron loss is considered together with
copper loss. In addition, the power factor at the stator terminal would be increased
remarkably due to the iron loss by R, in the case of no-load operation. However, the
power factor at the rated load condition by the circuit in Fig. 2.46 would be virtually
the same as the power factor in Fig. 2.47.

2.10.2 Constant Air Gap Flux Operation

To control the air gap flux, N,,;, as constant regardless of the variation of the stator
frequency, w,, the air gap voltage, E,,, in Fig. 2.45 should be adjusted as follows:

E, :jwe)\m = jow.Lyly, (259)

The rotor current can be expressed by the voltage, E,,,, and the slip angular frequency,

wS/? as
E"” p
I — (' |> il (2.60)
R}Z + (wlelr)z

where the slip angular frequency is given by wy = S - w,.
Equation (2.60) can be rewritten as (2.61) in terms of the air gap flux and slip
angular frequency.

Wy]

R)2 + (w.\‘l : Llr)2

|Il| = |)\m| (261)
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Usually in the case of the standard general-purpose induction machine, when the
load torque is less than rated value and the air gap flux is constant, the magnitude of
rotor current, |I,|, is proportional to wg as seen in (2.61), because R, >> wyLy, at this
operating condition. By substituting (2.61) into (2.52), the torque of the induction
machine can be represented as (2.62) in terms of the air gap flux and slip angular
frequency.

P 2 wyIR,

T, =3\, — 2 (2.62)
R;Z» + (wlelr)

2

Equation (2.62) can be approximated as (2.63) in the normal operating region where
Rr > ws/Llr-

P P2t

Te~35 Ml (2.63)

2

Equation (2.63) means that the torque of the induction machine is proportional to
wy, and proportional to the square of the air gap flux.

By differentiating (2.62) regarding wy, the slip frequency, where maximum or
minimum torque occurs, can be found as

R

Wyl _pk = :l:ir (264)
Llr

The torque at wy_py is called as the pull-out torque of the induction machine with

the given constant air gap flux. The pull-out torque can be calculated by substitut-

ing (2.64) into (2.63) as (2.65) in both motoring and generating cases.

1

P 2
Te_pk = iSE . |)\m| . L_b

(2.65)

It can be noted that the pull-out torque is independent on the rotor resistance, and
it is decided only by the rotor leakage inductance under the constant air gap flux
operation. If the air gap flux is kept as constant, then the stator voltage per phase, Vj,
can be expressed as

Vi = joehn + (R +jXi5)Ls (2.66)
If w, is large enough, then the following inequality holds.
N - @e = [Ep| > |(Ry +Xi)L| (2.67)
Then the phase voltage can be approximated by the air gap voltage as
Vsl ~ [N - e (2.68)

Hence, in the operation region where (2.67) holds, if the phase voltage is adjusted
as (2.69), then the air gap flux can be maintained as constant. In the case of the
standard induction machine, if rated output power is above several kilowatts
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and the stator frequency is above 20% of the rated value, then (2.67) generally
holds.

A%
w—S = |\;u| = const (2.69)

Equation (2.69) means that only by adjusting the phase voltage proportional to the
stator frequency the air gap flux can be controlled as approximately constant. This kind
of approximated constant air gap flux operation is called as V/F control of the induction
machine. However, the frequency, w,, is getting smaller and the magnitude of the air
gap voltage, |N\;| @, = |E,|, is comparable to or less than the magnitude of
the voltage drop of the stator impedance, |(R; + jXjs)I|; thus the voltage drop should
be considered in the control of the stator voltage. Also, if the frequency is small enough,
then R; > Xj;. In this operating condition, the voltage drop of the stator impedance is
almost the same as the drop by stator resistance as |(R; +jXj5)I| = R;|L|. Considering
the overall frequency range, to keep air gap flux as constant, the magnitude of the stator
voltage should have the relationship with the frequency as shown in Fig. 2.48. The
voltage at zero frequency, R;|I|, is referred to as the voltage for torque boost or simply
as the voltage for IR compensation.

2.11 GENERATOR OPERATION OF AN INDUCTION
MACHINE

From the circuitin Fig. 2.46, If slip, S, is negative, which means that the rotating speed
of the rotor is larger than the speed of the rotating MMF, then the mechanical output,
P, s negative. And, in this case the induction machine operates as a generator. If the
induction machine is driven by a prime mover to set the slip as negative, then the
resistance IESRr in the equivalent circuit, which represents mechanical output, is
negative. In this case if the current flows through the negative resistance, the power is
not consumed but generated. Unlike the synchronous machine where always excita-
tion flux is provided by the field current or the permanent magnet, the induction
machine cannot be operated as the generator if there is no excitation current at the
stator winding provided from the external circuit. As understood from the equivalent
circuit, if the stator terminal of the machine is not connected to the external circuit,
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then rotating MMF cannot exist. Hence, there is no induced voltage to the stator
winding by simply rotating the rotor by the prime mover. If the induction machine is
connected to the external source, whose angular frequency is w, and the rotor of the
machine is driven as w, > w,, then the source would provide the reactive power (VAR),
3%, - Ly 2, to the machine, and the prime mover, which rotates the rotor of the
machine, provides active power (Watts) to the source. Here, a part of the active power
provided by the prime mover through the rotor axis is used to cover the losses of the
induction machine itself, and the remaining active power is transmitted to the source.
The active power to the source can be expressed as (2.70), neglecting the iron loss,
windage loss, friction loss, and stray loss of the induction machine.

Pou =T, - 0y —3|L[* - Ry=3|L[’R, = 3Re[V, - I} (2.70)

where T, is the torque of the prime mover. In addition, for the real machine there is the
iron loss, windage loss, friction loss, and stray loss, which are not considered in (2.70).
So, the actual power transmitted to the external circuit would be less than the power
calculated by (2.70).

In Fig. 2.49, the variations of the magnitude of the stator current and mechanical
power of a 22-kW, 60-Hz, four-pole induction machine are drawn with the variation of
the slip from—1 to 1. In the figure, iron loss, windage loss, friction loss and stray loss is
not considered. When the slip is negative, the machine operates as a generator, where
the mechanical power means input power to the machine. In the figure, the asymmetry
regarding the vertical axis comes from the internal copper loss of the machine. When it
operates as a motor, the loss is covered by the electric input power and the mechanical
power is less than the electrical input power. However, when it operates as a generator,
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Figure 2.49  Steady-state characteristics of a four-pole, 220-V, 75-A, 60-Hz, 22-kW induction machine.
Ry =0.044Q, R, =0.0252Q, L;; = 0.55mH, L;, = 0.47mH, L,, = 12.9 mH.
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the mechanical input power covers the loss and the mechanical power is always larger
than the electrical output power.

2.12 VARIATION OF PARAMETERS OF AN INDUCTION
MACHINE [7]

Like the synchronous machine, the parameters of the equivalent circuit of an
induction machine in Fig. 2.47, R, R,, L,,, L, L;, R, vary according to the
operating conditions such as temperature, operating frequency, air gap flux, and the
magnitude of the current. Also, the parameters of all electric machines including DC
machine, AC machine, and transformer vary very widely according to the rated
voltage, speed, and frequency. Hence, it is very difficult to compare the characteristics
of the machines when their size, voltage, and frequency are different. For the
comparison, the per unit method could be a helpful tool. By using the method, the
parameters of the electric machine can be easily compared even if their operating
voltage, frequency, and power are different. Also, the trends of the parameters
according to the power or the frequency can be easily understood. The detailed
description about per unit method is in Section 2.19. The power, voltage, current,
frequency, speed, and impedance in per unit have no physical unit and they are relative
values to the base values. In addition, the measurement and/or the estimation of the
parameters of the electric machine drive system including the inertia and the friction
coefficient is described in Appendix A.

2.12.1 Variation of Rotor Resistance, R,

The rotor resistance varies according to the frequency, wy, of the current flowing in the
rotor conductors. Usually, the rotor conductor is made by aluminum- or copper-based
alloy, and the resistance varies by the skin effect, which means that the current tends to
flow on the top surface of the conductor as the frequency of the current increases. So,
the resistance increases as the frequency,wy;, increases. By exploiting the variation of
the rotor resistance due to the skin effect, the starting torque of the induction machine
can be enhanced without any penalty in the running efficiency. In the starting, the slip
is unity and wy = w,. At normal running condition, the slip is quite small, and
wg K we. S0, the rotor resistance may be set to be large at the starting and small in the
running. From (2.53), the starting torque is decided by the rotor resistance, and
the larger resistance means higher starting torque. But the running efficiency can be
improved with the reduced rotor resistance due to the reduced frequency of the current
flowing in the rotor conductors. To maximize the skin effect, the rotor bar of the
squirrel cage rotor induction machine can be designed as shown in Fig. 2.50, where the
resistance varies remarkably according to wy;.

In addition to the skin effect, the resistance varies according to the temperature of
the conductor as mentioned in Section 2.9.1. If the rotor conductor is made by a
copper, then the rotor resistance varies according to the temperature coefficient of
copper as (2.41).
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Figure 2.50 Shapes of rotor conductors of the cage rotor of the induction machine to maximize skin
effect for improvement of the starting characteristics.

2.12.2 Variation of Rotor Leakage Inductance, L,

The rotor leakage inductance, Ly, is affected by the skin effect, and the inductance
decreases as the frequency, wy, increases. In addition to the skin effect, the leakage
inductance is affected by the magnetic saturation of the leakage flux in the rotor
core. This variation due the magnetic saturation is severe in the case of the closed
slot cage rotor, where the narrow area (the so-called bridge) in the front of the
conductor can be easily saturated even with a moderate rotor current as shown in
Fig. 2.51.

The typical variation of L; according to the magnitude of the rotor current is
shown in Fig. 2.52, where the value varies by severalfold. In the case of open slot or
semi-closed slot rotor shown in Fig. 2.53, the variation of the inductance is not severe
as the case of the closed slot. But there are still some variations even in the case of the
open slot or semi-closed slot.

2.12.3 Variation of Stator Resistance, R,

Because the stator conductors are normally made by a stranded wire, the skin effect
can be neglected. However, the variation of the resistance due to the temperature
should be considered as (2.41).

Figure 2.51 Distribution of the leakage flux of a closed slot cage rotor.
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Figure 2.52 Variation of rotor leakage inductance according to the magnitude of the rotor current.

2.12.4 Variation of Stator Leakage Inductance, L

The slot of the stator is normally open magnetically, and the variation of the leakage
inductance due to the magnetic saturation of the leakage flux is not severe compared to
that of the rotor leakage inductance of the closed slot rotor. But, still due to the
magnetic saturation, according to the magnitude of the stator current, several tens
percentages of the variation can be expected.

(a) (b)

Figure 2.53 Rotor slot structure that reveals less variation of the leakage inductance. (a) Semi-closed
slot. (b) Open slot.
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2.12.5 Variation of Excitation Inductance, L,,

The excitation (magnetizing) inductance varies according to the excitation current—
air-gap flux level, by several tens of percentages as shown in Fig. 2.54. If the excitation
current reduced from its rated value, the inductance increases slightly and decreases
with further decrease of the current.

2.12.6 Variation of Resistance Representing
Iron Loss, R,,

In Fig. 2.47, the resistance, R,,, represents iron loss varies according to the air-gap
flux, N\,,,, and the excitation frequency, w,.. The iron loss expressed by R, comes from
eddy current loss and hysteresis loss. The former is approximately proportional to
wg|)\m\2 and the latter approximately proportional to w§|)\,,,\1'6. Hence, R,, can be
modeled as (2.71) as a function of the air gap flux and the frequency.

K
Ry = (Ke-i- 7’1> (2.71)

We |Am ‘OA

where K, and K; are coefficients for eddy current loss and hysteresis loss,
respectively.

2.13 CLASSIFICATION OF INDUCTION MACHINES
ACCORDING TO SPEED-TORQUE
CHARACTERISTICS [8]

The induction machine is classified as A, B, C, D, or F type according to the torque at
the operating speed. This classification is prepared by NEMA (National Electric
Manufacturer’s Association) of the United States. The NEMA F type is a special one
that has small pull-out torque and small starting torque, and its application is very
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Figure 2.55 Torque-speed curve of a typical 22-kW NEMA B-type induction machine.

limited. The most widely used machine is NEMA B type, which reveals starting
torque more than 150% of rated torque of the machine and pull-out torque more than
200%. The typical torque—speed curve of NEMA B-type induction machine is shown
inFig. 2.55 along with the efficiency and the magnitude of the stator current, where the
parameter variations, except for the rotor resistance, according to the operating
conditions are ignored. The rotor resistance varies due to skin effect as mentioned in
Section 2.12.1. And that variation is important with regard to increasing the starting
torque while decreasing starting current.

In the case of a NEMA D-type machine, the slip where pull-out torque occurs is
quite large and sometimes it would be unity, which means that the peak torque occurs
at the start. And the starting current of NEMA D-type machine is limited, and starting
torque is quite high. The operating speed of this type of machine can be easily
controlled by simply adjusting terminal voltage of the machine. However, the
efficiency of the induction motor is always less than 1-slip, and the running efficiency
of NEMA D type of machine is poor, especially when the slip is large. NEMA A-type
machines reveal higher starting current and less starting torque, but the running
efficiency is the best among all types because of the smaller rotor resistance compared
to other types. For this reason, an A-type induction machine would be the best choice
if the induction machine is driven by a variable-voltage variable-frequency (VVVF)
inverter, where the starting current and starting torque can be regulated by a VVVF
inverter itself.

If the parameters of the standard NEMA B-type machine are represented in per
unit method (see Section 2.19), then they can be formulated empirically as (2.72)—
(2.76). These equations come from the physical limitations of the materials of the
machine such as current density of the conductors, the flux density of the core
materials, cooling conditions, and so on. If the pole pitch of the machine is set by 7, in
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meters, then the mechanical output power of a standard NEMA B-type induction
machine in horsepower (1 Hp =746 W) has the relationship with pole pair (PP)
as (2.72) [9]. From the pole pitch, other parameters of a NEMA B-type induction
machine have the relationship as (2.73)—(2.76). However, it should be noted that the
parameters in (2.72)—(2.76) are typical ones and because of the special design and
special application, the range of the parameters are quite wide.

7, = 0.084(Hp/PP2)*>  (meters) (2.72)
Ry =0.00337,'  (per unit) (2.73)
R, = 0.0041;1 (per unit) (2.74)
Xoe =Xis+ X =02 (per unit) (2.75)
X, = 10(x,/PP)">  (per unit) (2.76)

The parameters given by the above equations in the case of a four-pole machine,
PP = 2, can be expressed as shown in Fig. 2.56.

From the figure, it can be seen that X),, increases and R, and R, decrease as output
power of the induction machine increases. Hence, as the power of the machine is
getting larger, the power factor and efficiency are getting better. And, at the same
output power, as the number of the poles of the machine increases, X, decreases
as (2.76) and the power factor decreases.
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Figure 2.56 Parameter variations of a four-pole NEMA B-type induction machine according to output
power.
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2.14 QUASI-TRANSIENT STATE ANALYSIS [6]

The transient response of the induction machine due to the input voltage transient
for short period, where short period means that for that period the variation of the
rotating speed and that of rotor flux can be negligible, can be easily found without
the full analysis of the transient state described in Section 3.2. The variation of the
rotating speed is resulted from the variation of torque at the transient, but the
variation of the speed is quite slow compared to the variation of the torque due to
the low-pass filtering action of the inertia of the system. Also, the variation of the
(Lm + L/r)
R,
of above several-hundred-kilowatt induction machine, several milliseconds can
be considered as the short period.

If the induction machine was operated in the steady state just before the transient,
the machine can be represented as a circuit based on the phasor method as shown in
Fig. 2.57 during the quasi-transient.
where R; stands for the stator winding resistance as shown in Fig. 2.45, and Xk can

be represented as w.Lg, where Lgx = L+ LL,”TLLI’ approximately Lx ~ Lj+ L.
And E; in Fig. 2.57 is called the phasor voltage behind transient reactance which
is decided by the rotor flux and rotor inductance just before the transient as

expressed by

rotor flux depends on the rotor time constant (‘cr = ) . Hence, in the case

Ly, _ Ly R,

“Nio = o — 2.77
Lm +Llr " Lm +L]I‘ ’ S ( )

E = jw,

where I, is the phasor rotor current just before the transient. If the angular frequency
of the phasor of the stator voltage, Vj, is w,, then the operating frequency of the
circuit in Fig. 2.57 is w,. And if the stator circuit is opened suddenly and no current
flows in the circuit, Iy = 0 in the quasi-transient, then the operating frequency of the
circuit in Fig. 2.57 is the same as the rotating speed of the rotor in electrical angle,
W, = gw,.m. In this situation, it is assumed that the current flows through Xg
disappeared instantaneously through the sudden discharge of the current in Xk
during the opening of the stator circuit. This quasi-transient analysis is helpful to
deduce the transient responses of the machine at the open circuit of the stator or at
several induction machines tied to the same input line against the input line voltage
transient.

I R, Xk
—
- AvAY o

Figure 2.57 Quasi-transient equivalent
circuit of the induction machine.
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2.15 CAPABILITY CURVE OF AN INDUCTION MACHINE

The available maximum torque and speed range of the induction machine in the
torque—speed plane under the limited stator voltage and current magnitude
(IVs] < Viim, || < Lim), which is defined as the capability curve, can be obtained
by controlling the air gap flux in constant up to the base speed and by reducing the air
gap flux proportional to the speed above the base speed. The reason to control the air
gap flux as the constant value, which is normally the rated value, is that the rated value
maximizes the torque per ampere without the saturation of the magnetic circuit of the
machine. If the flux is set to above the rated value, then due to the magnetic saturation
the iron loss increases rapidly and efficiency drops with a little increase of the torque.
So, the benefits of the slightly increased torque at the same current are further offset by
the increased iron loss. As areverse case, if the flux is set to below the rated value, then
to get the rated torque more current should flow into the machine and the copper loss
increases rapidly. So, again efficiency drops.

Above the base speed, if the flux is kept as the rated value, then the magnitude of
the stator voltage, Vj, increases above the rated value, normally Vi, which is the
maximum value accommodated by the machine itself or by the electric power supply
of the machine. This situation is exactly the same to the case of DC machine or a
wound rotor synchronous machine. While in a DC machine and a wound rotor
synchronous machine the field winding current can be reduced for the field weakening
control, in the case of the induction machine and a permanent magnet synchronous
machine the rotating MMF should be adjusted with regard to the flux of the rotor to
reduce the air-gap flux. Because of no field winding in the case of the induction
machine and permanent magnet synchronous machine, the air gap flux should be
controlled by the stator current. Hence, in this case it is reasonable to refer to such a
weakening of the excitation flux as not the field weakening control but as the flux
weakening control. The flux weakening control of an AC machine is described in
detail in Section 5.4. Above the base speed, if the |\,,| is controlled as 1/w,, because
|E;| = @e|N\py| in the circuit at Fig. 2.46, |E,,| would be constant in the entire flux
weakening region. However, the impedance due to the leakage inductance of the rotor,
X = we.Ly, would increase as the frequency increases. Hence, if the slip is kept as
constant, then the magnitude of the rotor current, |I,|, decreases and that of the stator
current, |I|, also decreases. To keep the magnitude of the stator current as fjy, the slip
should be increased according to the increase of w, in order to keep |I,| as a constant
decided by the magnitude of the rotor impedance |Z,| = |% + jw,L;|:

2

(R_S,)2 + (weLlr>2

IL| = (2.78)

In the operating condition, where the magnitude of stator current is the limited
value, |I;| = Iin, and under the assumption that the limited value is equal or larger
than the rated value of the stator current, then Iy = I, + I, = I,. Also, in the case of the
standard general-purpose induction machine above several-kilowatt output power
range, at the normal running condition we have R, /S > w.L;,. To keep |I| as fjim, the
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slip should be constant and the slip angular frequency increases proportional to w,. If
the slip angular frequency, wgy, increases up to wy_p, which is the value where the
pull-out torque occurs, then the torque would not further increase with the increase of
wy. Hence, above that speed, the slip angular frequency, wy, should be kept as
constant as wy_p, and the magnitude of the rotor and the stator current decreases with
the further increase of the speed above that speed. It is referred to as a flux weakening
region 1, where |L;| and approximately |I,| can be kept as a constant like |I,| ~ Ijiy, by
controlling the slip angular frequency as the speed increases. And it is referred to as
flux weakening region 2 or as a characteristic region, where |I;| decreases as speed
increases. The available maximum torque in the region 1 is almost inversely
proportional to w, as seen from (2.57) and (2.58), where the variation of the power
factor of the rotor circuit is negligible. Hence, the slip angular frequency is small
enough compared to the stator frequency as w, > wy and w, ~ gwrm, then the output
power of the machine, given by P,, = T, - w,;,, can be maintained as a constant.
Hence, the flux weakening region 1 is called the constant power region. However, in
the flux weakening region 2, T, decreases inversely proportional to the square of w,
because |I,| decreases inversely proportional to w, in addition to the decrease of the
air-gap flux, N,,,. Hence the output power of the induction machine at the region 2
decreases inversely proportional to w,. The existence of this characteristic region in a
flux weakening control is an inherent difference between the induction machine and
other machines such as a DC machine or a synchronous machine.

In Fig. 2.58, the magnitude of the stator current, the torque, the slip angular
frequency, and the output power is shown under the limitation of the air-gap flux, the
stator current, and the stator voltage neglecting the voltage drop according to the
leakage inductances of the machine. From the figure, the variation of the torque and
output power in the constant torque region, as well as the flux weakening region
including a characteristic region, can be seen. If the voltage drop due to the stator
leakage inductance is considered, the stator voltage would increase under the
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constant air-gap voltage. Otherwise, the air gap voltage decreases under the
constant stator voltage, and the torque would be smaller than the value given by
1/w, in region 1 and by 1/w? in region 2. The detailed analysis including the
effects of the leakage inductance can be understood by solving problem 15 in this
chapter. The flux weakening control of the induction machine with the vector
control is described in Section 5.4.4.

2.16 COMPARISON OF AC MIACHINE AND DC MACHINE

2.16.1 Comparison of a Squirrel Cage Induction Machine
and a Separately Excited DC Machine [11]

The maximum stator current slew rate, di; /dt, of the induction machine is much larger
than that of even a specially designed DC machine for the variable torque operation.
While the slew rate of a DC machine is limited with the commutator and brush and it
would be less than 30 per unit/s, that of the usual induction machine for the variable
speed drives is over 200 per unit/s. Because the torque of the electric machine under
the constant flux is decided instantaneously by the stator current, the higher slew rate
of the stator current means higher slew rate of the torque, and finally higher torque
regulation bandwidth, which is a key factor for the high-performance servo drive
system. Furthermore, because of the mechanical reason from the commutator and
brush, the line speed of the commutator given by Vi o, = @ * Feoms WhEre Feop, 1S the
radius of the commutator, is limited. The product of the output power and the
rotation speed of a DC machine is usually limited to <2.6 x 10°kW-r/min, which
can be easily understood as following physical facts [10]. To increase the output
power of the machine, the physical size of the machine should be increased by
extending axial length and/or radius of the machine. However, the axial length is
limited by the bending of the axis, and the increased radius results in commutation
problems due to the increased line speed of the commutator. With these reasons, as
shown in Fig. 1.6, high-power and high-speed DC machine is very difficult to
manufacture. But in the case of the squirrel cage rotor induction machine, the power
and rotating speed can be increased as much as the stiffness of the rotor allows
against the centrifugal force.

In the viewpoint of the power factor, cos¢,, if a DC machine is controlled by a
three-phase thyristor full bridge circuit shown in Fig. 2.17, the power factor varies
widely according to the delay angle, &, because cos¢, < cosa [3]. However, the power
factor of a standard general-purpose induction machine varies from 0.2 to 0.9
according to the load factor. If the machine is controlled by a VVVF inverter, then
the power factor at the input utility line is decided independently with the power factor
of the machine itself. If the rectifying circuit of the inverter is a diode full bridge circuit
with some reactors, then the power factor at the utility line would be in the range of 0.9
regardless of the load factor of the induction machine.

Also, in the viewpoint of the inertia of the machine itself, the inertia of the
induction machine is generally smaller that that of a DC machine at the same rated
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power and at the same rated speed. With the smaller inertia, the slew rate of the speed
of the induction machine is larger than that of a DC machine and results in higher
acceleration capability. And the speed regulation bandwidth of the induction machine
can be extended. Again this is another key factor for the high-performance variable-
speed drive system. In the viewpoint of the protection gears such as circuit breakers
and overload relays, the breakers for a DC machine to cut off DC current of the
armature circuit at overload and overcurrent faults are expensive and bulky compared
to the breakers to cut off AC current of the induction machine at the same current level.
In the maintenance point, while a DC machine needs the regular maintenance due to
the commutator and the brush, the induction machine operating in the usual
application environment does not need any maintenance for several years or even
more. At stalled operation or at the extreme low-speed rotation, while the current of
the DC machine is concentrated to a few segments of the commutator and results in
local heating problem, the current of the induction machine is distributed to all the
stator and rotor conductors due to slip frequency even at stalled condition. Also in the
sense of the weight and volume, the induction machine is advantageous over the DC
machine at the same rated power and at the same rated speed.

In addition, the induction machine is advantageous over the DC machine in the
cabling. The input power to the DC machine and the induction machine can be
represented as (2.79) and (2.80), respectively.

Pinoc =1,-Va-Mpc (2.79)
Pinac = V3Ve_i|Ls|cosdm, ¢ (2.80)

The efficiency of the induction machine, 14, is generally equal to or higher than
that of the DC machine, 1. The power factor of a four-pole standard NEMA B-type
general-purpose induction machine above several-kilowatt power range is equal to or
larger than %% (~0.866). Hence, the area of the copper of the cable, which is
proportional to the current, and the insulation level of the cable, proportional to the
voltage, for the armature winding terminal is almost the same as that of the cable for
the induction machine if the number of cables—three cables for AC machine and two
cables for DC armature circuit)—is considered. However, in the case of a separately
excited DC machine, it needs two more lines for the field winding, though its current
rating is quite small compared to cable to the armature winding. One disadvantage of
the induction machine is the cost of the power converter to control the machine. In the
case of the variable-speed drive of an induction machine, a VV VF inverter is generally
used as the power converter. But in the case of a DC machine, a simple thyristor bridge
can be used, though its performance is poor. Still, a VVVF inverter is quite expensive
compared to the price of the thyristor full bridge in Fig. 2.17.

In conclusion, the squirrel cage induction machine is advantageous over a
separately excited DC machine in every aspect except the cost of power converter.
But with the developments of the power electronics, the cost of the power electronics
components, especially the price of microelectronics and power semiconductor, is
dropping down rapidly, and the advantage of the induction machine will become
dominant in the near future. Hence, in the recently installed variable-speed drive



92 Chapter 2 Basic Structure and Modeling of Electric Machines and Power Converters

system, regardless of the size and the speed, the choice for the variable speed/variable
torque is an AC machine whether it is a permanent magnet synchronous machine or an
induction machine, not a DC machine.

2.16.2 Comparison of a Permanent Magnet AC Machine
and a Separately Excited DC Machine

In addition to the merits of the squirrel cage rotor induction machine, the permanent
magnet AC machine has no copper loss in the rotor circuit. And, the efficiency of the
permanent magnet AC machine can be further enhanced even compared to that of the
induction machine. The power density and torque density of the permanent magnet
machine is the highest among DC machine and AC machine. Also, because the
excitation flux is provided by the permanent magnet, the flux can be maintained as
constant without any additional control means. Hence, the torque can be easily
controlled by simply adjusting the torque component current of the machine, which is
decided by the magnitude of the stator current and the relative position of the rotating
MMEF to the rotor position. The detailed description of the torque control of the
permanent magnet AC machine is in Section 5.1.2. But, the permanent magnet,
especially a neodium—iron—boron-based magnet, cannot be operated above 150°C.
Hence, the operation of the machine at an elevated temperature environment is
limited. Also, due to the centrifugal force applied to the magnet at the high speed, the
surface mount permanent magnet motor cannot be operated in the extreme high speed
without proper countermeasures. In the case of an interior permanent magnet (IPM)
machine, the higher-speed operation is possible but the torque control of the machine
and the optimal design of the machine are difficult due to the coupling of torque
component and flux component currents. However, due to the merits such as higher
torque density and accurate torque control, the application field of the permanent
magnet AC machine is getting wider. In particular, as the control and design
techniques of IPM machine is getting improved, the IPM machine is applied to the
various field of the industry, especially automotive industry as a traction machine of
the hybrid and electrical vehicle, where the flux weakening control is requisite.

2.17 VARIABLE-SPEED CONTROL OF INDUCTION
MACHINE BASED ON STEADY-STATE CHARACTERISTICS

The control of the torque and speed of the induction machine inevitably results in
transient states. However, if the variation of the torque and speed is slow enough, then
some control methods based on the steady-state equivalent circuit developed in
Section 2.10 can be used, though the control performances of these methods are
limited. However, for variable-speed drive of pump and fan motors, the methods can
be applied without troubles. Also, in the case of the synchronous machine a method
using constant air gap flux control based on the steady-state circuit in Fig. 2.27 can be
applied. The method has been used in the textile industry to run the multiple
synchronous reluctance motors together. But, again, the performance of the control
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method is limited. The control methods of AC machines based on the transient state
analysis are discussed in detail at Chapter 5.

2.17.1 Variable Speed Control of Induction Machine
by Controlling Terminal Voltage [6]

The torque—speed curve of induction machine varies according to the terminal voltage.
In Fig. 2.59, the torque—speed curves of NEMA B-type and NEMA D-type induction
machines in the steady state are shown at various magnitudes of the stator voltage.

With decrease of the terminal voltage (stator voltage) of the machine, the
magnitude of the air gap flux, |\,,|, decreases proportionally after neglecting the
voltage drop due to the stator impedance. As |\,,| decreases, pull-out torque decreases
proportionally to the square of |\,,| as seen by (2.65). The torque-speed curve of the
standard general-purpose induction machine, the NEMA B-type machine, varies
according to the terminal voltage. The operating point, which is the crossing point of
torque—speed curve of the induction machine and that of the load, varies from “a” to
“b” to “c” as shown in Fig. 2.59. But the speed variation itself due to the voltage
variation is small. However, the speed variation of NEMA D-type machine by the
same voltage variation is quite large and the operating point moves from “a” to “8” to
“y”. But, the operating efficiency drops as slip increases, because an inequality
in (2.81) holds regarding the efficiency, 7, and the slip, S.

n<(1-5) (2.81)
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Atoperating point, y, the slip looks like 35% and the efficiency would be less than
65%. In conclusion, it can be said that the variable speed control of a NEMA D-type
induction machine is possible by simply controlling the terminal voltage but at
the cost of the efficiency. In addition to the demerit of the efficiency, if the load torque
increases rapidly as shown in figure (77; — T}), the load torque may be above the
pull-out torque of the machine, the machine would be stalled, and the permanent
damage may occur in the machine and the power converter to control the magnitude of
the stator voltage. In the case of the synchronous machine, the speed is solely decided
by the stator frequency, and the speed cannot be controlled by the variation of the
terminal voltage.

2.17.2 Variable Speed Control of Induction Machine
Based on Constant Air-Gap Flux (~"Y/¢) Control [11]

As discussed in Section 2.10.2, if the terminal voltage and the frequency of the
induction machine is controlled to keep the air gap flux, |\,,|, as constant up to
the base speed, wp, and if above the base speed the frequency increases while the
voltage is kept as constant, the capability of the induction machine can be exploited
maximally. The block diagram of this control method is shown in Fig. 2.60. In

PWM Inverter

(Variable voltage variable
frequency controller, VVVF)

. v'  Voltage Induction machine
[0) * reference or synchronous machine

e
Angular frequency
reference

Lin J:

Block to limit accel.
rate against over

current faults
o) /O— /l{: . p /

" ? Gain for

e %‘ accel. rate VF Table

User command for
angular frequency

Figure 2.60 Block diagram of a variable-speed drive system based on constant air-gap flux (~ ¥ /) of
an AC machine.
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the figure, the block to prevent over current faults by limiting the acceleration and
deceleration rate is also included. The V/F table in the figure provides the
magnitude of the stator voltage, | V|, according to the frequency, w,, to keep
the air gap flux as constant. This constant air-gap flux control (=~ /r) can be
applicable to the variable-speed drive system of the synchronous machine, but the
magnitude of the load angle, |8/, should be always kept less than 90° to prevent out
of synchronization.

2.17.3 Variable Speed Control of Induction Machine
Based on Actual Speed Feedback [12]

In the control method shown in Fig. 2.60, as the load torque increases, the slip
increases. And even if the user command of operating frequency is fixed, the actual
rotating speed of the machine decreases as the load torque increases, and accurate
speed control is difficult. To overcome this problem, the actual speed can be fed back
to the controller to keep the operating speed as constant regardless of the load torque.
Because the slip angular frequency is almost proportional to the torque as seen
in (2.63), the speed controller of the induction machine can be designed similarly to
that of a DC machine. An example of the speed control method by the actual speed
feedback is shown in Fig. 2.61 as a block diagram. The torque control method only by
controlling the slip frequency in this figure is called a scalar control in contrast to the
vector control discussed in Chapter 5.

However, the method in Fig. 2.61 is based on (2.63), which only holds in the
steady state. Thus, the performance of the speed regulation is limited especially in the
transient states. Furthermore, in flux weakening range, because (2.63) is the approxi-
mation of (2.62) under the assumption that wgyL;, is much smaller than R,, the error
due to the approximation would be large as w, increases and wgyL; increases. In
addition to this error, the variation of the magnitude of the air gap flux in the flux
weakening region should be considered too. With these reasons, the accurate torque
control in overall operating condition is extremely difficult with this scalar control
method.

Nﬂ

Speed

Proportional and a) ),
integral % o ) e
(PI) controller N/
reference T +

a)rm 2
Actual speed

V/F table

Figure 2.61 Control block diagram of a speed control system of the induction machine using actual
speed feedback.



96 Chapter 2 Basic Structure and Modeling of Electric Machines and Power Converters

" Proportional
a ., and integral >~ 0
Reference (PI) controller e
speed A
w m
Estimated
speed [0} ‘7 .
F ——V ;
* Table
sl
Motor Motor
E— —
Generator -
Gen.— |
A
‘wxl

Figure 2.62 Block diagram of speed control of an induction machine using stator current magnitude
feedback.

2.17.4 Enhancement of Constant Air-Gap Flux Control
with Feedback of Magnitude of Stator Current

The method discussed in Section 2.17.3 has shortcomings such as the measurement of
the actual speed, and the method in Section 2.17.2 has shortcomings such as the speed
variation with the load torque. To overcome these shortcomings, the magnitude of the
stator current, which can be easily measurable, is used to compensate the speed
variation according to the load torque. Because the slip angular frequency is the
function of the magnitude of the stator current under the constant air gap flux
operation, the speed variation due to the load torque can be canceled out by increasing
the stator frequency by the slip frequency as shown in Fig. 2.62. This simple speed
sensorless control method is widely used in the field, where the moderate accuracy of
the speed control is required without any measurement of the speed.

2.18 MODELING OF POWER CONVERTERS

The power converters based on power semiconductors are widely used alone or
together with the electric machines to convert a form of the electrical energy to
another form. The converter can be modeled as an electronics circuit using the
simulation language such as SPICE. But, because of the fast enough response of the
semiconductors compared to other parts of the system connected to the power
converter, in order to understand the transient behavior of the over all system, the
power converter may be modeled as a linear or a nonlinear gain element with some
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time delay. In this section, typical power converters such as a three-phase diode/
thyristor rectifier, a PWM boost rectifier, two- and four-quadrant DC/DC converters, a
PWM inverter, and a matrix converter are modeled to incorporate with the electric
machines.

2.18.1 Three-Phase Diode/Thyristor Rectifier [13]

From a three-phase full-bridge-controlled rectifier shown in Fig. 2.63, by adjusting
the gating angle, «, the variable DC voltage can be obtained. In the case of the diode
rectifier, it is equivalent that the gating angle is zero at Fig. 2.63. And the output
voltage of the diode rectifier is fixed by the input AC voltage. If the filtering inductance
is large enough at the circuit in Fig. 2.63, the current through the inductor is
continuous. And if the internal resistance of the inductor can be neglected, then the
circuit can be represented as an equivalent circuit in Fig. 2.64, where the voltage drop
at the resistance stands for the voltage drop due to overlap angle in the rectifier by the
internal inductance of AC source, L;. At the circuit in Fig. 2.64, the voltage drop due
to Ly does not contribute to the loss of the system. It simply represents a drop
characteristic of the output voltage according to the output current due to the internal
inductance of AC source. In the figure, w, means the angular frequency of AC source.
The DC output voltage in Fig. 2.63 is the cosine function of gating angle, . Hence,
there is nonlinearity between gating angle and output voltage. However, if the gating
angle is obtained through the inverse cosine table as shown in Fig. 2.65, the output
voltage of the rectifier would be proportional to the control command, V..

In this case the output voltage, V;, can be represented in terms of the control
command, V., and output current, I, as

_2n ¢ 3weLx
Va=Ve——Vi e 7 —
Y

I (2.82)

L,; Filtering Inductance
Three-Phase o O
AC Source K ﬁ .
Id —_— +

Line-to-Linerms V; _;

DC
Output Vs

L ,
f

L: Source Inductance

Gating Angle, o

Figure 2.63 Three-phase-controlled rectifier based on thyristors.
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where 1; is Laplace transformation of DC output current i;. And e e represents
the average time delay, which is one-twelfth of a period of AC source. The delay
function can be approximated with the first-order low-pass filter, and (2.82) can be
simplified as

3v2 1 3w,Ly

Vy= V., Vi_
d T R rTs T

I (2.83)

where T; = - (seconds). In the case of a diode rectifier, where a = 0, the output
voltage can be expressed as

32 3w.Ly .
=— Vi_1— ;S<zd> (2.84)

Va
where (iz) is the average value of DC output current, iy. However, if the current, iy, is
discontinuous, then the output voltage is described as a solution of nonlinear
equations, and simple analytic expression of the output voltage is impossible. The
current in the armature winding of DC machine driven by a three-phase-controlled
rectifier can be described as the equations in Section 4.2.2.2 according to continuity
or discontinuity of the current.

2.18.2 PWM Boost Rectifier

The PWM boost rectifier shown in Fig. 2.66 is widely used to get DC voltage output
from three-phase AC utility source. The rectifier can provide boosted DC output, and
DC output voltage is usually larger than the peak of AC line-to-line voltage. The input
displacement power factor can be adjusted if needed. But, it is usually set as unity to
minimize loss of the system. By using this PWM boost rectifier, total harmonic
distortion (THD) of input AC current can be suppressed to meet the IEEE 519
standard. In some case, to cancel out the harmonics of the AC source actively, low-
order harmonic current can be synthesized together with a fundamental frequency
component of an AC source. Because of the bidirectional power flow capability, the
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Figure 2.66 Power circuit of a PWM boost rectifier and an input AC source.

rectifier in Fig. 2.66 acts sometimes as an inverter, which converts the electric power
from a DC source to an AC line. The frequency of an AC source may vary widely if the
AC source voltage comes from a variable-speed engine generator. Moreover, DC
output voltage would be varied if required. To keep the displacement power factor
(DPF) as unity, DC link voltage should be larger than the peak of line-to-line voltage
of the AC source, v/3V,,, where V,, is the peak of the phase voltage of the AC
source. If the AC voltage comes from an AC electric machine, there may be no need
to install an interface inductor, L;,.,, because of enough internal inductance of AC
machine. However, if the boost rectifier is connected to a utility line, where the
internal impedance is less than a few percentages of the rating of rectifier itself,
there should be an interface inductor as shown in Fig. 2.66 to suppress the harmonic
current to the utility line and to prevent the distortion of the voltage waveform of
the utility line. If THD is fixed as a constant value, then the inductance of the
interface inductor is inversely proportional to the switching frequency of the boost
rectifier. In the PWM boost rectifier, if the DC link is considered as input and the
AC line is considered as output, then from the equivalent circuit in Fig. 2.67

AC Source PWM Boost Rectifier
Lin/er i"‘ a
A .
s B Lps b
C i c
oo —

Figure 2.67 Equivalent circuit of a PWM boost rectifier.
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the output AC voltage can be described as (2.85) in terms of DC link voltage,
Va.

\%
Vn = de sin(w.t + ¢)

Vd . 2n
Vbn = m?sm Wl + ? +¢) (285)
Va . 2n
Vcn = M- el — —
m > sin| w 3 + ¢

where m is modulation index defined as the ratio between the peak of the phase
voltage, V,,,, and a half of the DC link voltage, V,;/2, and m = %’/2 Also, n is the
center point of the DC link as shown in Fig. 2.66 by a dashed line, and the point may
be a conceptual one to define the pole voltages. And ¢ is the phase difference
between AC source voltage and AC output voltage of the boost rectifier. The
modulation index, m, varies from 0 to 4/n according to PWM. The modulation
index, m, and ¢ can be changed by PWM at every half of the PWM period.

In the figure, if the AC line is a balanced three-phase source, then the voltage of
the source can be described as

Vas = Visin(w, 1)

. 2n
Vps = Vyusin | w,t + 3
(2.86)

. 2n
Ves = Vipsin| w,t— 3

where o, is the angular frequency of AC source voltage. If the loss of the boost
rectifier is neglected, then the relationship between the power from a AC source and
that to a DC link voltage can be deduced as

avy . . . . . . .
Vd <C7 + ldcl) = Vanlas + Vbnlbs + Vcnlcs = Vaslas + Vbslbs + Vcslcs (287)

where, C stands for the capacitance in the DC link and i, stands for the current going
out from the DC link as shown in Fig. 2.66. In the steady state, the displacement power
factor at the AC source can be controlled from lagging to leading by adjusting the
magnitude of the AC output voltage of the boost rectifier, V,,, Vi, and V,,, as shown
in Fig. 2.68.

As seenin Fig. 2.68, at given output power, the magnitude of AC voltage of the
boost rectifier, |V,,|, in lagging power factor operating mode is the smallest among
three operation modes, namely lagging, unity, and leading modes. Hence, even if
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Figure 2.68 Phasor diagram of a PWM boost rectifier under the constant output power and constant
AC source voltage at different displacement power factor (Vy, V,,, and I; are phasors of AC source
voltage excluding voltage drop by the internal inductance, phasors of PWM boost rectifier AC voltage,
and AC source output current, respectively.) (a) Lagging power factor. (b) Unit power factor. (c) Leading
power factor.

DC link voltage is smaller than the peak of line-to-line voltage of AC source, the
PWM boost rectifier can still be operated by maintaining the displacement power
factor as lagging.

2.18.3 Two-Quadrant Bidirectional DC/DC Converter

In Fig. 2.69, a circuit diagram of a two-quadrant DC/DC converter is shown, where a
DC voltage source, V, can be connected to another DC voltage source, V;, whose
magnitude is larger than the magnitude of V. The electric power can be transferred
bidirectionally, and both DC sources can act as a source or a load. If current flowing
out from the smaller DC source, iy, is continuous and the duty factor of a switch Q is
denoted as D, then the average voltage equation between two DC sources for a

Q1 + T
y Laer
DC
Linn»r Lmk Vd
—— 00— J_
> C —~
ls

DC Source Q2

LG

Figure 2.69 Power circuit of a bidirectional two-quadrant DC/DC power converter.
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switching period can be derived as (2.88) under the assumption of the negligible losses
of the converter and inductors.

V= V,D (2.88)

Also, the average currents in both DC sources for a switching period have the
relationship shown in (2.89) under the assumption of the constant DC link voltage.
The current ripples in both sources are inversely proportional to the product of the
inductance of the interface inductor and the switching frequency. To reduce the ripples
at given switching frequency, an interleaving technique can be used by connecting
several bidirectional DC/DC converters in parallel and shifting the phase of switching
period of each converter. For example, if three DC/DC converters are connected in
parallel, then the phase of each converter should be shifted one-third of the switching
period. In this way, the current ripple in both sources can be reduced remarkably. In
particular, in the case of an interleaving operation of three DC/DC converters, if duty
factor, D, equals one-third or two-thirds, the ripple can be eliminated perfectly in the
steady state.

iD= igy (289)

2.18.4 Four-Quadrant DC/DC Converter

By the four-quadrant DC/DC converter shown in Fig. 2.18, where the DC link is
obtained from an AC source through a diode rectifier, the voltage varying from + V;
to —V,; can be applied to the output, which is the armature circuit of DC machine. To
control four switches, T}, T’(, T, and T',, for varying armature voltage, a control
block diagram shown in Fig. 2.70 can be used [13].

If the reference voltage for the armature circuit, V; ,is given, the voltage is limited
within the allowable control range, which is usually the minimum value of DC link
voltage in Fig. 2.18, through the limiter. The output of the limiter, V,, is compared
with the triangular carrier wave, whose frequency is the switching frequency of DC/
DC converter. Through the comparison, the switches are turned on or turned off as

vV,

Limiter

Figure 2.70 Control block diagram of pwm signals for a four-quadrant dc/dc converter.
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Figure 2.71 Pwm signals, voltages, and current of a four-quadrant DC/DC converter.

shown in Fig. 2.70. The waveform of signals in Fig. 2.70 and the voltages and current
in Fig. 2.18 can be drawn as shown in Fig. 2.71.

As shown in Fig. 2.71, the frequency of current ripples to the armature winding is
twice the switching frequency or twice of the carrier frequency. Hence, by increasing
the switching frequency, the torque ripples and the acoustic noise due to the current
ripples can be reduced. In particular, if the switching frequency is above 10 kHz, then
audible noise from a DC machine can be perfectly eliminated.

2.18.5 Three-Phase PWM Inverter

As shown in Fig. 2.72, the circuit topology of a three-phase PWM inverter is the same
as that of a three-phase PWM boost rectifier except the input and the output is
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Figure 2.72 VVVF inverter with pulse width modulation (PWM).

reversed. The inverter takes DC voltage as an input and transforms it to AC voltage
and outputs to AC load. As with the boost rectifier, the power can flow in both
directions and DC power can be converted to AC or AC power can be converted to
DC. The inverter synthesizes variable-voltage and variable-frequency (VVVF)
AC voltage as the output. As shown in Fig. 2.72, if the power factor of an AC load
of the inverter is lagging, by reducing low-order current harmonics through
PWM, THD of output current can be minimized. The magnitude of AC output
voltage is limited by DC input voltage. The maximum available peak phase
voltage from DC voltage, Vy, is 2V, /7 and the inverter can synthesize AC phase
voltage in the range of 0 ~ 2V, /z. In this case, in the range from V,/+/3 to
2V, /=, the control of low-order harmonics is getting difficult as the magnitude of
phase voltage increases. In the extreme case, if phase voltage is 2V, /=, then the
output voltage is a six-step waveform and the magnitude of the fifth harmonic is
one-fifth that of fundamental wave, the seventh is one-seventh, the eleventh is
one-eleventh, and so on. In the range from 0 to V,/ \/§, if the higher-order
harmonic components are neglected, output voltage can be expressed as (2.90).
The modulation index, m, and angular frequency, w, can be controlled at every
half period of PWM switching frequency.

\%
Vs = desin(wt)

Vi — Vi . 2n
bs = m751n wl + ? (2.90)

v Vd . / 2n
s = M—sin| wf——
2 3
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If the loss in the inverter itself is neglected, then input and output power of the
inverter would have the relationship shown in (2.91).

dvy,

Va (idcl_c 7) = Visias + Vpsips + Vesles (291)

2.18.6 Matrix Converter

The matrix converter is a power converter that transforms an arbitrary AC to another
arbitrary AC without a DC link. The power can flow in both direction, and the four-
quadrant operation in voltage and current plane is possible. The power factor of input
and output can be independently regulated under the condition of the instantaneous
power balance. In a switching period, which may be less than a couple hundred
microseconds, one AC should work as a voltage source and the other AC should work
as a current source. For convenience, AC that works as the voltage source is usually
depicted as an input, while AC that works as the current source may be depicted as an
output. If the utility line is connected to a matrix converter, then an L-C filter can be
inserted between an AC input line. The circuit diagram of a matrix converter can be
drawn as shown in Fig. 2.73, and an AC source with the filter can be approximated as a
voltage source. And if an AC machine is connected to a matrix converter, the AC
machine can be approximated as a current source due to its internal inductances. In
Fig. 2.73, because the switches should block voltage bidirectionally and conduct
current bidirectionally, a switch of the matrix converter is usually implemented by
connecting two pairs of IGBT (insulated gate bipolar transistor) and diode as shown in
Fig. 2.74.

I n the matrix converter, through PWM the segments of input line-to-line voltage
are connected to the output while the segments of output current flow into the input
line. To control input current and output voltage simultaneously with the regulation of

Lagging power
factor load with
back EMF

Matrix converter

Figure 2.73 Power circuit of a matrix converter with an AC line and an input filter.
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Figure 2.74 Two possible
implementations of an AC switch with
an IGBT and a diode.

the input power factor, which is usually unity, a proper PWM method should be used.
Regarding the PWM method of the matrix converter, there are many studies based
on the space vector concept or based on a carrier wave [14—17]. In the viewpoint of
the implementation, the carrier-based method has some advantages over other
methods. If the losses in the matrix converter itself and harmonics of the input and
output are neglected, then power balance in (2.92) should be satisfied instantaneous-
ly. With the requirement of no low-order harmonics in output voltage and input
current, the maximum magnitude of output phase voltage is limited within /3 /2 of
peak of input phase voltage under the assumption of unity power factor. If the
displacement power factor of input, cos(¢,), is not unity, then the maximum
magnitude is limited within ?cos(cﬁg). If some low-order harmonics are allowed
in input and output of the matrix converter, even the larger output voltage than the
input voltage is possible [16].

VA’/1ias + VB’nibs + VC’nics = Vani(m + Vbnibn + Vcnicn (292)

2.19 PARAMETER CONVERSION USING PER UNIT
METHOD

The parameters in MKS units of the electric machinery including power transformers,
DC and AC machines, and power converters do not have much meaning to compare
the characteristics of the electric machinery in different ratings because of wide
differences of the parameters not only due to the characteristics of the machinery itself
but also due to the their different rated power, different rated voltage, different rated
speed, and so on. For example, with the fact that the stator resistance of a 2-kW, 440-V,



2.19 Parameter Conversion Using Per Unit Method 107

DC machine is 6.28 Q and that of a 110-kW, 220-V, DC machine is 0.1027 €, it cannot
be said that the stator copper loss of the small machine is 60 times that of the large
machine. Also in a system consisting of the multiple electric machines whose rated
voltages and powers are different, absolute values of parameters in MKS units of the
electric machines would be inconvenient to understand the effect of each machine or
power converter on the overall system. To handle these problems, the parameters of
electric machines and converters can be expressed on the basis of a specific power,
voltage, and speed. The expressed parameters have no unit and they are represented as
per unit value, which is the relative magnitude to the basis value. In the power system
analysis, where several electric machines and power converters are interconnected,
the apparent power in volt-amperes (VA) of the receiving terminal of the power system
is usually used as the basis power of the system. And rms rated phase voltage of the
receiving terminal is used as the basis voltage, V. In the case of electric machines, the
rated output power (in watts) of the machine is usually used as the basis of power, Pg,
and rms rated phase voltage is Vp. From Pp and Vp, the base current, Iz, can be
calculated as (2.93), and the base impedance, Zg, can be defined as (2.94).

Pp
In =
B m-VB

(2.93)

where m is the number of phase of input source. Also, for a DC machine or single-
phase AC machine we have m = 1, and for a three-phase AC machine we have m = 3.

Tp =
BIB

(2.94)
With the base impedance, the armature winding resistance of DC machine can be
represented as

R4

Rip.u= Z (2.95)
In the case of an AC machine, the rated angular frequency can be used as the base
angular frequency, wg, and the reactance, wLy, of AC machine can be expressed in per

unit as

wpg LS
Xspou= Z (2.96)
And the base value of the torque of AC machine can be represented as
P
Ty =5— (2.97)
P WB

where P is the number of pole of machine. And the torque, T,, of an AC machine can
be expressed in per unit as

T,

o (2.98)

Tep-u =
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PROBLEMS

1. A 100-Hp (74.6-kW) separately excited DC machine, which has the following parameters,
is controlled by adjusting field current as shown in Fig. P2.1. The speed response to the step
change of the armature voltage is in critical damping. The load inertia is 10 times that of the
inertia of the machine itself. The friction can be neglected.

FoORE 7

rm

Figure P2.1 Field weakening control.

DC Machine Parameters

R, =0.0144 (Q), L, = 1.10 (mH), Rated armature current: 349 (A)
Rated speed: 1750 (r/min) Rated armature voltage: 230 (V)

Ly =10.77 (H), Ry = 13.58 (Q), Rated field current: 14.4 (A)
Inertia: Jy = 1.82 (kg-m?)

(1) To make the response be in the critical damping, what is the relative magnitude of the
field flux to the rated field flux in percentage?

(2) With the flux set by the part 1, if the armature current and voltage are limited under
the rated values, then calculate the maximum speed in revolutions per minute, the
maximum torque in newton-meters, and the maximum output power in kilowatts, all in
the steady state.

2. A 110-kW separately excited DC machine, which has following parameters, is running in a
steady state with following operating condition. The load inertia is the same with the DC
machine inertia itself. The friction can be neglected.

DC Machine Parameters

R, =0.025(Q), L, = 1.557 (mH), Rated armature current: 274 (A)
Rated speed: 560 (r/min), Rated armature voltage: 440 (V)
Ly =10.77 (H), Ry = 13.58(Q), Rated field current: 14.4 (A)

Inertia: 11.5 (kg-m?), Weight: 2000 (kg)
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Operating Conditions
Armature voltage: V, = 220 (V), Field voltage: V; = 220 (V)
Load torque: 71, = 1800 (N-m)

(1) By small signal analysis, calculate the transfer function, Aw,, /AVf, at the given
steady-state operating point, where the speed of the machine, w,,, is expressed in
revolutions per minute.

(2) Based on the result by part 1, plot the speed of the machine in revolutions per minute
according to the time when the field voltage varies from 196V to 186V in step.

(3) By solving the nonlinear differential equations numerically with the computer
simulation, plot the speed of the machine in r/min according to the time when the
field voltage varies from 196 V to 186 V in step.

(4) Calculate how much the armature voltage should vary in step to get the same speed
variation with the resultin the part 3 at the constant 196-V field voltage, and plot the speed
response with the calculated armature voltage variation by the computer simulation.

With a separately excited 2-kW DC machine, which has the following parameters, draw the
capability curve in the first quadrant and the second quadrant of the torque—speed plane.
Also in the plane, simultaneously plot the electric power to (from) the machine, along with
the armature voltage, and the field current according to the torque. Because of the
commutation problem, the field flux can be reduced down to one-third of the rated value.
It is assumed that the field flux is proportional to the field current.

DC Machine Parameters
R,=628(Q), L,=536(mH), L =221(H), R, =858(Q)
Rated armature current: 5.7 (A), Rated speed: 2243 (r/min),
Rated field current: 0.225 (A)
Inertia: 0.0224 (kg-m?), Rated armature voltage: 440 (V)

In Fig. P2.2, the balanced fifth harmonic currents flow in three-phase balanced windings,
which are apart to each other by 120° spatially. Prove that the direction of the rotating MMF
by the fifth harmonic currents is the reverse of the rotating MMF by the fundamental
frequency current, and its speed is five times that of the MMF by the fundamental
harmonics.

In the equivalent circuit of a round rotor synchronous machine, shown in Fig. 2.27, in the
case where the speed of the machine is low and the magnitude of R, almost equals that of Xj,
represent the torque of the machine in terms of Vi, E;, 8, R,, X;, P, and w,.

A 2250-Hp induction machine, which has the parameters listed below, is running in the
steady state with the rated load at rated frequency. At the instant (z = 0's) when the “A”
phase current is zero crossing from negative to positive, the input power source to the
machine is disconnected and reconnected after 375 ms. The inertia of the machine and drive
system can be assumed to be infinite, and the speed of the machine is constant during
the transient of input power source. And it is assumed that the currents flowing through
three-phase stator windings of the induction machine are immediately zero after dis-
connecting the input power source.
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Figure P2.2 Balanced three-phase windings.

Rated power: 2250-Hp, Rated voltage (line-to-line rms): 2300V,
Rated speed: 1786 r/min, Rated frequency: 60Hz,
Number of pole: 4

R, =0.029Q, R, =0.022Q
Xy =0.226Q, X, = 0.226Q
X, = 13.04Q

(1) Find the magnitude of the stator current, |I|, and rotor current,
disconnection.

I,|, just before

(2) For 0" < t<375ms represent a line-to-line voltage, V,;, in terms of the machine
parameters and time, .

(3) Fort > 375 msrepresent aline current, i, from the source to the machine in terms of
the machine parameters and time, ¢. In this case, the stator and rotor resistance can be
neglected, and they can be assumed to be R; = R, = 0. During the power source
disconnection, the magnitude and phase of the input source voltage itself are well
kept.

7. (1) Represent the parameters of the equivalent circuit of a 5.5-kW induction machine in
per unit, which has following parameters in MKS units.
Rated power: 5.5 kW, Rated voltage (line-to-line rms): 440 V,
Rated speed: 1755 r/min, Rated frequency: 60 Hz,
Number of poles: 4
R, =0.69 Q, X=X, =224Q
Xy =4543Q R, =0451Q
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(2) Represent the parameters of the equivalent circuit of a 2250-Hp induction machine
given in problem 6 in per unit.

(3) Represent the parameters of the equivalent circuit of a 22-kW induction machine in
per unit, which has the following parameters in MKS units.

Rated power: 22 kW, Rated voltage (line-to-line rms): 220V,

Rated speed: 1755r/min Base frequence: 60 Hz,

Number of poles: 4, Rated current: 75A

Ry, =0.044 Q, R, =0.0252 Q, L, = 0.55mH, L, = 0.47 mH,
L, =12.90mH

(4) Represent the parameters of the equivalent circuit of above three induction machine
in per unit at the base values of line-to-line voltage, 380 Vrms, and apparent power,
400 KVA.

Find the parameters of the equivalent circuit of a 60-Hz, 100-Hp, 380-V, 6-pole standard
general purpose induction machine in ohms, whose parameters are decided by (2.72)—(2.76).

A 2.7-kW, 220-V, 4-pole, 60-Hz induction machine, which has following equivalent
circuit parameters in per unit, is running in the steady state at 1810 r/min with no load
through a variable-voltage variable-frequency (VV VF) inverter. The input frequency of
the stator voltage has been changed to 58 Hz in step. The speed of the machine is kept as
constant because of the large inertia of the drive system and the machine is again
running in the steady state with the 58-Hz source voltage. Regardless of the frequency,
the magnitude of the stator voltage is always 220V in line-to-line rms. The magnetic
saturation of the machine can be ignored. The harmonics in the current and voltage to
the machine can be ignored. Calculate the active power (watts) to the machine from the
VVVF inverter.

R, =0.023(P.U.), X;s = 0.09(P.U.), X, = 1.5(P.U.)
R, =0.03(P.U.), X;; =0.11(P.U.)
Draw the capability curve of the synchronous machine, which has following equivalent

circuit parameters and limiting conditions, in the first quadrant of the torque—speed plane.
The speed range is from 0 r/min to 6000 r/min.

3 phases, 4 poles, 60 Hz,380 V,200Hp, X, =0.6Q,R, =0.02Q
Limiting conditions: Line-to-line voltage inrms: |V,| < 380V
Line current inrms: |L| < 240A

In this problem, the magnitude of the field current should be equal to or less than the
rated value, where the rated power, 200 Hp, occurs with the frequency, 60 Hz, voltage,
380V, current 240 A. With the speed (r/min) as the horizontal axis, draw simultaneously
the torque, the magnitude of the line-to-line stator voltage in rms, the magnitude of the
line current in rms, the power factor at the terminal of the machine, and the mechanical
power as the vertical axis.

A surface-mount permanent-magnet synchronous machine, which has the following
ratings and parameters, is running as a motor in maximum torque per ampere operation
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12.

13.

mode at 800 r/min. The torque of the machine is 10 N-m, and the drive system is in the
steady state.

5Hp,4poles,60Hz, R;=0423Q, L,=496mH, Ky Iy =0422V/(rad/s)

(1) Calculate the angular frequency of the stator voltage, w,(rad/s).
(2) Calculate the line-to-line voltage in rms and the line current in rms.
(3) Calculate the power factor at the terminal of the machine.

(4) Calculate the load angle 8.

(1) For the control system shown in Fig. 2.60, prepare the ¥ /[ table of the figure in the
frequency range from O to 3607 (rad/s) for the induction machine, whose parameters
are given as follow.

Rated power: 22 kW, Rated voltage (line-to-line rms): 220V,

Rated speed: 1755 r/min,

Base frequency: 60 Hz, Number of poles: 4,

Inertia of the machine itself: 0.122 kg-m?, Rated current : 75 A

R, =0.044 Q, R, =0.0252 Q, Ly = 0.55 mH, L, = 0.47 mH,
L, = 12.90 mH

(2) The machine in part 1 is driven by the control block diagram shown in Fig. 2.61. Plot
the slip angular frequency, w};, according to the torque, 7,,, range from —200 N-m to
200 N-m.

(3) The machine in part 1 is driven by the control block diagram shown in Fig. 2.62.
Prepare the table of |Lj| in terms of |w}|.

A 22-kW induction machine, whose parameters and limiting conditions are listed below,
are driven by 280-Hz voltage source. The machine is generating the available maximum
torque as a motor in the steady state keeping the limiting conditions.

Rated power: 22 kW, Rated voltage (line-to-line rms): 220V,

Rated speed: 1755 r/min

Base frequency: 60Hz, Number of poles : 4

Inertia of the machine itself: 0.122 kg-m?, Rated current: 75 A

Limiting conditions: Line-to-line voltage inrms: |V,| < 220V,

Line currentinrms: I, <75 A

R, =0.044 Q, R, =0.0252 Q, Lj; = 0.55 mH, L) = 0.47mH,
L, = 1290 mH

(1) Calculate the slip angular frequency, wy (rad/s).
(2) Calculate the torque (N-m) and mechanical output power (kW).
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A 22-kW induction machine, whose parameters and limiting conditions are listed below,
are controlled in V/F operation mode. The magnitude of the stator voltage is proportional
to the source frequency up to 60 Hz, and above 60 Hz, the magnitude is kept constant in
line-to-line 220 V rms.

Rated power: 22 kW, Rated voltage (line-to-line rms): 220V,
Rated speed: 1755 r/min
Base frequency: 60 Hz, Number of poles: 4
Inertia of the machine itself: 0.122 kg-m?, Rated current: 75 A
Limiting conditions: Line-to-line voltage in rms: [V| <220V
Line current inrms: |I;| < 75A, Maximum speed: 6000 r/min
R, =0.044 Q, R, =0.0252 Q, Ly = 0.55mH, L = 0.47 mH,
L, = 1290 mH
(1) When the frequency changes from 5 Hz to 170 Hz in 15-Hz intervals, plot the steady-

state torque—speed curves of the machine at each frequency in the torque—speed
plane.

(2) Repeat part 1 when the ratio of the air-gap voltage in phase rms to the frequency of the
machine is kept as ' / 0 UP to 60 Hz, and above 60 Hz the air-gap voltage is constant
at 111 V in phase voltage rms.

(3) Plotthe capability curve of the machine operating according to the conditions in part 2
at the first quadrant of the torque—speed plane.

Plot the capability curve of the induction machine, whose parameters and limiting

conditions are listed belows, in the format shown in Fig. 2.77.

e
Tel |
i
L]

440V \ V,
Dy pi Wy
w\/ 1
Ve
r/ min

1773 r/min , [0

rm

Figure P2.3 Capability curve of an induction machine.
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Rated power: 185 kW, Rated voltage (line-to-line rms) : 440V,

Rated speed: 1773 r/min,

Base frequency: 60 Hz, Number of poles : 4

R,=0014Q, Ly=1L,=0278mH, L,=15mH, R, =0014Q

Limiting conditions: Line-to-line voltage in rms : |V| <440V

Line current in rms: |I;| < Rated value, where the rated torque occurs at rated air-gap flux
Air-gap flux : |\,;| < Rated value

(1) Calculate wy;, where the rated torque occurs at the rated stator voltage and frequency,
in electrical angular frequency, rad/s.

(2) Calculate the magnitude of line-to-line voltage in rms, V), where the rated torque
occurs at zero running speed, which is a stalled condition.

(3) Calculate rated torque, T,y

(4) Calculate the magnitude of the stator current in rms, I, where the rated torque occurs
at the rated stator voltage and frequency.

(5) Calculate wgy_pi, where pull-out torque occurs.

(6) Calculate the angular frequency of the speed, where the flux weakening region 2
(characteristics region) starts.

16. The operating speed of a NEMA D-type induction machine, whose parameters are listed
belows, is adjusted by controlling the terminal voltage of the machine.

Rated power : 5.5 kW, Rated voltage (line-to-line rms) : 440 V
Rated frequency : 60 Hz, Number of poles : 4
Ry =0.69Q, L =L, =59mH, L, =0.12H, R, =225Q

Wrm

2
m) [N-m}’ where Wirm stands

The torque—speed curve of the load is given as T;, = 30(

for the speed of the machine (=load) in r/min.

(1) When the line-to-line voltage of the stator terminal in rms is 440V, find the
operating speed in the steady state. Also find the efficiency of the machine at that
operating point.

(2) When line-to-line voltage of the stator terminal in rms is reduced to 220V, find the
operating speed in the steady state. Also find the efficiency of the machine at that
operating point.
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Chapter 3

Reference Frame
Transformation and Transient
State Analysis of Three-Phase
AC Machines

The inductances of all AC machines vary according to the rotor position. Because of
that, the voltage equations of an AC machine are expressed as time-varying differential
equations as long as the rotor of the machine rotates. The transformation of physical
variables of an AC machine using reference frame theory could make the analysis be
easy by transforming the time varying differential equations to the time-invariant
differential equations. The electrical variables such as voltage, current, and flux in a, b,
and ¢ phases of a three-phase system can be transformed to the variables in d, ¢, and n
(direct, quadrature, and neutral) orthogonal axes, where the magnetic couplings
between axes are zero. Usually, the d-axis, which means the direct axis, is the axis
where the main flux directs. And the g axis, which means the quadrature axis, lies 90°
ahead of the d axis spatially with regard to the positive rotational direction of a rotating
MMEF. Also, the n axis, which means the neutral axis and sometimes called as zero
sequence axis, is orthogonal to the d—q axes in three-dimensional space, and the # axis
is perpendicular to the plane where the rotating MMF lies; hence the current or
voltage at the n axis does not contribute to the rotating MMF and to the torque either,
but only to losses. At the three-phase electric circuit including a three-phase AC
machine, if the neutral point of a Y-connected three-phase circuit is not connected to
a source and/or to other electric machines or power converters, and also if the
impedance of each phase is the same and the instantaneous sum of the back EMF of
all phases is zero, then there is no n-axis current and voltage component. Hence, in
this case, there is no need to consider the n-axis components. Most normal AC
machines are usually running in this condition when there is no fault internally at the
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electric machine. And, the three-phase system can be easily represented only by d—¢
components. The d—g components, which are orthogonal to each other, can be
expressed simply by a complex number, where real part stands for d-axis com-
ponents and imaginary part stands for g-axis components.

This kind of transformation from the a, b, and ¢ phases to the orthogonal axes can
be done by complex vector algebra and also by using a matrix algebra [1-3]. For
theoretical analysis and physical understanding, the transformation based on the
complex vector would be easier compared to that on the matrix algebra. But for
the computer simulation and programming of the real-time control software of the
electric machine, the transformation with the matrix algebra is more convenient. In
this chapter, for the convenience of mathematical presentation and for better physical
understanding, the complex vector is used to present d—q axes components. The
transformation of three-phase variables to d—g—n axes variables by the matrix algebra
is described in Appendix B. In particular, when the instantaneous sum of physical
variables of each phase is zero, which means no n-axis component, the representation
by the complex vector is very convenient. In the viewpoint of the magnitude of
variables at d—g—n axes compared to that at three phases, there are two methods of
transformation. One is called the phase magnitude invariance method, where the
magnitude of variables at each phase of the three-phase system is the same to that of
d—q axes components in the balanced steady state. But the power and torque expressed
in d—g—n axes should be multiplied by 3/2 to get the same torque and power expressed
in terms of three phase variables [1, 4, 5]. The other one is called the power invariance
method, where the magnitude of power or torque expressed in a three-phase system is
the same as those in d—g—n axes. But in the power invariance method, the magnitude of

variables at each d—q axis is \/% times that of variables at a three-phase system [6]. In

this book, for the convenience of comparison of experimental results with calculated
values, and also for easy conversion to three-phase variables to d—¢ variables, the
phase magnitude invariance method is adopted.

3.1 COMPLEX VECTOR [1-3]

In the electromagnetic energy conversion, the d—¢q components are only contributed to
the energy conversion but the components at the 7 axis only generate losses. So, if the
electromechanical power conversion is only the concern, then the analysis of the
electric machines can be done by only d—¢ components. In this case the complex
vector can solely represent the three-phase electrical system by only two orthogonal
components such as real and imaginary components of a complex vector. Here, the d
component is represented by a real part, and the g component is represented by an
imaginary part in a complex vector. This complex vector is called a complex space
vector, or simply as a space vector. The definition of the space vector by three phase
components is in (3.1):

fupe = %(fa'i'afb"'azfc) (31)
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s Imaginary
gs® bs g5 4 axis ¢
abc @
ds
» [0]
‘% Real axis &S

s

ds
cs Figure 3.1 Relationship between

different axis.

where a = ¢/ 27“ and f,, f5, and f, are the variables at each a, b, and ¢ phase,
respectively. For example, if f,, f5, f. is the flux linkage by each stator winding
spatially 120° apart, then f,;. stands for the total flux linkage by the windings, which
may rotate. In Fig. 3.1, the relationships between three-phase axes (as, bs, cs), d—q
axes (ds” and ¢s*) which are in the stationary, and d—q axes (ds” and ¢s“) which are
rotating in arbitrary speed, w are shown graphically.

In the figure, the angle 0 is defined as

o — Jt (£)dZ +6(0) (3.2)

0

where 6(0) is the angle between the d axis rotating with an arbitrary speed, o (d*), and
the stationary d axis ds* (or usually a-phase axis of a three-phase system) at time point
0. Usually 6(0) = 0.

In this text, f; ’k means the following: f represents a specific physical variable such
as voltage, current, or flux linkage. The superscript i represents the kinds of axis where
i = e stands for the axis rotating synchronously according to the rotating MMF
(w = w,) referred to as a synchronously rotating reference frame, i = r for the axis
rotating synchronously according to the rotor of the machine (o = w,) referredto as a
rotor reference frame, and i = s for the stationary axis referred as a stationary
reference frame. The subscript j represents the variables in d—g—n axes or @, b, and
¢ phases. Here, j = d stands for a d-axis variable, j = ¢ stands for a g-axis variable,
j = n stands for an n-axis (or zero sequence) variable, and j = a stands for an a-phase
variable among three phase variables. The subscript k represent where the variables
exist. Here, k = s stands for the variables in the stator, and k = r stands for the
variables in the rotor. As an example, i, means the stator current at the ¢ axis rotating
synchronously to the rotating MMF. In some countries, a-£ axes are used to represent
a stationary d—¢ axis, and a -8 axis is used to represent a synchronously rotating
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d—q axis. The equation to transform a space vector in three phases, f,., to the space
vector in d—g-n axes rotating with an arbitrary speed, @ can be derived as

fﬁq = fabe - e/ :f;’u +]f;)
fnw = %(fa +/ +fC) (3-3)

Some people, especially those working for the power system engineering field, use the
different convention of the space vector such as f;’d = f;“ —Jjfi{ [4-6]. Inthis text, (3.3) is
the definition of the space vector to transform three phase variables to d—¢g variables. By
extending (3.3), the transformation to other reference frame can be easily deduced as

fflq = fﬂbc7 fflq = fflqe_jeﬂ (34)

where 0, = [j w.({) d{ +6,(0).
The instantaneous power represented with space vectors can be defined as

Power = JRe(Vap - L,)= %Re(Vd“; I;‘;) (3.5)
where Re stands for the real part of the complex space vector, and I:bC stands for the
conjugate of Ip..

The space vectoris similar to phasor notation in expression and calculation of power.
But the definition and application of the variable in space vector is totally different
from that in phasor notation. The phasor is used to represent a sinusoidal electrical
variable in the steady state, where the frequency of the variable would not vary, and the
phase and magnitude of the variable are the only concern and are expressed based on the
complex number; that is, Acos(w? + ¢) = Re [A ej<“”+¢’)] =Re [A e/t ejd’] , where
Ae’? is a + jB, and Ae/® is the phasor of Acos(wt + ¢).

Also, Ae/® = a+jB = /a2 + B /tan”! & where Va?+p? =A is the mag-
nitude of a sinusoidal variable, and tan~! g is the phase of the sinusoidal variable. In
this case, a, 3 is not the function of time, but a fixed value. However, the imaginary
and real part of a space vector is generally a function of time, and it can be
differentiated or integrated with regard to time.

The variable at each of the three phases can be deduced as (3.6)—(3.8) from the

21
space vector, f,., where a = ¢’/ 3.

Ja = Re[fapc] + 1 (3.6)
fo = Re[a’fu] +1° (3.7)
fe = Relafac] +1, (3.8)

3.2 d-g-n MODELING OF AN INDUCTION MACHINE
BASED ON COMPLEX SPACE VECTOR [1.,4]

To derive voltage equations of a three-phase induction machine, it is assumed that the
windings at the stator and rotor are symmetry, ideally distributed to generate
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sinusoidal air gap flux, the turn ratio between the stator winding and rotor winding is
unity, and that there is no magnetic saturation and no eccentricity. If the turn ratio is
not unity, which is the most of cases, the parameters of a rotor circuit can be referred to
the stator circuit. And if the dynamics of the induction machine is observed and
controlled in the stator side, which is all the cases of the squirrel cage induction
machine, the turn ratio can be assumed as unity without loss of the generality. Under
the above assumptions, the voltage equations described by three phase variables,
which are time-varying differential equations, can be transformed to the equation
described by d—¢-n variables, which may be time-invariant differential equations.

3.2.1 Equivalent Circuit of an Induction Machine at d-g-n
AXIS

In Fig. 3.2, the distributed winding of a stator (as—as’, bs—bs', cs—cs') and that of a
rotor (ar—ar',br—br',cr—cr’) of a two-pole induction machine is modeled as a
single-turn winding. In the figure, 6, is the angle from the axis of an MMF by a-phase
stator winding to the axis of an MMF by a-phase rotor winding, and w, is the time
differentiation of 6, in rad/s.

In Fig. 3.2, the pole number of the machine is two. If the number of pole is P, then
the actual mechanical rotation angle, 6,,,, has the following relationship with the
rotation angle, 6, in electric angle:

O = 07/<P/2) (39)

bs axis

br axis

ar axis

as axis

cr axis

Figure 3.2 Winding model of an induction machine.
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The stator and rotor voltage equations can be represented as (3.10) and (3.11) in
vector form, respectively:

Vabcs = RsIabcs +p)\abcs (3 10)

Vabcr = RrIabcr +P )\abcr (31 1)

where p is a differential operator as d - /dt, R, stands for the stator winding resistance,
and R, stands for rotor winding resistance referred to the stator side. In the equations,
each vector has the following elements:

Vabc.v = [Va‘vvbs ch]T (312)
Iabcs = [ias ibs ics]T (313)
Napes = [)vaxibsics]T (314)
Vabcr = [Vuererr]T (315)
Iabcr = [iaribi'ict']T (316)
Noper = [/larjvbr)hcr]T (317)
where [...]” stands for the transpose of a matrix or a vector, [...].
The flux linkages for the stator and rotor winding can be expressed as (3.18) in
matrix form.
)\abcs :| |:Ls Lsr :| |:Iabcs :|
= 3.18
|:)\abcr (Lsr)T L, Laper ( )
where
_ 1 1 _
Lls + Lms - 5 Lms - 5 Lms
1 1
Ls = | — ELmS Li~+Lys — 5 Lyys (3 19)

1 1
- 5 Lms - E Lms Lls + Lms

— 1 1 -
Llr + Lmr - 5 Lmr - 5 Lmr
1 1
Lr — — ELm] L]r + Lmr - 5 Lmr (3.20)

1 1
- ELmr - 5 Lmr Llr + Lmr
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2 2
cos 0, cos <9,. + g) cos (9, ?n)

2n 2n
L, = L, | €08 0,—? cos 6, cos| 6, + 3 (3.21)

2 2
cos<0r+ g) cos(@,—%) cos 6,

In the above equations, L,,;stands for a mutual inductance, which is two times the
mutual inductance between the stator windings, L,,, stands for a mutual inductance of
the rotor, which is the two times of the mutual inductance between the rotor windings,
Ly, stands for a mutual inductance between a-phase stator winding and a-phase rotor
winding when 0, is zero, stands L;, for a leakage inductance of a stator winding, and L;,
stands for a leakage inductance of a rotor winding. As seen from (3.10)—(3.21), the
dynamics of the induction machine are described by a time-varying differential
equations. To solve these differential equations simultaneously regarding to the stator
flux linkage and rotor flux linkage, the inverse matrix, which has time-varying
elements, should be derived analytically, but it is very difficult to deduce. By
transforming the three phase variables to d—g—n variables, the time-varying equations
can be transformed to time-invariant equations.

Based on the relationship of axes shown in Fig. 3.1 and the winding model in
Fig. 3.2, the stator variables at d—g—n axes which are rotating at arbitrary speed, w can
be obtained as (3.22) from (3.1) and (3.3). Similarly, the rotor variables at d—g—n axes
can be obtained as (3.23).

£ = Fapese™” (3.22)
£, =faae ™, B=0-6, (3.23)

where 8 is the angle from the axis of an MMF by a-phase rotor winding to the d axis
that is rotating at arbitrary speed, w. If d—g—n axes rotating synchronously (o = w,)
with the rotating MMF are chosen as a reference frame, then the stator variables in a
three-phase system can be transformed to the variables at a synchronously rotating
reference frame by (3.24) and the variables at a stationary reference frame can be
transformed to the variables at a synchronously rotating reference frame by (3.25).

£, = Fapese 7" (3.24)

e
dqs

qusefjﬂl.7 0. = w.t (325)

e
dgs —

Also, similarly, the rotor variables in a three-phase system can be transformed to
the variables at a synchronously rotating reference frame by (3.26) and the variables at
a stationary reference frame can be transformed to the variables at a rotor reference
frame by (3.27).

fe

S = Fapere ) (3.26)
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£, =, 0, =1 (3.27)

where w, is the angular speed of the rotor expressed in the electrical angle and it is
assumed that 8, = 6, =0 at r = 0.

By (3.10) and (3.11) and the definition of the space vectors of three phase
variables as (3.28)—(3.31), the stator and rotor voltage equations, (3.10) and (3.11),
can be rewritten as (3.32), (3.33).

Vaves = 2 (Vas + Vi +2°Vyy) (3.28)
abc = %(Aas + a)xbs + azlcs) (329)
igpes = %(las +ai;+a lcs) (330)
igper = %(lar +aip,+a l(r) (331)
Vares = Rsianes + 0A (3.32)
abes — glabes dt abcs .
. d
Vabar = Rigper + Exabcr (333)

In (3.32), the complex space vector of the stator flux linkage, N,p.s, can be
deduced as follows. From (3.18)—(3.21), the stator flux linkage can be represented
as (3.34) by the product of the inductances and currents.

i LﬂZ.Y Lms ]
Lis+ L, - -
Is + Lis ) D)
/Ias L Ly Igs
ibs = - 2 Lig + Ly 2 Ips
}"” Ies
i LIHS Lms
T A A L s Lms‘
) ) Is T L,
i [ 2n 2\ ]
0, 0, + — 0,——
cos cos< + 3 ) cos< 3 )
27 27 lar
+L,, | cos (6’, 3> cos 6, cos <9r + 3> l:br
l(fl’
2 2
cos (0,, + ?n) cos <0r ?n > cos 0,
(3.34)
ejer + e*jer
In (3.34), by using the equalities such as cosf, =—, cosb,+
acos (6, — &) + a’cos (0, + Z) =3¢/, and 1-2 — & =3, the complex space vector

of the stator flux linkage can be presented as

)\abcs = (LIS + %Lms) iahc‘\' + %Lmsiubcrejel (335)
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i2
where a = ¢/3 7,
Similarly, the complex space vector of the rotor flux linkage, A, can be
presented as

)\abcr = (Llr + %Lms) iabcr + %Lmsiabcseijay (336)
In (3.36), if a mutual inductance, L,,, is defined as L,, = %L,m., then the voltage

equations in (3.32) and (3.33) can be presented in terms of stator and rotor current with
the space vector variables as (3.37) and (3.38):

. di(l CS d . T
Vibes = Rilapes + (Lls + Lm) db + Ly (labcrele") (337)
t dt
. digper d.
Vaber = Rilaper + (Llr + Lm) ;};C + Ly, E (labcse je’) (338)

By using equalities Vi, = Vipes - e /9, i, = laper - e/0=01) the stator voltage

equation (3.37) can be rewritten as (3.39) in terms of the space vector variables at
d—g—n axes rotating in arbitrary speed, w.
(;t')qx = [Rse_‘io iabcs + (le + Lm)e_jopiabcs + Lme_jgp(iabci'ejer)]
= Rs ig)qs + (Lls + Lm )P [e_jeiabcs} - (Lls + Lm)iabcs 'P[e_jg]
+ me (iabcre_j(e_gr)> _Lm @e—j()} : iabcrejgr
= Rsi(:{)qx + (Lls + Ly, )Piﬁqs +jw (le + Lm)izjqx + mei:;qr +Jj wLmiZ')qr
= Rsifl)qs + (Lls + Lm )pi(c;’)qs + mei?i)qr +jw |:(L/S + Lm)i(;qs + Lmi((})qr:|
(3.39)

Similarly, the rotor voltage equation (3.38) can be rewritten as (3.40) in terms of
the space vector variables at d—g—n axes rotating in the arbitrary speed, w:

Vfl)qr = R"i(cll)qr + (Lll‘ + Lm )pil;qr + mei(;qs +j(w_w") (Llr + Lm)i?;qr + Lmi(cli)qs

(3.40)

In (3.39) and (3.40), we have
Lsi‘;qS + Lmi‘(}’q, = )L;‘,’qs (3.41)
Lmigqs + L,.igqr = )L;‘,’q,, (3.42)

where

Ly =L, + Ly (343)
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Figure 3.3 Equivalent circuit of an induction machine at d—g-n axes rotating in arbitrary speed, @ in
terms of complex space vector variables. (a) equivalent circuit at d—¢q axes rotating in arbitrary speed, .
(b) equivalent circuit at the n axis rotating in arbitrary speed, .

L =L,+Ly (3.44)

If ,‘;,’qs, v;';q,., das> Y dgr i“}’qs, andig, are simply expressed as AY, N, Ve,
Ve,i¢, andi’, then a equivalent circuit shown in Fig. 3.3a is obtained at d—¢q axes
rotating in the arbitrary speed, w. The equivalent circuit at the n axis shown in Fig. 3.3b
can be found by applying the definition of the neutral component expressed by three
phase variables in (3.3) to the stator and rotor voltage equations, (3.10), and (3.11). As
seen in the figure, the neutral component stator circuit and rotor circuit are decoupled
to each other, and they are not involved to the electromechanical energy conversion,
but generate only copper losses and some reactive voltages due to leakage
inductances.

In the case of a squirrel cage rotor induction machine, the rotor is shorted by the
end ring, and the rotor voltage, Vi’ and V%, are always zero. Also, if the instantaneous
sum of each phase stator current is zero and the stator impedance and the flux
distribution are balanced, then there is no neutral component current, that is,
iv. =0, i? = 0. So, there is no need to consider the n-axis equivalent circuit in this
case. In the case of the most normal operation of a squirrel cage rotor induction
machine, only d—¢ axes equivalent circuit is enough to evaluate the transient response

of the induction machine.

3.2.2 Torque of the Induction Machine

The force or torque of an electric machine based on the electromagnetic energy
conversion principle can be evaluated by differentiating the coenergy of the machine
with regard to the displacement [7-9]. In another way, the force and torque can be
evaluated from the equivalent circuit by using power balance [4]. In this text, the latter
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method is used to evaluate the torque of the induction machine. By (3.5), the input
power to a three-phase circuit can be represented as

Re [Vabcsi::bcs} =Re |:§ (Vas +aVy + a’ Vcs) . ;(l.as + azibs +a ics>:|

2

= g{ Vasias + Vbsibs + Vcs'ics_l[vas(ibs + ics)

+ Vbs(ias + ics) + Vc's(ias + ibs)]} (345)

Under the assumption that i s + ips + ics = 0, we obtain
Re [chb(?siz;,cs] = % [Vasias + Vbsibs + Vcsics] (346)

By using (3.46), the input power to the induction machine (Fig. 3.4) can be
represented as

P in — Va‘viax + Vb.vib.v + Vmics + iar Vur + ibr Vbr + icr Vcr
= % Re [Vﬂbi‘SiZbcs] + %Re [VabcriZbcr] (347)

Under the assumption of the balanced impedance and flux distribution of the
machine and by equality in (3.48), (3.47) can be rewritten in d—¢ axis as (3.49).

o o
Vab(’slabc‘x + Vabcrlabcr
_jiye  ,—jfi0* i0-6,) vo ,—j6—6,);0%
= e'Vy eG4+ 00 VY SO0 (3.48)
_ yw iw* + ) iw‘
— Vdgs'dgs dqrdqr
Hence,

Py = %Re [V(zi)qsigqs + V(fll)qri(fll);r}
(3.49)

3 ;0 ;0 ;0 ;0
2 {Vdslds + Vqslqs + drldr + Vquqr:|

In particular, in the case of the squirrel cage rotor machine, Vg = V. = 0. Also,

Py =3[ vaig + vais] (3.50)

) gs'qs

Vabcs ‘Iabﬁr
i abes Laber .
Figure 3.4 Input power of an

induction machine.
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By substituting the stator and rotor voltage equations into (3.49), the input power
can be expressed in terms of the stator and rotor current as

Pu = 3Re[{ Rt + (L L)t + Lot -+ (L + L)y, + L, ) b

*

o+ { (Rt + (L L )iy, + Lnpiy +=00,) (L + L)iy + Lty ) ) i)

Ly

Ly
7 I dq\

. 2 . 2
=IRlig, | +iR G, +ip [ +—|ndq,\ 4+ im \ldqﬁldq,l

2 u . w2 s sw*
+1Re o (L + Ll + Lk 50, } + (@00 { (L + L) i, + Lt i }
(3.51)

In the above equation, first and second terms on the right-hand side represent
copper losses by the stator and rotor winding resistances, respectively. And the third
term stands for the variation of the energy stored in the inductances regarding to the
time, which is nothing to do with the electromechanical energy conversion. Hence, the
last term may be expected as the mechanical output, which is the product of the
rotating speed and the torque. , .

In the last term, jo (Lys + L) |ig,,| +Jj(@0—w;)(Liy + L) lig,| is pure imaginary
number and the real part of that is zero. Hence, the mechanical output could be
deduced as

3 . 0 0t | s s0F . ‘0 ¥
P = JReljoo (i4, 16, + i85, ) ~JorLni i3 (3.52)

However, if A = a,+ja;,B=b,+jb;, then A-B*+A"-B = 2(a,b, +a;b;),
which is a real number.

So, the first part of right-hand side of (3.52) cannot contribute to the mechanical
output power. Finally, the mechanical output power can be deduced as

_ _3 . sw 0¥ | __ 3 W sw*
P, = -3 Re [jw,Lmldqsldqr] = EIm {ermlquldqr}

= o Ltm| (i +ji) (in—jie )| =lodn(igis-izin)  (353)

where Im stands for a imaginary part of a complex number. From the mechanical
power in (3.53), the torque can be expressed as

T.= w—’l" = ELm 2 (lqA Lay lds qi) (354)
()

where P is the number of poles of the machine.

By using equalities such as N = Ly + L,,i;’, N’ = Lyiy + L., and \;, =
Lyi; + L,,i?, the torque,T,, can be represented by the products of two variables
among five variables suchas Ay, N, N, i7", andi}’. So, the torque can be expressed in
10 different ways. Equation (3.54) is the one way to express the torque among 10

ways.
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3.3 d-g-n MODELING OF A SYNCHRONOUS MACHINE
BASED ON COMPLEX SPACE VECTOR [4]

3.3.1 Equivalent Circuit of a Synchronous Machine
at d-g-n AXIS

A three-phase synchronous machine can be generally modeled as shown in Fig. 3.5,
where three stator (armature) windings on the stator, one field winding, and two
damper windings on the rotor are depicted. The electric power for the electrome-
chanical energy conversion is mainly provided by the armature winding, and the
power of the armature winding is much larger than that of damper winding or field
winding. Hence, the armature windings are usually on the stator, which is fixed, but the
other two windings—field winding and damper winding—are on the rotor. Thus, the
armature windings are usually the stator windings. The power for the field winding is
supplied through the slip ring from the external DC source. Or it is supplied through a
rotating rectifier connected to a permanent magnet-based AC generator. The damper
winding is physically constructed with many bars as shown in Fig. 3.5 and they are
shorted by the end connection like the cage rotor bars of the squirrel cage induction
machine, and the damper winding has no output terminals. Physical damper bars in d
or ¢ axis can be modeled as multiple damper windings to consider several different
time constants of the damper circuit due to the skin effect of the damper bars.
However, in this chapter, two damper windings, which are namely d-axis damper and
g-axis damper winding, are only considered. If it is needed, the multiple damper
windings—some of which are in the d axis while others are in the ¢ axis—can be
considered. In conclusion, there are six windings in the synchronous machines in
Fig. 3.5, which are, namely, a-phase winding, b-phase winding, c-phase winding in the

© ®:field winding
® :d axis damper winding
o :q axis damper winding

Figure 3.5 Modeling of a three
cs phase synchronous machine.
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stator, field winding and d axis damper winding which are in d axis of the rotor, and
g-axis damper winding in the g axis of the rotor.

The voltage equation for a-, b-, and c-phase winding is in (3.55) represented in
vector form.

d
Vabcs = RsIabcs + %)\-abcs (355)

where R; is the resistance of one of three phase stator winding.
Similarly, the voltage equation for rotor winding—namely field winding, d-axis
damper winding, and g-axis damper winding—is in

d
Vsdare = Repagibgagic + - Mg (3.56)

In the above equations, we have

Vab(fs - [Vus Vbs ch\']T (35 7)

Iab(,‘s == [ias ibs icx\'}T (358)

;Labcx\' = [)vax )va )m\']T (359)

Viagk = Vi Va qu]T (3.60)

Lugk = (i la iqk]T (3.61)

N T

g = [P Aic 2gi] (3.62)
Ry 00

Ry = | 0 Ry O (3.63)
0 0 Ry

where Vi, Var, and Vi are the voltage to the field winding, d-axis damper winding,
and g-axis damper winding, respectively. Because the damper windings are short-
circuited, we have Vg = Vg = 0. And ig, iz, and iy are the current to the field
winding, d-axis damper winding, and g-axis damper winding, respectively. If the
speed of the rotor is exactly same as the rotating MMF by the stator windings, then
there is no current in the damper windings as with the rotor current of the squirrel cage
induction machine when slip = 0. In this case, iz = iy = 0. Also, Ry, Ry, and Ry
represent the winding resistance of the field winding, d-axis damper winding, and
g-axis damper winding, respectively.

The flux linkages for the stator and rotor winding can be expressed as (3.64) in
matrix form.

habm LS L_yr Iabcs
= 3.64
|:Lquk :| |: (Lsr)T L, :| I:Iquk :| ( )
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where

[ Las,ux th,m Lcs,as

Ls = Las.bs Lb&,bs Lc,&,bs (3 .65 )
L Las,cs Lbs,u Lcs,cs
[Lap  Lacg Lgkp

L= | Lgac Lacax Lokar (3.66)
| Lk Lakge  Lakgk
i Lfk.’a‘\' Ldk,us qu‘a.\‘

Ly = | Lgps  Lakps  Lakbs (3.67)

L Lfk.cs Ldk,cs qu,cs

In (3.65)—(3.67), L, , stands for the inductance between x and y windings. Also,
because the circuit is reciprocal, Ly, = Ly .

The self- and mutual inductance of each winding can be evaluated as follows.

In the case of a round rotor synchronous machine, the length of the air gap
between stator and rotor is independent of the position of the rotor, 6, under the
assumption of infinitesimal winding thickness and no slot on the stator and rotor. But
in the case of a salient rotor synchronous machine, the length of the air gap varies from
the maximum value, gnax, to minimum value, gnin, according to the rotor position. If
the air gap length varies, then the self-inductance of each stator winding and the
mutual inductance between the stator windings also vary. If the fundamental
component in the spatial flux distribution is only considered after neglecting the
harmonic components, then the self-inductance of a-phase winding can be modeled
as (3.68) [4, 10].

Lys.as = Lis+ La + Lg c0s26, (3.68)

where 6, is the angle from the axis of MMF by a-phase stator winding to the d axis of
the rotor reference frame, which is defined as the position of the rotor. In (3.68), Ly
stands for the leakage inductance of the stator winding, L, stands for the inductance
independent on the rotation of the rotor, and Lg is the maximum value of the
inductance varying with the rotation. L4 and Lg can be expressed as

K /(1 1
Ly =~ N +
2 ) &min &max

K /1 1
LB =75 N\ -
2 8min  &max

where N; stands for the effective number of turns of a stator (armature) winding, and K

(3.69)

(3.70)

T
stands for a proportional constant set by K = pr/ - T Here, u, is the permeability, 7,

is the radius of the rotor, and / is the effective axial stacking length of the rotor.
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Hence, the maximum value of L, is Ly +K-N, 3 ﬁ at 6, =0, and the
minimum value is L + K - NY2 g%d at 6, = 7.

Similarly, the self-inductance of the b and ¢ phases can be represented as (3.71)
and (3.72), respectively:

2n

Lpsps = Lis+Ls + Lg cos| 26, + ? (3‘71)
27

Lc’s,cs =L+ Ls+Lgcos| 20,— ? (372)

Also, the mutual inductance between stator windings can be represented as

1 21

LaS.,bs = — ELA + LB COS <20r— ?) (373)
1 21

Las,cs = - ELA + Lp cos (20r + ?> (374)
1

Lbs7cs = - §LA + Lg cos20, (375)

The mutual inductance between the stator winding and the field winding can be
represented as

Lus,fk = Lsfk cosf, (376)
2

Lpsfic = Lgic cos (Br_ %T) (3.77)
2n

Lesfic = Ly cos <0r + ?> (3.78)

where Ly is the maximum value of the mutual inductance between the stator winding
and the field winding and it can be represented as

Ly = KNyNpc

(3.79)

gmln

where Ny is an effective number of turn of the field winding.
Similarly, the mutual inductance between the stator winding and the damper
winding on the d axis can be represented as

Lax.,dk = Lxdk COS@, (380)

2n

Lips dkc = Lyai c0s <9r— ?) (3.81)
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2
Lesake = Lyak cos <0r + g) (3.82)

where Ly is the maximum value of the mutual inductance between the stator winding
and the damper winding on the d axis and it can be represented as

Logi = KNyN g

(3.83)

&min

Here, Ny is an effective number of turn of the damper winding.
Also, the mutual inductance between the stator winding and the damper winding
on the ¢ axis can be represented as

Lus gk = —Lgg sind, (3.84)
2

Lbs,qk = _L‘vqk sin (Gr_ ;) (385)
2

Lcs.qk = _quk sin (er + 37-[) (386)

where Ly is the maximum value of the mutual inductance between the stator winding
and the damper winding on the ¢ axis and it can be represented as

L‘\'qk = KNquk (387)

&g max

where N is an effective number of turns of the damper winding on the g axis.

The inductances of rotor winding can be evaluated similarly as derived in (3.88)—
(3.93). Because the d and g axes are perpendicular, the mutual inductance between the
d-axis damper winding and the g-axis damper winding is null. And because of the
same reason, the mutual inductance between field winding and the g-axis damper
winding is also null.

1

Lppe = KNjy—— (3.88)
min
Lpcar = KNaeNp— (3.89)
min
1
Laax = KN7, — (3.90)
, 1
qu,qk = Kqu g (391)
Lagxg =0 (3.92)

Ly g =0 (3.93)
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Based on the inductances of each winding, the stator flux linkage can be
represented as

r 1 2 1 2 b
Lis+ L +Lg c0s20, —La+La cos(20,.—?n> —3La+Lycos (29,+?”>
1 2n 2n 1
Nabes = _ELA +Lgcos (29,—?> Lig+Ls+Lgcos (29, + ?> _ELA +Lpcos20, Lijes
1 2 1 2
_ELA +Lgcos (29r+ %) _ELA +Lpcos26, Lig+La+Lgcos <20,.—?n)
L. cosO, L. cosO, —Lggi sinf),.

2n 2n . 2n
L. cos <0r7?> Ly cos <0r7?> —Lygy sin <0r7?>

2n 2n . 2n
Ly cos| 0, + 3 Lggi.cos| 6, + 3 —Lggisin{ 6,4 3

Similarly, the rotor flux linkage can be represented as

+ Iquk (3 .94)

2 2 T
L cos6, Ly cos <0, ?n) L cos (9, + ?n)
2n 2n
Ndghe = Lggi cosf,  Lgg cos| 6,— 3 Lggi cos| 0, + 3 Lipes

. . 2n ) 2n
—Lyg sinf,  —Lgy sin| 0,— 3 —Lyy sin| 6, + 3

Lgcge Lgae O
+ | Lgeak Lakax O Liigi (3.95)
0 0 Lyieqi

By similar derivation process which was used to derive (3.35) from (3.34), the
stator flux linkage can be deduced as (3.96) in terms of complex space vector variables
and rotor currents.

2
/Abubc‘\' = 5 ()a\ +aib\ +a )“)
= (L[g + LA> lab(\e/ " (396)
T
J\ 6+ E
+ Ly i + Log € igg + Lygice gk

where igpes = 2 (a5 + alp; +a%icy).
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Finally, the stator voltage equation with the complex space vector variables can
be written as

2 . d
Vabcs = g (Vus + avbs + 32 Vm) - R.vlabcs + E Kabcs (397)
Equation (3.97) can be transformed to the equation expressed by the space vector
variables on rotor reference frame, which is synchronously rotating to the rotor as
follows:
After multiplying ¢~/% to both sides of (3.97), like

- . i e d
Vapese T = Rigpese iy +e iy E)\abcs (398)
) = (Lls + 2LA)labcse o 4 ELBlabcselol + Lyl + Lyarcax +LSt]kej gk
(3.99)
qu = Vds +]V)s = Vabcxeijer (3100)

By using (3.99), (3.100), and Ngpes = )\qusei % the voltage equation expressed by
the space vector variables on rotor reference frame can be represented as

d
dqs - R ldqs te /o d[ ( dqse]01>

Ao e
zlqs+e—/9’ e/a ’ z dq\+e /o h J(l)r 6/0’ (3101)

) d., s
= Ryily, + %)\’dqs + (or )Ny

where w, is the angular speed of the rotor, which is the differentiation of the rotor
angle, 6,, with regard to the time.

The stator flux linkage equation in (3.99) can be rewritten in terms of the stator
current, the damper current, and the field current in the space vector form as

3 3
)\Z’qg = (L[s + 2LA> Vigs + 2LBlqu + Ls clfk + LyarLar +]ququ/c

Lmd + Lmq o Lmd _Lmq o

= | Ly + > g5 — 5 | + Ly + Lsarciar + JLsgr g

(3.102)

where the d—q axis inductances, L,,¢ and L,,,, are defined as (3.103) and (3.104),
respectively:
3

3
L ==(La+L ~K-N?
0 =5 Latls) =7 K-Noo

(3.103)
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3 3 1
Lng =3 (Ly—Lg) = EK-Nfg
max

(3.104)

In (3.102), i:;;s means conjugate of ij,.

The effective number of turns of each winding is very difficult to identify. Also,
the currents in the damper windings cannot be measured because of its caged bar
structure. Hence, without the loss of generality, the number of turns ratio between the
damper winding and the stator winding can be set as 1.5 as (3.105) to consider the
effects of two phases of the rotor, which has two windings, namely the d-axis damper
and the g-axis damper, against the stator, which has three phase windings.

Nax = Ny :%NS (3.105)

Under the assumption of (3.105), the mutual inductances between rotor windings
and the stator winding and self-inductance of rotor windings can be represented as

1 2 N
Ly = KNN, =—Lyg— 3.106
sfk N o3 d N, ( )
Ly = KN Ny = Lind (3107)
&min
quk = KN\‘qu = Lmq (3108)
gmaX
Lyw = KN2— =21 Ni (3.109)
flefk = fle Smin E) md sz .
1 N,
Ly ae = KNaeNpe = Ly -2 (3.110)
&min Nr
, 13
Lagiaxk = KNy — = = Ly (3.111)
&min 2
, 13
quaflk = Kqu = ELmq (31 12)
8gmax

Also, the stator flux linkage in terms of the space vector variables at the rotor reference
frame with d—g-axis inductances can be expressed as (3.113) using (3.106)—(3.108).

Lyng +Ling ., Lyya—Lng \ o+ P o
Nigs = (Lls+ - 2 mq>l§q.r+< - 2 mq>l'dqs+Lmd (i + darc) +Lmglg

(3.113)

where i;k is the field current referred to the stator side by considering the correspond-
ing effective turn ratios such as (3.114).

., 2Np .

= 5 i (3.114)
S
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Similarly, from (3.95) the flux linkage of rotor windings can be represented
as (3.115)—(3.117), respectively, by using (3.109)—(3.112).

2 N\, Ni. 2. Ng 3/, o
e = (Lffk g )t byt 3kt g (i) 3115)

30, Ni . 370 o

e = (lek + ELmd) lak + Lina Fﬂ: i+ Lina (qu + ldqs) (3.116)
3 T

Jak = L+ 5 Long )i +7mg - 5 (s + 1) (3.117)

Because the current of the damper windings cannot be measured and the voltage
to the damper windings are always null, the flux linkage, the leakage inductance, and
the winding resistance of the damper windings can be adjusted as (3.118)—(3.123) to
simplify voltage equations of the rotor windings.

e = e (3.118)
D = gk (3.119)
Lige = *Liak (3.120)
Ly = *Ligk (3.121)
Ry = "R (3.122)
Rl =Ry (3.123)

Also, the flux linkage, the leakage inductance, and resistance of the field winding
can be adjusted considering turn ratio between the stator and field winding as

o Ny,

=5 3.124
e Mkﬂfk ( )
o2 (MY (3.125)
1ﬂ€_2 Ifk ka .

3 AN

R, =ZRy|— 12
" =75 ﬂ‘(Nﬂ) (3.126)

With the above adjustments, the flux linkage of the rotor windings can be
represented as

- . 1 o or *
'j/‘k = (L;ﬂc + Lmd) l;k + Linaiar + ELmd (lqu + (ldqs> > (3.127)

, . s 1 o o\
/“iik = (L;dk + Lmd) Lk + Lmdl}/c + ELmd (ldqx + (ldqs) ) (3128)
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)V;k = (L;qk + Lmq) iqk + ]ELmq ((iiqu) _i:hp) (3129)

Also, the voltage and the flux linkages can be expressed as (3.130)—(3.139) in
terms of the stator and rotor currents, and the parameters of the synchronous machine
can refer to the stator side.

. . d .
vc’is = Rsl:is + %ifk—w,/lzm (3130)
r T d ar r
Vis = Rty + ;s + w4y (3.131)
vi—R. 4L (3.132)
fe = Bt ™ i :

! /. d /
Vie = R+ 7 2 (3.133)

! /. d /
Ve = Ryl + 7 L (3.134)

where
)v:ls = Llsifjs + Lmd (ZZ[3 + i}k + idk) (3.135)
A= Lyily + Ly (if” + iqk) (3.136)
e = Lyl + Lina (z}k +ig + i;‘,s) (3.137)
A = Ligiar + Lina (l,'ck + ik + i;y) (3.138)
;/c = L;qkiqk + Lmq (iqk + l;‘) (3139)
N,
! s

=—YV, 3.140
"= Ny (3.140)

Based on the above equations, the equivalent circuit of the synchronous machine
referred to the stator side at the rotor reference frame can be depicted as Fig. 3.6.
Because the damper windings are usually shorted, V), = ;k =0.

Like the induction machine, the current and voltages on the circuit on the 7 axis
do not contribute to the electromechanical energy conversion. Furthermore, in the
case of the synchronous machine, because the rotor circuit consists of d—g windings,
there is no n-axis component in the rotor inherently. Again, like the induction
machine, if the stator winding impedance is the same in all three phases and the
flux linkage of each winding is well-balanced, then there is no #-component current in
the stator side either. Hence, there is no need to consider an n-axis equivalent circuit in
this case. The current and voltage to the field winding can be measured in the actual
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Figure 3.6 Equivalent circuit of synchronous machine at rotor reference d-g-n axis.

synchronous machine. To compare the measured values with the field current, i;k, and
the field voltage, Vf’ , the turn ratio and the adjustment factors in (3.114) and (3.140)
should be considered.

3.3.2 Torque of a Synchronous Machine

The torque of a synchronous machine can be evaluated by the power balance like the
case of the induction machine. Under the assumption that i, = 0, the input power to
the machine can be expressed as

3
Pinzi

In (3.30)—(3.134), the flux linkage of each winding expressed in (3.135)-(3.139)
can be substituted and the voltage equation of the each winding can be represented

(V('}si&s + Vasias + Vi + Viglar + V;kiqk) (3.141)
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as (3.142)—(3.146) in terms of the current of each winding and the parameters of the
synchronous machine. These voltage equations can be substituted into (3.141). Also,
the input power can be represented in the terms of stator and rotor current as (3.147).

b = Rl =r 2y p{ Lt + Lna (1 + il + 17, ) § (3.142)
Vi, = Rty + 0,20+ p{ Ludyy Ly (1, + i) § (3.143)
Vie = R+ p{ g+ Lo (B + 35 ) | (3.144)
Vi = Riyiax +P{L;dkidk + Lina (ifls + g + i}k) } (3.145)
Vige = Rt +P{ Lyaioge + Ly (17 + it ) } (3.146)

Piy = 5 |Ro(12+12) + Ryl + Ry 5 + Ry,

1 2 2 1 12 1 2 1 2
+p{5Ls (l:js + 12s> + ELifkl}/‘k + ELidkldk + ELiqquk

'/2 /2

+ Lina % + = ) i 7 + gyl + Ty + Tycla
l-r2 ~2k
+ Ly g + % + ik +w;{ﬂdg s s i&;}} (3.147)

Like the case of the induction machine in Section 3.2.2, the first part of the right-hand
side of (3.147), R, (i + i;%) +R, sz + R, 5 —|—R;ki3k, represents the copper losses
by the stator and rotor windings

The next part,

1 o1 1 1
Py 5 Lis (lds + lqs) + ELlﬂclﬂc + 2L1dkldk + 2quk gk

/2 ,2 12 -2
i
+ Lina ( ;S + ; + 7 + dyglar + il + ’fkldk> +Ling < ? + 7 + lqvlqk) }

is the variation of the magnetic energy stored in the inductors, which has nothing to
do with the electromechanical energy conversion. And the last term,
w,i{)ifk. gy gy i;s}, is expected to be the mechanical output:

3 .
Po =50 A=y} (3.148)
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Then the torque can be calculated as T, = P,/ {150_/2} from (3.148), where P is the
number of poles.
The flux linkages in (3.148) can be rewritten as

Jags = Lina (ii}s + i + zf;k) + Ly, (3.149)
W= L (i;\, + iqk) + Ly, (3.150)

Also, the torque can be expressed as (3.151) in terms of the currents in the
windings.

Te = [{lel:ﬁ + Lma' (l:l’v + l.],‘k + idk) }l.[ris— {Llsi:lx + Lmq (l:IV + iqk) }l:lv:|

W W
ST Rav I T

[(L,,,d L)+ Lonai il + Lol ~Longige ij,s}
(3.151)

In the torque equation (3.151), the first term is the torque from the saliency of the
rotor, which is the reluctance torque, the second term is the torque from the field
current, which is the field torque, and the last two terms represent the torque from the
damper winding currents, the damping torque. If the instantaneous speed of the
rotating MMF, ., and that of the rotor, w,, is the same as () = w, (), then there is
no current in the damper windings as ig = iy = 0, and there is no damping torque.
Otherwise, the damping torque occurs to damp out the speed difference between the
rotating MMF by the stator winding and MMF by the rotor winding, whose rotating
speed is the speed of the rotor. In the case of round rotor synchronous machine,
because there is no saliency in the rotor like L,y = L,,, the reluctance torque is not
available. Based on the modeling of the synchronous machine in this section, the
modeling of the machine that has multiple damper windings can be easily derived.
Also, in the case of the permanent magnet synchronous machine, by omitting or
simplifying some parts of the equivalent circuit in Fig. 3.6 and some terms in (3.151),
the equivalent circuit and the torque equation of the permanent magnet synchronous
machine can be easily derived as explained in Section 3.3.3.

3.3.3 Equivalent Circuit and Torque of a Permanent
Magnet Synchronous Machine [11-13]

3.3.3.1 Surface-Mounted Permanent Magnet Synchronous Machine
(SMPMSM)

The SMPMSM has the magnet on the rotor, whose cross-sectional view is shown in
Fig. 3.7, and it is usually designed to generate sinusoidal back EMF. And there are no
field winding and no damper windings either at the rotor. And the field flux is constant
because of the permanent magnet. The effective air gap is larger compared to the
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) ) Figure 3.7 Cross-sectional view of the
El Non-magnetic material

rotor of a four-pole surface-mounted perma-
V72  Permanent magnet nent magnet synchronous motor (SMPMSM).

wound rotor synchronous machine because the relative permeability of the magnet is
almost unity like air. By using these observations, the equivalent circuitin Fig. 3.6 can
be modified as Fig. 3.8 by omitting damper winding circuits and by replacing the field
winding circuit by a constant current source. However, there is no modification in the
n-axis circuit, and it is not repeated in Fig. 3.8.

The mutual inductance on d—q axes are the same as L,y = Ly = Ly, and the
value is much smaller compared to the value of a wound rotor synchronous machine
due to the increased effective air gap [13]. The typical impedance of the mutual
inductance of a general-purpose SMPMSM is usually less than 0.2 per unit, such as
X = w.L,;, <0.2per unit.

The field flux, 4;, by the magnet can be expressed as Ay = iy - L,, based on the
constant current, iy, from the current source. Hence, the torque equation (3.151) can be

Figure 3.8 Equivalent circuit of
a surface-mounted permanent mag-
net synchronous machine at rotor

reference d—q axis.
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modified as (3.152), where there is no reluctance torque and damping torque. The
stator voltage equations in rotor reference frame are in (3.153) and (3.154).

3p_ . , 3P, .,

T, = 55 Lmlf s = 55 }‘flqs (3152)
Vi = Ryiy—w, 2+ p(Lsiy + ) (3.153)
Vi = Ryl + o,y +p (Lsigs) (3.154)

where Ly = L;; + L, and )v;s = Lyiy, Ags = Lyl + Js.

It can be seen from (3.152) that the torque of SMPMSM is directly proportional to
g-axis current, iy, because of the constant 4; by the permanent magnet. Hence, the
torque can be instantaneously controlled by adjusting i .. In the case of a general-

qs*

purpose SMPMSM the magnitude of the current, ir, is usulally much larger than that of
the rated current of the machine, and the flux weakening control by negative d-axis
current, i, is very limited. Recently, the neodymium—iron—-boron magnet is widely
used because of its higher energy density as the permanent magnet. However, the
neodymium—iron—-boron magnet is conductive itself, and an eddy current loss occurs
through the magnet in the presence of the variation of flux linkage to the magnet. In a
small machine, less than a few hundred watts, the eddy current loss may be negligible,
but in the higher-power machine the eddy current loss, especially at higher operating
speed, cannot be ignored. The eddy current loss can be modeled as R, in the circuit in
Fig. 3.8. The value of R, would vary according to the operating speed.

3.3.3.2 Interior Permanent Magnet Synchronous Machine (IPMSM)

The IPMSM has the magnet in the rotor, whose cross-sectional view is in Fig. 3.9, and
it is also designed to generate sinusoidal back EMF like SMPMSM. And there are no
field windings and no damper windings like SMPMSM. But due to the machining
process of the rotor surface, regardless of the lamination of the silicon steel sheet,
there may be some conductive path in the surface of the rotor. Hence, some damping
torque may appear from the conductive path, but the time constants given by

qa.\’i s
. '(

U P » dtm_x

Figure 3.9 Cross-sectional view of the
rotor of a four-pole interior permanent mag-
net machine (IPMSM).
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Figure 3.10 Equivalent circuit of an interior permanent magnet synchronous machine at rotor
reference d—q axis. (Dotted parts are for consideration of pseudo-damper circuits by the conductivity of
rotor outer surface.)

Ligic + Lind
R

and the current in the path is small and disappears rapidly. Also like an SMPMSM, the
neodymium—iron—boron magnet of an IMPSM is conductive itself, and an eddy
current loss occurs through the magnet in the presence of the variation of flux linkage
to the magnet. But unlike an SMPMSM, the variation of the flux linkage to the magnet
is smaller due to varied structure of the magnet. However, though the eddy current
problem of an IPMSM is less than that of an SMPMSM, the problem is still there and
the eddy current loss should be considered especially in the case of a high-speed and
high-power IPMSM.

As mentioned above, because the time constant of the damping circuit is too
small, the damping torque can be neglected in the dynamic performance evaluation of
an IPMSM in most cases. The equivalent circuit in Fig. 3.10 is similar to the salient
wound rotor synchronous machine. However, unlike the salient wound rotor syn-
chronous machine, it should be noted that the mutual inductance on the d axis is
smaller than that on the ¢ axis because the relative permeability of the magnet is unity
like air and the reluctance at the d axis is larger than that of the ¢ axis. The torque of an
IPMSM can be described in (3.155), and the stator voltage equations are (3.156)
and (3.157).

3P o oo 3P o -
T =55 { Loa=Lng) iy + 34ty } =55 { (La=L)iniyy + g1} (3155

Vi = Raiy—w, 2+ p(Laiy, + 2) (3.156)

a ds qs

, L"’%AL"“’ in Fig. 3.10 are quite small because of the large resistance of the path
»

qs

VI = Ryl + @2 +p (Lqi;\,) (3.157)
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where if = l‘f -Lyyg, Lg= L+ Ly, Lq =L+ Lmq, i;‘v = Lqi
Ly l.;:s + /lf.

Like the conventional salient rotor synchronous machine, the reluctance torque
contributes to the torque of an IPMSM, but unlike the wound rotor salient machine, the
positive reluctance torque can be obtained with negative d-axis current under positive
g-axis current because Ly < L,. With the proper design of an IPMSM, constant power
speed range (CPSR), which is the region where the constant output power can be
maintained by flux weakening control, can be extended to infinity under the
assumption of no limitation of speed from the mechanical reasons. In addition, by
negative d-axis current, 7, , for flux weakening, the positive reluctance torque, which
is the contrast to the case of the conventional wound rotor salient synchronous
machine, can be obtained and the torque capability of the machine in the flux
weakening region can be enhanced [14]. In contrast to the induction machine, where
the air-gap flux variation is delayed by the rotor time constant, L, /R,, an IPMSM has
no rotor time constant and the flux is decided directly by the stator current i, and iy,
and A, by the magnet without any time delay. Hence, highly dynamic flux weakening
control is possible. However, as mentioned in Section 2.9.2, L,,, decreases as the
magnitude of 7 increases because of the magnetic saturation of the core. Also, L,
varies according to i, too—that is, the so-called cross-saturation. And the control of
the torque is getting difficult as the magnitude of the current increases because of these
nonlinearities of the parameters of an IPMSM. The detailed description of the torque
control of an IPMSM is given in Section 5.1.3.

and A, =

,
qs

3.3.4 Synchronous Reluctance Machine (SynRM) [15,16]

The synchronous reluctance machine (SynRM) operates only based on the reluctance
difference of the rotor, and there is no permanent magnet and no winding on the rotor.
The structure of the stator is almost same to other machines, but that of the rotor is
quite simple. The cross-sectional view of a typical a four pole synchronous reluctance
machine is shown in Fig. 3.11. The equivalent circuit can be depicted as Fig. 3.12 by
modifying the circuit in Fig. 3.6. The typical power range of a SynRM is less than
several tens of kilowatts, and the saliency ratio defined as L,,; / L, can reach up to
around 10. With this saliency ratio the torque density of a SynRM can be comparable
to the torque density of the induction machine. Because of the large reactive power

Figure 3.11 Cross-sectional view of the
L] Tron core rotor of a four-pole synchronous reluctance
XY Air or Non-magnetic and non-conductive material  machine (SynRM).
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due to L, the power factor at the machine terminal is lower than that at any other
machines. Also, the size of the power converter to drive a SynRM should be larger
than that of the converter to drive other machines.

From the equivalent circuit and (3.151), the torque of a SynRM can be
represented as

3P . 3p .
= EE { (Lmd_Lmq) l:lvl;v} = 55 { (Ld—Lq) lcrl?l;v} (3 158)

Because of no magnet, there is no field torque unlike the case of an [IPMSM.
The voltage equations, given in (3.159) and (3.160), are similar to that of an
IPMSM, but there are no terms with Xf because of no magnet in the rotor.

T,

Vi = Rylge—w, 2+ p(Laigy) (3.159)
Vi = Ryl 4w,y +p (Lqigs) (3.160)

ds
In this machine, because the air gap flux is solely decided by the stator current in

the rotor reference current, CPSR has not been limited by electrical constraints but is
only limited by mechanical reasons such as centrifugal forces and bearing problems.
And flux weakening control performance is superior to any other machines [16]. But,
like an IPMSM, the d inductance, L, varies by several hundred percentages
according to the magnitude of 7, and it also varies with ;.. And, the control task
is complicated. Moreover, the saliency ratio decreases rapidly as the magnitude of the
current increases due to the magnetic saturation, and torque density drops down
severely in a higher torque region. Because the air gap must be small enough to get a
higher saliency ratio, the higher-power machine such as one over several hundred
kilowatts is inherently difficult to design.

where Ly = Ljy+ Ly, Ly = Lig + Lyng, /1:13 = Lyiy,, and Ags = Latly,.
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PROBLEMS

1. Complete equivalent circuit shown in Fig. P 3.1, which refers to the primary side, of a three-
phase transformer at rotating d-g-n reference axes with an arbitrary speed, w. The
transformer windings and connection to the three-phase source and load are shown in
Fig. P 3.2.

)

lp
et e ()
+ l;’; +
Vi %

o)
c A ()

o / —

+ lq]
v g

Figure P3.1 d-g-n equivalent circuit of a three-phase transformer.

The windings of the transformer are balanced and the parameters of the transformer are
as follows.

Number of turns of each primary winding: N;

Number of turns of each secondary winding: N,

Resistance of each primary winding: R

Resistance of each secondary winding: R,

Leakage inductance of each primary winding: L

Leakage inductance of each secondary winding: L,

Mutual inductance between AA’ winding and aa’ winding: L,,
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Figure P3.2 Windings and connection of a three-phase transformer.

2. From stationary reference frame d—g-n equivalent circuit of a balanced three-phase

induction machine, which is the circuit in Fig. 3.3 with @ = 0, deduce the steady state
per phase equivalent shown in Fig. 2.45.

. Simulate the starting characteristics of the induction machines, whose parameters are as
follows, by using digital computer. At ¢ = 0's, a-phase voltage is crossing zero with a
positive slope. The balanced three-phase voltage with the rated voltage and rated
frequency of each induction machine is applied to the machine. The load torque and
the inertia of load can be neglected. For each machine, plot a-phase voltage (V), a-phase
current (A), torque of the machine (N-m), and speed (r/min) in the vertical axis
simultaneously until the starting of the machine finished and the machine is in the
steady state. Here, the steady state means less than 3% variation of the magnitude of
the current between consecutive cycles. In the plot, horizontal axis is time from zero until
the end of the starting. Also, for a starting interval, the plot torque—speed curve in the
torque—speed plane, where the vertical axis is torque (N-m) and the horizontal axis is
speed (r/min) [7].

Induction Machine 1

Rated power: 3 Hp, Rated voltage in line-to-line rms: 220 V, Rated speed: 1710 r/min
Rated frequency: 60 Hz, Number of poles: 4, Inertia of the machine: 0.089 kg-m?

R, =0.435Q, R, =0.816Q

X;s =0.754 Q, X =0.754 Q

X =126.13Q
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Induction Machine 2

Rated power: 22kW,  Rated voltage in line-to-line rms: 220V, Rated speed: 1765 r/min
Rated frequency: 60 Hz, Number of poles: 4, Inertia of the machine: 0.122 kg-m?
R, =0.044 Q, R, =0.0252Q

L/x =0.55 mH, L], = 0.47 mH

L, = 1290 mH

Induction Machine 3

Rated power: 185kW, Rated voltage in line-to-line rms, 440 V

Rated frequency: 60 Hz, Number of poles: 4, Inertia of the machine: 4 kg-m?
Ry =0.013Q, R, =0.075Q

Ly = 0.1 mH, Ly =0.1mH

L, =12mH

Induction Machine 4

Rated power: 2250 Hp, Rated voltage in line-to-line rms: 2300V, Rated speed: 1786 r/min
Rated frequency: 60 Hz, Number of poles: 4, Inertia of the machine: 63.87 kg-m?
R; =0.029 Q, R, =0.022Q

Xy =0.226Q, X =0.226Q

X, =13.04Q

4. Using the parameters of the induction machine 2 in problem 3, answer the following
questions.

(1) During the starting interval found from problem 3, plot th, Ve V), &, ";S (A),
Ao, “;Y, s g (Wb-t) regarding time, ?. Plot torque (N-m) and i mputpower (W) using
rotor flux, 2}, A l,r» and stator current, i in the stationary reference d—¢ frame
regarding time, ?.

(2) During the starting interval, plot Vg, Vi (V), ig, i (A), A%, ;A, K Ao o (Wh-)
regarding time, 7. Plot torque (N-m) and input power (W) using rotor flux, 23,, A o> and
stator current, g, i, in the synchronous reference d—q frame regarding time, 7.

(3) During the starting interval, plot Vj, Vo (V), i, i (A), Ayg, Aggs Ao gy (WD)
regarding time, . Plot torque (N-m) and 1nput power (W) using rotor flux, 4., 4, ., and
stator current, fy, iy, in the rotor reference d—q frame regarding time, ¢.

(4) During the starting interval, plot V. V. (V) i, (‘1"9 (A), Ady,/lqs, K ey ar (Wb-t)
regarding time, ?. Plot torque (N-m) and i mput power (W) using rotor flux, 23, A5, qr>and
stator current, iy, Iy, in the rotating reference d—¢ frame, whose speed is  and given
as follows, regarding time, ¢. In the starting interval, during the first 1/3 of the interval
the speed of the d—¢ axis, w equals zero, during next 1/3 we have w = w,, and during
the last 1/3 we have w = —w,.

ds? qa’

qr’

5. As shown in Fig. P3.3, there is a synchronous reluctance machine, whose rotor shape is
ellipse. And there are no windings on the rotor. The stator windings are the balanced three-
phase windings. The self- and mutual inductances of each stator winding are as follows.

Las,as = Lls + LA + LB COS 20r

2n
Lpsps = Lig+La + Lgcos2 (6,4— ?)

2
Lm«,cs =L+ Ls+Lgcos2 (Hr + ?)
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lCS

Figure P3.3 Synchronous reluctance machine (SynRM).

1 n
Las,bs = - ELA +Lpcos2 (9,— g)

1 n
Lu&,(,‘s = - ELA + Lgcos2 (9, =+ g)

1
Lbs,cs = - ELA + LB COosS 29,.

(1) If the stator flux linkage is represented as

as Las
2 lps | = L | ipg
Acs les

find inductance matrix, L.
(2) Using fupes = 2(fus + afis + a’fis), show that

. d 3.0, 3. g
Vabcs = Rylapes + E [(L/.s + ELA) Iybes + E Lg 3129" Libes

where Ry stands for the winding resistance of each phase and i:b s

iabc.v~

149

is the conjugate of

(3) Derive the following voltage equation of the SynRM at a rotor reference d—g frame

from the voltage equation in part 2, where rotor angle is given by 6, = w,t.

qu = Rsi:;iqx + (L/S + ;LA> (P +jwr)i;’qx + %LB(p +le)i£;;s‘

where p is a differential operator such as d/dr.

(4) After finding input power, and prove that the torque of the SynRM is given by

—9 oL
T, = §~LB (lqs . zds).
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6. The self-inductance of a stator winding of a salient electric machine, shown in Fig. P3.4, is
given by L(0) = (La + Lp c0s26,)e™". Answer the following questions [9].

(1) Derive the field energy of the machine.
(2) Derive the coenergy of the machine.

(3) Derive the torque equation.

Figure P3.4 Salient electric machine.

7. Asshownin Fig. P3.5, a-phase terminal of a three-phase induction machine is opened, and
between other two terminals a constant current source, /., is connected. When the machine
is run by an external prime mover at constant speed, w,,, (rad/s), in the mechanical angle,
represent the following variables in terms of the machine parameters, R, R, Ly, Lis, Ly,
number of poles, P in the steady state.

) By Iy
@) Vi, Vi,
@) i1,

(4) Torque of the machine

IdL‘ a)rm

Figure P3.5 Single-phase excitation of a three-phase induction machine.
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At a rotating reference d—¢q frame with arbitrary speed w, the torque of the induction
machine can be represented by the following equation.
3P o o
T, = EELmIm [z‘,‘}qy . z‘;j,/r]
By using the above equation and the equivalent circuit represented with space
vector variables in Fig. 3.3, derive the following torque equation.
3P Ly,

Ty A vy
(14 )Ly

where Im[e] means an imaginary part of [e].

Im [ 25 - A4 ]

. Derive the reactive power to the machine at the stator terminal of an induction machine

using rotor flux, Ny, = A7, +j4;,, stator current, iy, = i +ji¢;, and parameters of the
induction machine through the following procedures. Here, there is no neutral component

voltage, and the impedances of the machine are balanced.

Hint: The reactive power to a three-phase system is expressed as Q;;, = —%Im [V,,bcsi:b l,s] s
where iz,m is the conjugate of i pcs.

(1) EXPrCSS Vab(,m iub(,‘s in terms of V:}qsv if]qs-

(2) Express Vg, in terms of Ay, i, and differential operator, p = d/dt.

(3) Finally, express Q;, in terms of i, if ., Do 22, and differential operator, p = d/dkt.
An SMPMSM, which has the following parameters, is driven by an inverter. Atz = O 's, itis
decelerated from 2000 r/min with —1 N-m torque. If i;, = 0 A and the friction and load

torque is negligible, answer following questions. At t=0s, 6,=0.
SMPMSM Parameters:

L, =2mH, L;; = 0.35mH, Ry = 0.65Q, Rated Power: 200 W, 4-pole,
A = Lyiy = 0.061 Wb-t, Sum of machine and load inertia: Jy; 4, = 1.29 x 107* kg-m?

(1) Represent i;v(A) in terms of the machine parameters and time, ?.

(2) Represent mechanical output of an SMPMSM, P,,(W), in terms of the machine
parameters and time, 7.

(3) Represent V;['X(V) in terms of the machine parameters and time, 7.

(4) Represent electrical input to the machine, P;,(W), in terms of the machine parameters
and time, 7.

(5) Show that the summation of, P,,, and copper loss equal to the input power, P;,,
instantaneously. Here, the copper loss means the power dissipated by the resistance of
the windings.

A SynRM, whose parameters are listed below, is controlled as i, = 7. The machine is in the
steady state with constantloadtorque, 15 N-matconstantspeed, @, = 1800 r/min. Atz =0s,
the angle of the rotor expressed in mechanical angle, 6,,,, is zero. It is assumed that all

parameters are constant regardless of operating conditions. Answer the following questions.

R, =0.232Q, L; =32 mH, L, =2.54mH

Sum of inertias of load and motor itself: Jy; . ; = 0.024 kg-m?
4-pole, Rated frequency: 60 Hz,

Rated voltage in line-to-line rms: 170 V,
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Rated output power: 5 Hp
Ly = Lis+ Ly, Lq =Ls+ Lmq

(1) Represent i;g(A) in terms of the machine parameters and time, ?.
(2) Represent V), (V) in terms of the machine parameters and time, 7.
(3) Represent V(;S(V) in terms of the machine parameters and time, ¢.
(4) Find the power factor at the machine terminal.

12. With an SMPMSM whose equivalent circuit is in Fig. P3.6, the terminals are shorted,
which means V; = 0, V;; = 0, and the rotor of the machine is driven by an external prime
mover in constant speed, w,,,;(rad/s), in the mechanical angle. The machine and drive
system are in the steady state.

o, 1, L
i e a
—W () S1
v 1, (Dip=40a
R, O, A L,
W W,
v’ L,

Figure P3.6 Equivalent d—¢ circuit of SMPMSM.

Find the torque of the prime mover to run the machine and the a-phase rms current to the
machine in terms of w,,, in rad/s.

R, =022Q
L,, =2mH
Li; =0.2mH
8-pole

Rated phase voltage inrms: 87V
Rated line current intms: 8.3 A

13. An IPMSM, whose voltage equations are represented by (3.156) and (3.157), is rotating in
the steady state. By using the following calculation, what parameter of the machine can be
obtained?

Re( Vé}qs ) /L;;v)
Re (lcglqv -/ :[qs‘)

where Re[e] means real part of [e].
14. Derive (3.113) from (3.96).
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Chapter 4

Design of Regulators
for Electric Machines
and Power Converters

To meet control objectives of electric machines and power converters through
electrical and/or electromechanical energy conversion, the input and output vari-
ables of the electric machine and the power converter should be in the acceptable
ranges, and the variables should be regulated instantaneously or in average sense.
Usually, the electrical variables under control are current, voltage, and power. The
flux linkage can be estimated based on the measured variables, and the flux linkage
can also be regulated based on the estimated value. The mechanical variables
controlled are usually torque, acceleration, speed, and position (angle). Through the
regulation of these electric and mechanical variables, the electric machines and
converters can accomplish the desired functions. In Fig. 4.1, a block diagram of a
typical electric power control system and a typical electromechanical system are
shown. In Fig. 4.1a, a system provides electric power to the load from a particular
power source, where in some cases the load can supply power to the source. The
source may be either DC or AC whose frequency might be variable. By measuring
the voltage and current of input and/or output instantaneously, the control function
can be accomplished. In Fig. 4.1b, a system controlling an electric machine through
a power converter is shown, where the machine can operate as a motor or as a
generator. Hence, the flow of the energy from the machine to the source via the
converter may be bidirectional. If the converter cannot accept the regenerated
power, then the power should be dissipated by other means such as a braking
chopper and resistor. In the control of the electric machine, usually the current to the
machine is measured as well as the voltage and current to the converter. In addition,

Control of Electric Machine Drive Systems, by Seung-Ki Sul
Copyright © 2011 the Institute of Electrical and Electronics Engineers, Inc.
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Figure 4.1 Block diagrams of typical control systems of electric machine and power

converter. (a) Electric power control system. (b) Electric machine control system. (c) A typical
cascaded control system.
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the position, speed, and acceleration are measured or estimated from the measured
variables. Also, the measured and estimated electrical and mechanical variables are
fed back to the control loop to enhance the performance of the control system. A
control system may work together with many controllers, which are interconnected.
In an industrial field, the most widely used connection of the controllers is the
cascade connection, where an output of the outer controller is the reference input to
the inner controller. In this structure, if the inner control loop is fast enough, then the
controllers are designed and tuned independently with other controllers. Here, “fast
enough” means that the bandwidth of the inner controller should be at least five
times of that of outer controller. A block diagram of a typical cascaded controller is
shown in Fig. 4.1c, where the innermost controller is the current regulator. In the
figure, if the current regulator is not fast enough compared to the speed regulator,
there may be interference between the current regulator and the speed regulator, and
the design and tuning of the regulators are complicated. The definition of the
bandwidth, wp,,, is the angular frequency of the input signal in rad/s where the
magnitude of the response of the controlled system is less than the magnitude of the
sinusoidally varying input of the system by 3 dB—that is, 1/v/2 of the magnitude of
the input. In the measurement of bandwidth, the inner controllers should not be
saturated. If there is saturation in input, output, or the internal variables of any
controller, then the measured bandwidth has no meaning.

To control these electrical and mechanical variables, the measurement and/or
estimation of the variables is essential. Without accurate information about the
variables under control, the control performance cannot be enhanced. The direct
measurement of the variables is the best way to get the information. However, in
many cases the direct measurement of the variables is impossible or too expensive.
In these cases, the variables can be estimated through the state equation of the
dynamic model of the system under control. This kind of the estimation instead of
the measurement may reveal robustness to the external noise even compared to the
direct measurement. Also, in the measurement and/or the estimation, the linearity
and time delay should be considered. Otherwise, the inherently stable system or
system stabilized by the controllers may be unstable unexpectedly. Usually, the
delay reduces the phase margin of the controlled system and let the system be
unstable easily. Hence, in many cases the delay would be the main reason to limit the
bandwidth of the control system. In the industrial fields, many control strategies and
theories have been developed and applied. However, in this chapter, the proportional
and integral (PI) controllers based on the classic control theory are explained,
and some design guides of the controllers are described. In addition to the classical
PI controller, the observers based on state equation of the dynamic system under
control are exploited to enhance the control performance. Also, to improve the
performance, the so-called “active damping,” which is a kind of state feedback
control, is incorporated in the control loop.
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Figure 4.2 Control block diagram of separately excited DC machine with active damping.

4.1 ACTIVE DAMPING [1]

As mentioned in Section 2.3, in the control of a separately excited DC machine, by
increasing the armature resistance and/or the friction coefficient, the damping of the
system increases and the speed response to the voltage step input would be less
oscillatory. However, the friction and resistance degrade the efficiency of the control
system. In contrast to those passive damping components, by adding the active
damping by feedback control as shown in Fig. 4.2, the oscillatory, underdamped
responses can be changed to overdamped responses.

In Fig. 4.2, by adding R,.ve together with R, the armature resistance has been
increased by R,.ive, and the eigenvalues of the system have been changed. Further-
more, if R,ve 1S much larger thanR,, the controller with the active damping would be
robust to the variation of armature resistance, R,. The same principles can be applied
to the case of friction, and the system friction, B, can be manipulated by active
damping, Bactive- As seen from this example, based on the control block diagram and
physical understanding of the system, the damping terms can be actively inserted
using feedback control to enhance the dynamic performance of the control system.
This kind of manipulation of the eigenvalues of the system by feedback is referred to
as the state feedback control in the modern control theory.

In Fig. 4.2, the transfer function between armature voltage to armature current is
in (4.1):

i 1
Va SLa + (Ra + Ractive)

4.1)

If Ryciive 1S set to be much larger than the magnitude of sL, within the control
bandwidth, wp,,, then (4.1) can be approximated as

Ig 1

~N—— (4.2)
Va Ra + Ractive

By using the fact that the torque of the separately excited DC machine is
proportional to the armature current (7, = Ki,), the voltage, V,, can be set as
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Vi = (T, /K) - (Rs + Ructive) to get the commanded torque, T, , where K is the torque
constant. With this setup, (4.2) can be rewritten as

iy iy 1
Va (T; /K) (Ra + Ractive) Ra + Ractive ( )
Hence,
TE’ K'a Ru Rac ive
Te _Kia  Rat Rucive) _ (4.4)

T: B T; - (Ra +Raclive) N

As seen from (4.4), if the active damping, R,ive, i large enough, the torque can
be controlled instantaneously within the control bandwidth. However, due to the time
delay and parameter errors, there is limitation of the magnitude of R,ve to keep the
stability of the system. In real implementation of the active damping, the integral term
is added to improve the control performance of torque. This kind of design of the
active damping with the integral term is described in Section 4.2.3 as a current
regulator.

4.2 CURRENT REGULATOR

The driving force, thrust, or torque, which comes from electromagnetic energy
conversion, can be expressed as the function of the current flowing through the
energy converter. Hence, the measurement of the current in the energy converter,
which is usually electric machine or power converter based on power electronics, is
essential to control the thrust or torque of the electric machine. Furthermore, if the
machine is driven by a power converter, the accurate and instantaneous measurement
of the current is also important not only for better control performance such as higher
efficiency and wider control bandwidth but also for the protection of the machine and
the power converter itself from the overload and the short circuit.

4.2.1 Measurement of Current

As mentioned before, to get better control performance of physical variables, the
measurement of the physical variables should be better. In particular, the current
regulation loop is usually the innermost loop, and its bandwidth is a key factor to
increase the bandwidths of other outer control loops such speed and position loops. To
measure the current flowing to the machine or to the power converter, the physical
connection between sensors and the conductors where the current flows is inevitable
whether the connection is direct contact, magnetic coupling, or optical coupling.
Thus, the measurement may be sensitive to the measurement noise from high dv/dt
or high di/dt of the conductor due to the switching of the power converter. Measuring
the current immune to the noise without time delay is quite a difficult task. In this
section, several methods of the current measurement used widely in the industry are
introduced.
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m
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Figure 4.3 Measurement of current using a resistor.

4.2.1.1 Measurement of the Current by a Resistor

This method is the most simple and easy when the magnitude of the current is small.
As shown in Fig. 4.3, the current, 7, can be measured by sensing the voltage drop of the
resistor, R,,, inserted in series to the circuit, where the current should be measured.
Because of the ohmic loss given by iV, the magnitude of the current should be
limited. Also, to reduce the loss, the resistance of the resistor should be minimized, but
in this case the magnitude of the sensed voltage decreases together and the signal-
to-noise ratio is getting worse. Furthermore, if the current varies rapidly, because of
the stray inductance of the resistor itself the measurement would be inaccurate. In
addition, the measured signal is not galvanically isolated, and the power converter and
the control system are connected electrically to the circuit where the current is
flowing. This may result in severe common mode noise problems and safety issues.
For the isolation, the optical isolator or high-impedance differential amplifier may be
used after the measurement of the voltage of the resistor, but this isolation stage may
incur additional cost and time delay. Regardless of these shortcomings, due to the
simplicity, this method has been used for the measurement of a current that is less than
hundreds of amperes, where a few milli-ohms of accurate noninductive measurement
resistor can be used, especially for home appliances and also for the low-cost general-
purpose variable-speed drive system.

4.2.1.2 Measurement of the Current by a Current Transformer (CT)

This method exploits the principles of the transformer as shown in Fig. 4.4. The AC
current in the primary winding, which is usually single-turn, induces the flux variation
in the secondary winding, where the current proportional to the primary current flows
to cancel the flux variation by the primary current. Through the measurement of the
secondary current by a resistor, R,,, the primary current can be measured easily. The
voltage across the resistor is proportional to the current in the primary side. While this

i
—_—

-

Figure 4.4 Measurement of current using a current
m transformer (CT).
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method is simple and easy to implement, especially in the case of the measurement of
large AC current, DC current cannot be measured inherently, because DC current does
not incur any flux variation. Hence, this method cannot be applied to the measurement
of the current of DC machine and that of AC machine when the frequency of current of
AC machine is down to zero, which means DC current. But as a special case, as
introduced in Section 2.4.1, if a DC machine is driven by a static Ward—Leonard
system, the armature current, i,, can be reconstructed by AC source current according
to the gating sequences. While the measurement bandwidth of the current transformer
(CT) can be extended up to several megahertz, that of the conventional CT based on a
simple iron core is extended up to 1 kHz. And, the current regulation bandwidth using
the conventional CT can reach up to 100 Hz. Furthermore, due to the magnetic
saturation, if the magnitude of the current in the primary side is over the range, the
linearity of the measurement may be endangered.

4.2.1.3 Measurement of the Current by a Hall Effect Sensor

When the current flows in a conductor, there is the magnetic field around conductor.
The magnitude of the field is proportional to the current, and there is no time delay
between the current and the magnetic field. Hence, by measuring the magnetic field, the
current can be measured indirectly. To measure the magnetic field, a Hall effect sensor
can be used. The operating principle of a Hall effect sensor is shown in Fig. 4.5. If the
current, 7, flows in a semiconductor and the magnetic flux, B, is applied perpendicularly
to the direction of the current flow, then the voltage difference, the so-called “Hall
voltage,” Vi, occurs between two sides of a semiconductor. The direction of the
voltage is normal to the direction of the current flow and also normal to the magnetic
flux. The magnitude of the voltage is proportional to the magnitude of the flux under the
constant current. Hence, basically, the Hall sensor measures the magnetic flux passing
through the sensor. To measure the current flowing through the conductor based on this
principle, the setup shown in Fig. 4.6 can be arranged. In the figure, if the current flows
through the conductor located in the center of a soft ferromagnetic material core such as
a ferrite core, the magnetic flux flows through the core. The flux is proportional to the
current with no time delay. A Hall effect sensor driven by a constant current source is
inserted in the core to the normal direction of the flow of the flux, and the sensor
provides a voltage signal proportional to the current of the conductor due to the Hall
effect. Because of temperature dependency and nonlinearity of the Hall effect sensor,
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effect.
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Figure 4.6 Current measurement by a Hall effect sensor.

the measurement by a simple Hall effect sensor would not be accurate in wide
operating temperature and current range. Hence, an improved technique to overcome
the above-mentioned problems is widely used, where the flux by the small current in
another winding wound around the core in Fig. 4.6 cancels out the flux of the current of
the conductor in the center of the core to make the flux in the core be null by feedback
control. This closed-loop sensor is reasonably accurate, and the measurement band-
width can be extended up to several hundred kilohertz.

Recently, a surface-mount chip type Hall effect current sensor is available, and
the cost and size decreases and the application area of the sensor increases.

Also, the giant magneto-resistive (GMR) sensor, which varies the resistance
according to the magnetic flux, is also used to measure the magnetic field of the current
of the conductor for the measurement of the current. But, still there are some problems
such as temperature dependency and nonlinearity. However, with the development
microelectronics and GMR sensor itself, the problems would be overcome soon.
Already several commercial current sensors based on GMR are available on the
market, and galvanically isolated current measurement with a GMR effect would
be more cost effective and accurate than any others in the near future. Also, there is the
possibility that the size of the sensor would be shrunk very much.

4.2.2 Current Regulator for Three-Phase-
Controlled Rectifier

4.2.2.1 Proportional and Integral (Pl) Regulator

For the regulation of the current of the three-phase-controlled rectifier shown in
Fig. 2.17 and Fig. 2.63, a proportional and integral (PI) regulator as shown in Fig. 4.7
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Figure 4.7 Control block diagram of current control system of a separately excited DC
machine driven by a three-phase-controlled rectifier with proportional and integral (PI) current
regulator.

is used widely because of its simplicity and relatively easy gain tuning. In Fig. 4.7, a
control block diagram of separately excited DC machine driven by a three-phase-
controlled rectifier with a PI current regulator is shown. In the figure, e stands for back
EMF of the machine. In the diagram, it is assumed that the current of the machine is
continuous and the nonlinearity between control voltage, V., and gating angle, a, is
resolved by using an inverse cosine function as mentioned in Section 2.18.1. Also, the
source voltage drop due to the overlapping angle from the source inductance, shown in
Fig. 2.64 and in (2.82), has been neglected. Hence, the voltage gain of the controlled
rectifier in Fig. 4.7 can be represented as (4.5), which is deduced from (2.82) and the
time delay as (4.6), which is one-twelfth of a period of input source voltage as
mentioned in Section 2.18.1.

A=y, 45
Vit (4.5)
2
T, = 4.
T o, (4.6)

where w, is the angular frequency of the source voltage.

In Fig. 4.7, the armature current, i,, includes the ripple current, whose
frequency is the six times of the source frequency. Also, to get average value
of the armature current, the ripple current in the measured current should be filtered
out. In the designing of PI regulator, the filter is assumed as the first-order low-pass
filter, whose time constant is Tr, and the cutoff angular frequency is 1/Tp. The
cutoff frequency can be set the same as the source frequency, which is one-sixth of
the ripple frequency. The time delay due to switching action of the thyristors in
the controlled rectifier can be modeled as the first-order delay as derived in (2.83),
and then the control block diagram in Fig. 4.7 can be simplified as shown in
Fig. 4.8.

The loop gain includes three time lagging elements, namely the delay due to the
rectifier itself, T,;/2, the delay due to the filter, T, and DC machine itself, T, = L, /Ry,
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Figure 4.8 Simplified control block diagram.

which is the armature circuit time constant. The first and the second delay can be
added and approximated as one delay:

1
G K,s+Ki A Ra 1
open-loop — T ' '
K 1q 14T, 14Tgs
7 s+1 “ d (4.7)
KK 1A 1

) R_alJrTas'lJrTes

where T, = T;/2 + TF.

In the case of a large DC machine drive system over a several-hundred-kilowatt
drive system, where three-phase controlled rectifiers are used, usually T, >> T,, and
the term 1 + 7,5 in (4.7) can be approximated as 7,s. And, the open-loop gain can be
simplified as

AK(s+4)
2R, T, 1 +T,s

Gopen—loop ~ (4 . 8)

where T; is the integral time constant of PI regulator, which is set by the two gains of
the regulator like K,/ K;. There are several gain tuning methods for this system. But,
the symmetric optimum method is the one used widely [2, 3]. The integral time
constant, T}, is decided by the system damping factor, {. To get the maximum phase
margin, { can be setas 1/v/2. Then T; = T, - (1 +2¢)* and K, =1 W In this
closed-loop system, the bandwidth is around 1/15.1 T,. With this tuning précedure,
in the case of the drive system with 60-Hz source frequency, the bandwidth is
approximately 16 (rad/s). Through this kind of design procedures and gain tuning,
the current control system with the controlled rectifier can provide reasonable
performance, but still there are several shortcomings as follows. The closed-loop
bandwidth is limited to less than a few tens of rad/s, and the current response to the
step input of the current command reveals overshoot due to the zero of PI regulator.
Furthermore, if the armature current is discontinuous, then the transfer function of
the rectifier in (2.83) would not hold and the overall transfer function is totally
different from the function in (4.7) and the control performance degrades
conspicuously.
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Figure4.9 Control block diagram of a predictive current regulator for a three-phase controlled
rectifier driving DC machine.

4.2.2.2 Predictive Current Regulator

To solve the problems of a PI regulator, as mentioned in Section 4.2.2.1, the powerful
computing capability of a digital signal processor (DSP), which is recently available
in a cost effective manner, can be applied. By emulating the whole control system
including DC machine and the rectifier, the gating time point to regulate the armature
current according to the commanded current, i:, can be directly obtained based on the
predicted armature current. Hence, by using this type of regulator, referred to as a
predictive current regulator, the armature current can track the commanded one
without any control delay [4]. The control block diagram of the predictive regulator is
shown in Fig. 4.9.

The equivalent circuit of the system including AC source, DC machine, and
thyristor switches is shown in Fig. 4.10, when two thyristors of the three-phase-
controlled rectifier is conducting. In the circuit, the conduction voltage drop of the
thyristor is neglected and Vj stands for a source line-to-line voltage to which the
conducting two thyristors are connected. According to the conduction of thyristors,

+

- Figure 4.10 Equivalent circuit
of a three-phase-controlled rectifier
drive system.




4.2 Current Regulator 165

this voltage varies sequentially and is one of among six line-to-line voltages, namely,
Vuw wa me me Vcby Vub~

The voltage loop equation of the circuit can be described as (4.9), and the
solution of the equation under the assumption of constant back EMF, e, during one-
sixth of the source voltage period can be found as (4.10). The assumption holds if
the speed of the DC machine is almost constant over one-sixth of the period of the
source voltage:

di,
L,— + Ry, =V 4.9
7 +Ryi, +e (4.9)
i, = I cos (wet— g —¢) + Ll 41, (4.10)

where w, is the angular frequency of the source voltage, ¢ = tan~'(w.L,/R,),

p= Ra/weLa, L = \/EV(—Erms/ R% + (weLa)z’ and I3 = 73/Ra-

In (4.10) the first term in the right-hand side is the steady-state solution by AC
source, and the second, transient solution by AC source, and third, the steady-state
solution by back EMF. The first and the third term are independent of the gating angle, c.
Thus, to regulate the current by gating angle, the magnitude of the second term should
be controlled. According to the continuous or discontinuous conduction of the current,
the magnitude of the second term is given by (4.11), or (4.12), respectively.

3 i x 1

L=l 21 S G ) 4.11

2 Hl“ 3 T 1c0s(a d))} 3p ¢ 2sinh(p§) ( )
where @ = cos™! (W . n)
\/ivfférms 3

i
L = {—13—11005 (a—g—d))}e”“
(4.12)

= [—13 —Icos (B— g —d))] ePP

where « stands for the firing angle of the thyristor and 8 stands for the extinction angle.
In the case of discontinuous conduction, by using the constraint that the average voltage
across the inductor, L,, equals zero, «, 8, and I, can be calculated by simultaneously
solving (4.12) and (4.13). And based on the calculated «, 3, and I, the instantaneous
armature current can be predicted from (4.10).

V2V i (sin (/3— g) _sin (a— g)) n e(g + a7B> fg (R’ +¢) =0 (4.13)

The control sequence is as follows. First, at every sampling interval, which
should be much less than a period of the source voltage—for example, less than two-
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hundredths of the period—the voltage, V,, back EMF, e, calculated by the product of
the speed of the machine and back EMF constant, and the instantaneous armature
current, i,, are sampled. Next, the armature current under the assumption that the next
thyristor turns on—that is, the predictive current, i,.—is calculated by (4.10). Finally,
if the predictive current is equal to or larger than the sampled armature current, then
the next thyristor turns on at that sampling instant. By this method, the armature
current can be regulated as fast as possible regardless of continuous or discontinuous
conduction of the armature current. The bandwidth of the regulator can be extended
up to a few hundred rad/s, which is more than 10 times the bandwidth of the PI
regulator in Section 4.2.2.1. In Fig. 4.11, the waveforms of the commanded current
and actual current are displayed.

The shortcomings of this regulator are (a) the computational burden due to the
real-time emulation and (b) the sensitivity to the machine parameters such as armature
resistance, inductance, and back EMF constant. With parameter errors, the current
regulation may have the steady-state error. This problem can be resolved by
augmenting a simple PI regulator in addition to the predictive regulator.

4.2.3 Current Regulator for a DC Machine Driven
by a PWM Chopper

For the torque control of a DC machine whose power rating is less than several tens
of kilowatts, the four-quadrant DC/DC power converter described in Section 2.4.2
is widely used. In Section 2.18.4, the operating principle of the power converter has
been briefly described. At this power converter or at the bidirectional chopper in
Section 2.18.3, the switching frequency, f; = 1/T;, of the power semiconductors
in the power converter is usually much larger than the bandwidth frequency of the
current regulator, fy, = wp, /27 such as f; > 10f3,. In this case the voltage applied
to the electric machine can be assumed as the commanded voltage itself without
any time delay, and the power converter can be modeled as a voltage amplifier
without any internal dynamics and as a simple amplifier with constant gain k. At
given constant switching frequency, the available maximum current regulation
bandwidth depends on the current sampling method and control period as shown in
Table 4.1 in Section 4.2.3.2.

4.2.3.1 Proportional and Integral (Pl) Current Regulator [5,6]

If the inertia of the machine and load is large enough to consider back EMF as constant
in the design of the current regulator, then the machine can be modeled as simple R—L
load, R,—L,, with constant disturbance voltage, e, as shown in Fig. 4.12. If the back
EMF voltage can be estimated from the speed of the machine and back EMF constant,
then by feed-forward compensation the disturbance by back EMF can be rejected
perfectly as the dotted part in Fig. 4.12. In addition to this rejection of the disturbance
voltage, by canceling the pole of the system, which comes from R,—L, with a zero of
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Figure 4.11 Regulation of the armature current of a three-phase-controlled rectifier feeding
dc machine by a predictive current regulator. (a) Continuous and discontinuous conduction.

(b) Polarity changing of the commanded current (20 A/div.).
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Figure 4.12 Proportional and Integral (PT) regulator.

PI regulator, the transfer function of the closed-loop system can be set as that of the
first-order low-pass filter. This kind of gain tuning method is referred to as the
technical optimum. Under this gain tuning method, the proportional and integral gain
can be set as (4.14), and then the closed-loop transfer function of the current regulator
is deduced like (4.15).

K, = Lyw,
K (4.14)
iy(s) @, 1 1
AL/ - . T.o=— 415
() st Tes+1 ‘T w, ( )

As seen in (4.15), the bandwidth of the regulator, wp,,, is set as w.. Hence, after
deciding the bandwidth, the gains are calculated directly from the parameters of a DC
machine. With this gain setting, from (4.15) the response of the current regulator is
well-defined without any overshoot and no steady-state error.

4.2.3.2 Implementation Issues [6]

Due to the instantaneous voltage difference between the voltage applied to DC
machine, V,, and back EMF, e, of the machine, there are inevitable ripple currents in
the armature current, i,. If the switching period, T, of a DC/DC converter, the so-
called PWM chopper, is small enough compared to the armature circuit time constant,
T, = L,/R,, then the current variation can be approximated as a linear function of the
instantaneous voltage difference. In this case, the armature current has ripple
components whose fundamental frequency is two times the switching frequency,
fs = 1/Ty, as shown in Fig. 2.71. For accurate regulation of the average armature
current in a switching period, the ripple components should be removed. In addition,
because the armature voltage is synthesized by pulse width modulation (PWM) of the
converter, the commanded armature voltage can be updated by PWM at best twice per
switching period. Due to this inherent limitation in the implementation of the current
regulator, there are inevitable time delays even if the PI regulator itself is designed in
the analog form. But, nowadays, most of the regulators are designed in digital form,
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and there is additional delay due to the execution of the digital algorithm of the current
regulator.

If the ripple components of the armature current are filtered out by the second-
order low-pass filter, there is additional time delay. As an example, if the cutoff
frequency of the second-order filter to remove the ripples is f;/5, there is time delay
between the actual current and the filtered current by 1.257. The average value of the
armature current in a sampling period can be obtained by averaging the current as
in (4.16). Here, the averaging interval can be a half of a switching period, which gives
the minimum time delay, 5 - 5 Tj, to get the average value.

(i) = %J_ o) (4.16)

In another way, without low-pass filtering or averaging, the average value of the
current in a switching period can be obtained by exploiting the feature of PWM. If the
current is sampled at the peak or the valley of the carrier wave of PWM as shown in
Fig. 2.71, then the average current can be obtained under the assumption of the linear
variation of the current in the period. Though this method has shortcomings such that
the measurement is sensitive to noise because of no low-pass filtering, the average
current can be obtained without any time delay, and it has the potential to give the
highest regulation bandwidth compared to other methods. Further issues with this
method such as adding low-pass filtering to improve the noise immunity is discussed
in Section 7.2.1.

The delays, mentioned before, limit the bandwidth of the current regulation. If the
delay is reduced by other means such as prediction of the current or sampling twice per
switching period, the bandwidth can be increased. To eliminate the digital delay for
the execution of the regulator algorithm, the current at the next sampling point,
io(n+ 1), can be predicted based on the present commanded voltage, V,, (n), estimated
back EMF, &(n), estimated parameters such as R, and L, and the sampled current,
is(n), asin (4.17). In this prediction, if there are errors in the parameters, the sampled
current, and estimated back EMF, then there are some current ripples due to these
errors even in the steady state.

i+ 1) = ia(n) + % [V (n)—&(n)—Ro - ia(n)] Li (4.17)

a

The maximum bandwidths of the current regulator based on the technical
optimum method with back EMF compensation are given in Table 4.1 according
to different current measurement methods and different PWM update intervals. With
the developments of the microelectronics technology, the current sampling and the
execution of the regulator algorithm can be done in a few microseconds or even in a
several hundred nanoseconds. In this case, by eliminating the execution delay of the
regulator itself in digital, the bandwidth of the current regulator can reach up to 27 - f =
regardless of the parameter and estimation errors [7].
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Table 4.1 Maximum Bandwidth of Digital PI Current Regulator with a Four-Quadrant
Chopper

Sampling at

Sampling at Sampling at Peak and Valley
Current Low-Pass Peak or Valley = Peak and Valley of Carrier and
Measurement Filtering of Carrier of Carrier Prediction of
Method for=f /5 Waveform Waveform Current
Command volt-  Once per 7 Once per Ty Twice per T Twice per T
age updating synchronized synchronized synchronized synchronized
interval to the current to the current to the current to the current
sampling sampling sampling sampling
Total time delay 275 T, 1.5 T, 0.75 T, 0.25 Ty
Maximum 2m- i% 2m- % 2m- % 2m- %
bandwidth, '
..(rad/s)

“Here, Ty = fl and f; is the switching frequency of the four-quadrant chopper.

4.2.4 Anti-Wind-Up [8]

All physical variables in the control system are bounded by physical limitations. As
shown in Fig. 4.13, the output of the current regulator, which is the input to the power
amplifier such as a three-phase-controlled rectifier or a four-quadrant DC/DC power
converter, decides the terminal voltage of DC machine, V,. In this case the magnitude
of the voltage is limited by input source voltage of the amplifier whatever the output of
the regulator itself is. If the terminal voltage is saturated by the physical limitation but
if the output of the regulator is not bounded at that physical limitation, then the control
system including a DC machine is out of control of the closed loop, where the
regulator output has nothing to do with the input to the physical system under control.
In this case the response to the command of the control system is sluggish and
oscillatory and is uncontrollable by the regulator. To prevent this situation, the output
of the regulator can be simply bounded by a limiter as shown in Fig. 2.70. However, if
the integrator terms are included in the output of the regulator, then the output of the
integrator itself, fot e(t)dr ory_;_, e(k),is not bounded by the limiter and it would be
wound up above the limited value of the regulator though the output of the regulator is

. e, (s) | Current v* Power v DC
io($) = regulator +‘Qt_’ amplifier “» machine —»TE
Ge(s) Ke TS
: +
ie

Figure 4.13 Control system including regulator, power amplifier, and DC machine.
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Figure 4.14 PI regulator implemented by an operational amplifier.

limited. This phenomenon is called “wind-up.” If the wind-up of the integrator of the
regulator occurs, then the input to the integrator, which is the regulation error, should
have a sign opposite to that of the output of the integrator for a while to clear the
wind-up. In this reason, the response would have a large overshoot or undershoot
because of the integrator wind-up. In the worst case the control system may be
unstable. In a conventional PI regulator implemented with operational amplifier (OP
Amp), the output of OP Amp including the integrator itself is inherently limited by
the supply voltage such as +V,. or —V,. as shown in Fig. 4.14. To limit the output
voltage of the integrator further, back-to-back connected Zener diodes can be used as
shown in Fig. 4.15.

sy B L
“'(z)__R_le"’(t) G, Joe,,.(‘c)dr (4.18)

In the case of digital signal processor (DSP) using fixed-point operation, the
variables can be limited by a proper saturation function and also by scaling of the
variables. However, in the case of DSP using floating point operation or in the case of
computer simulation, the output of the integrator should be properly bounded with
consideration of the physical limitation of the variables. The limitation of the
integrator output, which is called an “anti wind-up,” can be done in several ways
as shown in Fig. 4.16. The method in Fig. 4.16a, which is simple to implement
digitally, has shortcomings such that the limiting value of the output of the integrator
does not match to the limiting value of the output of the regulator. And the setting of
the limiting value of the integrator is not easy. The method in Fig. 4.16b, which is
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Figure 4.15 Pl regulator implemented by an operational amplifier with Zener diodes to limit
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Figure 4.16 Implementation of anti-wind-up. (a) Limited integral method. (b) Anti-wind-up
controller.
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called the back calculation method, is easy to tune and gives the reasonable
performance in most of application fields. In all implementations, the back EMF
can be compensated in feed-forward manner to improve the control performance.

InFig. 4.16b, K, is usually set as 1/K,,. However, in general, such a setting gives a
reasonable performance, but the anti-wind-up gain, K,, can be tuned to get better
performance in the range of 1/3~3 of K,,.

Other methods such as turning-on or turning-off of the integrator of the PI
regulator according to the operating condition can be used [9]. Because the main
reason to use the integrator in the regulator is to null the steady-state error, the
integrator may be turned off whenever the error is large. If the error is small and the
output of the regulator is within the physical bound, then the integrator may be turned
on to reduce the steady-state error.

The above-mentioned anti-wind-up functions should be incorporated not only in
a PI regulator but also in any regulator that has integral terms.

4.2.5 AC Current Regulator

Like a DC machine, for the high-performance control of an AC machine the
regulation of the current is essential. Several methods for the current regulation of
AC machine have been developed, such as hysteresis regulator, predictive regulator,
dead beat regulator, and so on. In this section a PI regulator mentioned in Section 4.2.3
is extended and modified for the regulation of current of an AC machine [10]. The
extended PI regulator reveals reasonable dynamic performance together with easy
gain tuning and robustness to the parameter variation of AC machine and the power
converters.

4.2.5.1 Current Regulator for a Balanced Three-Phase Circuit

A balanced three-phase electric circuit consisting of a resistor, an inductor, and an
EMF in series per phase can be depicted as in Fig. 4.17. Here, it is assumed that the
instantaneous sum of three EMF voltages is zero: e s + eps + e = 0. And EMF is
sinusoidal and its angular frequency is ..

Figure 4.17 Balanced three-
phase R—-L-EMF circuit.
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The above circuit can be described by

. dias
Vas= Rigs+L dt + €as
Vs = Rj, i,
- Ips d (419)
dics
Ves= Ripy+L—
les+ 57 ® te

Equation (4.19) can be rewritten in a stationary d—q reference frame as (4.20).
Because of the balanced impedance and EMF, there is no n-term voltage and current in
d—g-n axes.

di’
Vcsls = Rifls +L dd& + eds
. (4.20)
S

S _ RS qs
Vqs = quS + o €y

The equation can be further expressed in synchronously rotating reference frame,
whose rotating speed is w,, as in (4.21):

S e (4
— cuequ‘Y + ey,

di¢
Ve = Ri¢ L d:
ds Lis + dt

(4.21)

di"'

Vs = Rig, +Ld —l—weleY—f—e

If all electrical variables of the circuit in Fig. 4.17 vary sinusoidally at angular
frequency, w,, then the variables in (4.21) are strictly DC quantities. Hence, the design
methodology of a PI regulator for the DC machine introduced in Section 4.2.3 can be
applied to the design of an AC current regulator. In Fig. 4.18, a block diagram of a
typical AC current PI regulator on the synchronous d—¢ reference frame, which is
extended from a PI regulator of DC current, is depicted including anti-wind-up
function due to the limitation of the output voltage of the inverter.

Because of the d—¢q axis, two sets of PI regulators are used for a three-phase
circuit. All gain-tuning, including anti-wind-up gain and back EMF feed-forwarding
at each axis, is the same as in the case of PI regulator in Section 4.2.3. The only
difference is that the feed-forwarding voltage includes not only back EMF, ¢ and ¢, qs,
but also coupling terms due to the rotation of the reference frame such as weLl
the d axis and + weiifls in the ¢ axis as in (4.22):

VS = —wLit, + &
- (4.22)
Vs p = @e Li% + e
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Figure 4.18 PI current regulator for a balanced three-phase AC circuit.

In addition, the output voltage of each axis PI regulator is limited not in d or ¢ axis
separately but in d—¢q axis simultaneously. The voltages are limited within the hexagon
at a stationary d—q voltage reference plane. Hence, the voltages after limitation at each
axis are coupled with each other. If the output voltage, in space vector form, of the
regulator, Vj,';s, is out of the hexagon boundary, then the voltage should be limited by
an overmodulation scheme, and after overmodulation the voltage would lie at the
boundary of the hexagon—that is, Vf,qx. Based on this voltage, the anti-wind-up
controller works [11].

Like PI regulator in Section 4.2.3, if the bandwidth of the regulator is set as wp,,,
then the gains of PI regulator can be easily calculated. For further improvement of
the robustness to the parameter variations, the active damping term can be added and
the stator resistance can be increased by R,.ve. In this case the gains of the regulator
are given as

K, = Loy,
K; = (R + Raclive)wbw
1 (4.23)
K,=—
KP

Because of the simplicity and no steady-state error, the PI regulator on the
synchronous reference frame with feed-forwarding terms is widely used in the
industrial field to drive a high-performance AC machine. The gain-tuning for each
type of AC machine can be derived as follows from the modeling of AC machine
discussed in Sections 3.2 and 3.3. Also, the bandwidth of the regulator according to
the current sampling methods and PWM update intervals is exactly same as in the case
of the DC machine mentioned in Section 4.2.3.1 and Table 4.1.
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4.2.5.2 Induction Machine

To derive the input voltage equation for the design of PI regulator mentioned before,
the stator voltage equation of the induction machine can be represented in terms of the
stator current and stator flux linkage at a synchronous reference frame as

e

Vaels = Ré‘iss dtdé _weiz.\‘
A (4.24)
‘@:&@+?$+%;

Similarly, the voltage equation of the rotor can be represented in terms of rotor
current and rotor flux linkage as

e

0= err"'& —wy )e

di
2 (4.25)
0= Ryify + " +wn,

After rewriting the stator and rotor flux linkage in terms of stator and rotor current
as (4.26) and (4.27), the stator flux linkage can be represented in terms of stator current
and rotor flux linkage as

= LS+ L,

ds

(4.26)
/le = Lyig, + L,
fll - Lm Lis +L ldl
4.27
28 = Lyi¢. + L.i¢ ( )
qr — TMiqs "qr
LI‘I
ds - O-L lds + L_1 “ft’r
(4.28)

0 ﬂl
dgs = OLslig + —= 2,
)

By using (4.27), the rotor current in (4.25) can be eliminated and the rotor flux
linkage can be represented in terms of stator current and slip angular frequency,
(we—w,) as shown in (4.29).

ne

dirg, Ly . -

o R,L—leflx— L—:AZ,,. + (0, —w,) A,
4.29

d/lgl o Ly, .e R, he 7€ ( )

7 - "L_rlqs_ L_r/“qr_(wf_w”) “dr
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By substituting (4.28) and (4.29) into (4.24), finally, the stator voltage equation in
terms of stator current and rotor flux linkage can be derived as

L2 . dl; - LI‘H Ll‘)‘l a
V= | R +R, L—');’ i +oLs dts 7&)80'le;sz,. L—% o @r T AZ,,
(4.30)
L2 die\‘ Lm Lﬂl
Ve = | Ry+ R 2 i +0Li—2 + @,0Li + 0, — 15, —R, = 25,
e 2] dt ' Lo e

When the induction machine is controlled with the rotor-flux-oriented vector
control method described in Section 5.2, /1‘;, = 0. Hence, (4.30) can be simplified as

I? di® L
¢ — | Ry+R, 22| + 0L~ —w,0L,i’.—R, 2 )¢
d: d: ! d)
/s s IL% /s s dr e stas 'LIZ, e
(4.31)
L2 . diy . Ly, ,
Veo= | Ry +R,,L—’g o +0'LX7? + w0 Lgif, +w,.L—':1A;,
r

By comparing (4.31) and (4.21), the parameters for gain-tuning and feed-
forwarding voltage terms can be deduced as given in Table 4.2.

4.2.5.3 Synchronous Machine

The synchronous machine, including the synchronous reluctance machine (SynRM),
can be generally described as (4.32) at the rotor reference frame from Fig. 3.6. Again,
by comparing (4.32) and (4.21), the parameters for gain-tuning and feed-forwarding
voltage terms for the synchronous machine can be deduced as given in Table 4.2.

"

di 4
Vi = Ryl + Ly =% —w,L, i

a dl q%qs
dir (4.32)
Vis = Rofys + Ly + oLty + oy
Table 4.2 Circuit Parameters
Balance Three-Phase Circuit in (4.21) Induction Machine Synchronous Machine
7

Resistance R R;+R, (%) Ry
Inductance L oL Ly, L,
Angular frequency w We(= Wy + wy) Wy
Feed-forwarding term in d axis, fweLi;S +ef fweULSi;’SfR,. %g/lgr f(uqui;Y

Feed-forwarding term in ¢ axis, w,Li§, + ezs 0oL + w, i— 2 o, Lgily + wpAf
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where /s stands for the flux linkage by the magnet or by the field winding, and
Ly =L+ Lyg and L, = Ljs+ L,,y. In the case of the wound rotor synchronous
machine we have Ay = L,,,4i’'s, and in the case of SynRM we have /A = 0. For the case
of an SMPMSM or round rotor synchronous machine, L; = L.

4.2.5.4 Complex Vector Current Regulator

The above-mentioned PI regulator at synchronous reference frame decouples the
coupling terms due to the rotation of axis by the feed-forwarding terms, —weI:ifIS and
w.L i If the inductance varies according to the operating conditions as mentioned in
Section 2.9 and Section 2.12, the decoupling would be imperfect and the control
performance degrades rapidly. However, after understanding that the coupling terms
due to parameter errors are covered by the integral term of a PI regulator, as shown in
Fig. 4.19 the decoupling term can be added to the integral term instead of a feed-
forwarding term. Such a current regulator is called a complex vector current regulator
because the transfer function analysis of the regulator is done based on the complex
frequency response function (complex FRF), where input and output of the transfer
function are described as complex numbers [12]. The complex vector current
regulator for the balanced three-phase circuit can be depicted as Fig. 4.19, where
the estimated coupling terms are the input of the integrators of the regulator for
decoupling. By using these inputs, the coupling terms due to rotation of the reference
frame can be canceled out. Against the wind-up of the integrator, anti wind-up
controller is also incorporated as shown in Fig. 4.19, where anti-wind-up controller
includes a cross-coupling term that is not in Fig. 4.18 [13]. If the parameters of the
regulator have no errors, then the transfer functions of both regulators in Figs. 4.18 and
Fig. 4.19 are the same and the closed-loop transfer function of the current regulation

PWM
Inverter S

Figure 4.19 Complex vector current regulator for a three-phase AC circuit.
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loop is described as the first-order low-pass filter, where the cutoff frequency of the
filter is wp,,. However, if the inductances vary according to the operating condition,
which is the case in most drive systems, the regulator in Fig. 4.19 reveals a better
decoupling effect and a better current regulation performance compared to the
regulator in Fig. 4.18. In particular, in an IPMSM drive system, where the g-axis
inductance varies by several hundred percentages, the performance improvement by
the complex vector current regulator is eminent [14].

In the figure, Vd stands for the difference between the commanded voltage
of the regulator and the limited voltage by the hexagon boundary in the d axis, and
V stands for that in the ¢ axis.

4.3 SPEED REGULATOR

The torque of an electric machine occurs through the interaction between the flux
linkage and the current. Usually, the flux linkage is kept as constant by the permanent
magnet or constant field current. Also, the electric machine can be modeled as a
converter that converts the current to the torque or to the thrust force. The rotating
(moving) speed of the electric machine is decided by the torque (force), friction, the
load torque (force), and the inertia (mass) of the rotating (moving) part of the system
under control. Hence, if the load torque, inertia, and friction are given, the speed can
be regulated by the torque of the machine. So, to control the speed in the speed
regulation loop of an electric machine drive system, the torque of the machine should
be controlled, and the output of the speed regulator is naturally torque. In this section
the design of the speed regulation loop is discussed.

4.3.1 Measurement of Speed/Position of Rotor
of an Electric Machine

To regulate the rotor speed, the speed should be measured or estimated. In this section,
several methods to measure the position and/or the speed of the rotor are introduced.
In the case of the linear electric machine, the position and/or speed also can be
measured similarly.

4.3.1.1 Tacho-Generator

A tacho-generator has been used to measure the rotational speed of the rotor. The
output voltage of the tacho-generator is proportional to the speed because it is a small
DC machine excited by a permanent magnet. The output of the tacho-generators is
usually several volts/(1000r/min), and it includes ripple components due to the
limited number of poles of DC machine. The output signal of tacho-generator is given
in analog form as voltage, and it is sensitive to measurement noise. Furthermore, at the
constant speed the output voltage varies according to the temperature due to the
magnet characteristics. Because of the above shortcomings, the accuracy of speed
regulation using tacho-generator is limited, and the speed regulation accuracy is
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usually at best 0.1% of the rated speed in overall operating temperature. Regardless of
the shortcomings, the tacho-generator is still used in many simple speed regulation
systems due to its merits such as simplicity, mechanical robustness, and direct
measurement of the speed without any signal processing.

4.3.1.2 Encoder [15]

To measure the speed or the position, the digital encoder is widely used, which
generates pulse train whose frequency is exactly proportional to the speed. The
encoder can be classified as the incremental type, where the pulse corresponds to
the relative position of the rotor, and the absolute type, where the pulse corresponds to
the absolute position of the rotor. For the control of synchronous machine, where the
absolute angle of rotor is essential for control, the absolute encoder has been used.
However, with the development of techniques of control of the electric machine, the
incremental encoders with several auxiliary pulses are getting popularity for the
control of the synchronous machine in the industry because of its cost effectiveness. In
particular, for the control of the DC machine or the induction machine, where the
absolute position has no meaning for speed regulation, the incremental encoders are
used without exception.

The incremental-type encoder can be classified according to the operating
principles as the magnetic type and the optical type. The maximum number of
pulses-per revolution (Ppg) of the magnetic-type encoder is usually smaller than that
of the optical-type encoder, but the magnetic-type encoder is robust to environmental
conditions and is cost effective. Hence, the magnetic encoder is usually used for (a)
traction application when the operating environment is hostile and (b) home appli-
ances, where the cost is the first concern. However, in this section the optical encoder,
which is the most widely used for high-performance speed control, is introduced in
detail. In the control viewpoint, the difference between two types of encoder is only
pulse per revolution, and all control concepts developed here can be applied to the
speed control system with any type of encoder.

As shown in Fig. 4.20, regardless of absolute or incremental type, the optical
encoder consists of a light-emitting diode (LED), a condensing lens, a rotating disk
with slits, a light receiver that is usually a photosensitive semiconductor such as a

Rotary Light
Disk Receiver
—a [V
=) JUL
LED I—c \/\/
Condensing Fixed TPhOt.O_ Comparator
Slit ransistor
Lens
Moving
Slit

Figure 4.20 Basic configuration of optical encoder.
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Figure 4.21 Slit of optical encoders. (a) Four-bit absolute encoder. (b) Incremental encoder.

phototransistor, and microelectronics to process the output of the phototransistor. The
pulse from the encoder comes in differential output for noise immunity. In Fig. 4.21a,
the slit for a 4-bit Gray code absolute encoder is shown, and Fig. 4.21b shows the slit
for the incremental encoder, which generates not only incremental “A” pulse and “B”
pulse, but also some auxiliary pulses such as an index pulse, “Z,” and “U,” “V,” and
“W” pulses for the absolute position of the rotor.

While the absolute encoder provides the rotor position in forms of digital bits, the
incremental encoder provides usually two sets of pulse train called “A” pulse and “B”
pulse, where the phase of the “A” pulse train is leading that of the “B” pulse at positive
rotational direction. In the incremental encoder, the relative position of the rotor can
be measured by accumulating the pulses. Usually, the incremental encoders provide a
“Z” pulse, which is an index pulse occurring once per revolution at a certain position
of the rotor. And by counting the number of pulses of the “A” or “B” pulse train from
the “Z” pulse, the absolute position can be identified after the “Z” ‘pulse comes out.
However, before the “Z” pulse, the absolute position cannot be identified. To solve this
problem, “U,” “V,” and “W,” pulses are sometimes provided, which are the pulses
with duty factor 50%, and the phase of each pulse train is 120° offset to each other.
Hence, the absolute position of the rotor can be identified within +30° accuracy. In
most industry applications, the incremental encoders with less than 8192 Ppy are
used; but for highly dynamic and very accurate speed and position control, 223 Ppy is
already available. Such a high Ppy is usually obtained by interpolation of several
thousand Ppg signals based on digital signal processing. By using this high Ppg
encoder, even at less than a few r/min speed, several thousand rad/s of speed regulation
bandwidth is possible [16].

4.3.1.3 Resolver

Resolver is a type of synchronous reluctance machine, where the reluctance is the
function of the rotor position. The resolver usually has three sets of winding as shown
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in Fig. 4.22. One is used as an excitation source driven by constant voltage sinusoidal
AC source. Also, others are used to detect the rotor position, and each winding is 90°
apart spatially to other windings. From the voltage of two sets of the winding, the
absolute position of the rotor can be identified. In Fig. 4.22a, the outer shape of a
resolver is shown and the structure of the rotor and stator is in Fig. 4.22b. The pole
number of the resolver may be any even number, but in Fig. 4.22b a two-pole resolver
is depicted for simplicity of understanding. In Fig. 4.22c¢, the output signals according
to the rotor position are illustrated. If the voltage in (4.33) is applied between input
terminals, R, and R,, then the output voltage can be described as (4.34).

Vri-r2 = E sin wt (433)
Vsi-s3 = KE sin wt cos(PP 6,)

(4.34)
Vsr—s4 = KE sin wt sin(PP 0,)

where K is the turn ratio between input and output windings, and PP is the number of
the pole pair of the resolver, which is half the number of poles. And PP of the resolver
should be matched to the number of pole pairs of the electric machine.

As seen from (4.34), the output voltages include the information regarding
the rotor position, and by demodulating two output voltages the absolute position can
be measured. Because the structure of the resolver is the same as the reluctance
machine, the resolver is robust to mechanical stress and can be adapted to the hostile
environment. Hence, it is widely used as a position sensor of the electric machine for
vehicle application such as a hybrid or electric car. Together with the resolver, the
resolver-to-digital converter (RDC) can provide the rotor position and speed directly
in digital format. The resolver has many merits; however, because the resolution of the
position is quite poor compared to the optical encoder, the application of the resolver
to the high-performance speed regulation system is limited.

4.3.2 Estimation of Speed with Incremental Encoder

After getting position information through the resolver or the encoder, for speed
regulation or for the feed-forward compensation of the coupling voltage in current
regulator mentioned in Sections 4.2.3 and 4.2.5, the speed should be identified.
While RDC can provide the speed information directly in the case of the resolver, in
the case of an incremental encoder the speed should be estimated from the pulse
train. In this section, the methods to calculate the speed from the pulse train are
introduced, and a method to estimate the speed based on the observer theory is
discussed.

4.3.2.1 Multiplication of Pulse per Revolution (Ppg)

With more Ppg, the speed can be regulated in a higher control bandwidth at lower
speed [16]. However, as Ppg increases, the cost does and, furthermore, the higher
number of Ppg encoder is sensitive to mechanical shock. Ppg can be increased by
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Figure 4.22 Operating principles of a resolver. (a) Outer shape of four-pole resolver. (b)
Conceptual diagram of a two-pole resolver. (c) Excitation voltage and output voltage according to
the rotor position.
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A Pulse train

B Pulse train

A pulse: Twice
multiplication

B pulse: Twice
multiplication

Quadruple
multiplication

Figure 4.23 Multiplication of PPr by rising and falling edges of pulses.

signal processing of “A” and “B” pulses. As shown in Fig. 4.23, by using falling edge
and rising edge of a pulse train between “A” and “B” pulse trains, Ppp can be doubled
easily. If both edges of both pulse trains are used, Ppg can be quadrupled. Though Ppg
is increased, because of the errors in duty factor of each pulse train and errors in the
phase difference between the pulse trains, the time interval between each multiplied
pulses may not be constant even at constant rotational speed as shown in Fig. 4.24. So,
sometimes, the multiplication of Ppg by the above signal processing makes the speed
regulation performance worse than the case without multiplication.

The measured value from the encoder is the rotational angle, and in order to get
the speed information the angle should be differentiated regarding time. The angle
represented by the pulse train is discrete nature, and the differentiation of the angle has
multiple options. According to the options, the performance of speed control may be
different. In this section, several differentiation methods, which are widely used in the
industry, are discussed with their merits and shortcomings [17].

4.3.22 “M” Method

This method is counting the number of pulses for a fixed time interval as shown in
Fig. 4.25. The speed by this method can be represented as

mo 60m

Ny=—=—+—
M Tsp PPRTsp

(r/min) (4.35)
where a stands for the rotational angle of the rotor in mechanical degree between two
adjacent pulses, and Ty, stands for the sampling period of the speed.

The “M” method has merits such that the implementation is simple and that the
measurement interval, which is the speed sampling period, is constant at any speed.
But the speed error, which is expressed by 5% (r/min), is constant regardless of the

PpRT
speed, and at lower speed the relative accuracypand resolution of the speed measure-
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Figure 4.24 Problems of multiplication of Ppg by signal processing. (a) Problem due to phase
errors between “A” and “B” pulse trains. (b) Problems due to nonideal duty factors.

ment is getting poorer. With a conventional several thousand Ppg encoder, the speed
measurement error would be several tens of r/min with the several hundred micro-
seconds sampling interval. And the speed control performance may be unacceptable
for most servo applications. However, if the extremely high Ppg encoder is used such

m

( A A
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_»4_

A
A 4

Figure 4.25 “M” method.
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as 223 Ppg, by calculating the speed even at less than a few r/min with a hundreds-of-
microseconds sampling interval, the speed regulation bandwidth can be extended up
to several thousand rad/s.

Figure 4.26 “T” method.

4.3.2.3 “T” Method

This method measures the time interval between two adjacent pulses as shown in
Fig. 4.26. The speed by this method can be represented as

af.  60f.

N =
r m WZPPR

(r/min) (4.36)

where f, stands for the frequency of the clock pulse train to measure the time interval
and f. = 1/T. in the figure.

The “T” method has merits such that the speed can be measured accurately at low
speed and that time delay for the measurement is negligible. But it needs arithmetic
division to calculate speed, which is usually a burden to a low-cost digital signal
processor. Also, because the sampling interval varies according to the speed, though
the delay of the measurement itself is negligible, the calculated speed information
may have additional time delay with the constant sampling frequency digital speed
regulation loop due to the asynchronization between the execution of the regulation
algorithm and the sampling of the speed. Also, to get higher resolution at extremely
low speed, where a would be very large, the number of clock pulse would be too large
to handle.

4.3.2.4 M/T Method

In the industry, a method mixed with “T”” and “M” methods is used widely [17]. This
method gets the merits of both methods while minimizing the shortcomings. The
principle of the method is shown in Fig. 4.27, where the measurement interval, Tp, is
synchronized to the pulse right after nominal sampling period, 7,. And Tp, which is
the speed sampling interval, varies slightly larger than T, by AT at most of the
operating speeds as shown in Fig. 4.27. The slight variation of the sampling interval
may not be a problem in the digital control system. The effect of the variation may be
almost the same effect with the slight variation of integrator gain if a digital PI
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regulator is used for the speed regulation. The speed by this method can be represented
as (4.37). As seen from (4.37 ), m; and m, are measured discrete integer values, and
based on those values the speed can be calculated. The M/T method combines the T
method, which reveals accurate speed measurement at lower speed, and the M
method, which reveals accurate speed measurement at higher speed. And it reveals
reasonably accurate speed measurement performance overall speed range. But, at
extremely low speed, it operates like the T method, whose shortcoming is that variable
sampling time occurs. And eventually, AT may be larger than the nominal sampling
interval, T,; below a certain speed, the speed regulation bandwidth would be reduced
remarkably [18].

m « B 60ﬁ,m1
Ppr(Tgp +AT)  myPpg

Nyr = (r/min) (4.37)

The speed measurement resolution, Q,(r/min), and the actual speed sampling
interval, Tp, according to the speed can be represented as (4.38) and (4.39),

respectively.
60f.m; < 1 1 > 60f.m;
- = 4.38
QN PPR M2—1 11%) mZ(le—l)PpR ( )

Tn=T, (AT =0)

PprNy 7Ty 60 .
PRy T 5 4 (AT0) (4.39)
60 PprNyr

Tp Integer

where Integer(x) means integer part of the number x, and Ny, represents speed of the
rotor in r/min.
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Figure 4.28 Resolution and detection time of speed measurement by the M/T method.

The above equations are plotted in the case of Ppg = 1000, f, = 30 MHz,
and 7, = 1 ms from 3r/min to 500 r/min in Fig. 4.28. As seen from the figure
and (4.38), the resolution is getting worse as the speed increases, but the relative
resolution defined as Qy/Ny 7 is almost constant regardless of the speed. To
increase the resolution, m, should be increased. But increasing m, above the
resolution of encoder pulse train itself has no meaning in improving the resolution.
The speed detection time, which is the actual speed sampling interval, is getting
longer as the speed decreases, but above 1001/min, it is almost constant as the
nominal sampling interval as 1 ms in this example. At the extremely low speed, as
shown in Fig. 4.29, the detection time, Tp, would be larger, the time delay in the
speed measurement increases, and the delay may limit the speed regulation
bandwidth.

m
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v N
< »i¢ AT
< Z;p e —_—
< TD >
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Figure 4.29 Time delay of the speed measurement by the M/T method at extremely low speed.
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4.3.3 Estimation of Speed by a State Observer

In the design of a control system of the electric machines and power converters, some
state variables are fed back for the closed-loop control to improve the control
performance. However, in many cases the state variables are not measurable or the
measurement of the variables is costly. In this section, a method to estimate the states
in a time-invariant linear system is described based on the observer theory. In
particular, a method to estimate the speed of the electric machine from the measured
rotor angle by an encoder is discussed.

4.3.3.1 Full-Order Observer [19]

The state variable of a time-invariant linear system can be estimated directly from the
state equation itself in (4.40) if the state is observable.

% =A% +Bu (4.40)

where vector X stands for the estimated state of the state variable vector x, A stands for
the system matrix, B stands for the input matrix or vector, and u stands for the input
vector. If the initial value of the state vector, x(0), is known accurately and matrices A
and ‘B are known correctly, X can be calculated by (4.40). But, usually the initial value
of the state is unknown or even if it is known, matrices A and B may have errors. Then
the estimated state, X, would deviate from the real state, x. By defining state error, X,
as (4.41), the error dynamics of the state variable can be described as (4.42):

% = x—% (4.41)

X = AX, %(0) = x(0)—%(0) (4.42)

If the system is stable, which means that all eigenvalues of the system lie in the
left half-plane of Laplace domain in the case of a continuous system, then the error, X,
would converge to zero. The convergence rate is decided by the magnitude of the
eigenvalues. As the magnitude decreases, the convergence rate decreases. To improve
the convergence rate and the accuracy of the estimation, a part of the state error, X, or
the function of state error, y, can be fed back to the system as shown in Fig. 4.30, which

Process | X(9
u(?) > A, » C
B
» Model | X
. A, : C
» B

Figure 4.30 Closed-loop
observer.
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can be represented as (4.43). Here, C is the output matrix, which generates the
measurable output, y, of the system from the state, x.

X = AX +Bu + L(y—Cx) (4.43)

where L is the proportional gain matrix, which is set to get the satisfactory
performance of estimation of the state. The error dynamic of (4.42) can be modified
to (4.44) with the closed-loop estimation process in Fig. 4.30.

X = (A-LC)X +Giw (4.44)

where w stands for a vector representing disturbance of the system, and G; stands for
the matrix to model the effect of the disturbance to the state. The characteristic
equation (4.44) is deduced as

det[sT—(A—LC)] =0 (4.45)

where det[s] means the determinant of matrix [e].

If Lis set as the system A-LC to be stable and if all matrices A, B, and C have no
errors, then X would converge to zero in the case of no disturbance like w = 0.
Furthermore, by adjusting the gain matrix L, regardless of the initial value, X(0), X
converges to zero and the convergence rate can be improved compared to the rate
by (4.42). However, even if A, B, and C have reasonably small errors and if there are
some disturbance like w #0, by adjusting L, X can converge approximately to zero in
the practical sense. If the roots of the characteristic equation, (4.45), are set as (4.46),
then the equation can be represented as (4.47) in terms of the roots.

N :BI7B2""7BVL (446)

ae(s) = (s=B1)(s—=B2)(s—=B,) = 0 (4.47)

By comparing the coefficient of equations (4.47) and (4.45), the proportional gain
L can be calculated.

4.3.3.2 Speed Estimation from the Measured Encoder Angle by
a Full-Order Observer [20]

To apply the above-mentioned state estimation method to an electric machine control
system, where the speed of the machine should be estimated from the measured
encoder angle, from a control block diagram in Fig. 4.31 and from the linear time-
invariant motion equation (4.48), the state equation can be derived as (4.49).

dw rm

T.=J
dt

+ Bw, + Ty (4.48)
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T
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o/ Js Ea
B Figure 4.31 Control block diagram of a
simple mechancical system.
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% Wiy | = 0 _7 _j W | + j T, (449)
Ty, T
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6
where the state of the system is given by x = | w | and the load torque, T,
Ty

is augumented as a state under the assumption that d7;,/dt = 0. The assumption is
valid as long as the load torque varies much slowly compared to the variation of other
state variables such as speed and angle. From (4.49), the observer equation such
as (4.43) can be described as (4.50 ), which can be depicted as a block diagram shown
in Fig. 4.32.

R 0 L 07_.. 0 R
d Orm 0 B 1 Orm 1 h Orm
E (E’rm 7 77 (E)rm + 7 To+ |k Orm_[l 0 O] Cprm
T 0 0 0 T 0 I T
(4.50)
[Z)VUI
1 * 1 érm‘
p »(O)—>» . >
A+
7
J

Figure 4.32 Block diagram of a speed observer.
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The gain matrix, L, should be set to guarantee the stability of the system in
Fig. 4.32 and to meet the reasonable speed estimation performance not only in the
steady state but also in the transient state.

The characteristic equation of (4.50 ) can be deduced as

llJJrBS2Jr hJ+ 1B 7173:

3
det [SI-(A—LC)] =5+ 7 7 N 7 0 (4.51)
Equation (4.47) can be rewritten as
ac(s) = (s—B1)(s—B2)(s—Bs)
(4.52)

= $°—(B) + By +B3)s* + (BB, + BaB3 + B3B1 )s—B BB = 0

By comparing (4.51) and (4.52), the elements of L can be evaluated as

L =—(By+ B> +B3)_§

L = (BB + BB +B331)_§11

(4.53)
2
B
= (B1B2+B2B3 +B3By) + (By + B2 +B3) 7 +
L = Bi1BBsJ
If the roots of (4.52) are set as triple roots as 3, then (4.53) can be simplified as
B
L = —33—7
B
L = 3B8%*— 711
5 (4.54)
B B
=382 +38- + |~
B +3B5+ |7
L =pJ

If the friction of the system is neglected as B = 0, then (4.54) can be further
simplified as

L = -3B
L = 3p? (4.55)
L = BJ
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The observer bandwidth decided by the root, 8 and parameter errors, should
be large enough compared to the speed regulation bandwidth such as at least
three times the speed regulation bandwidth. The bandwidth of an observer can
be evaluated by calculating the magnitude of the transfer functions in (4.58)
and (4.59 ) in the next section. If B is too small, then the convergence is too slow.
But, if B is too large, the system may be unstable due to measurement noise, time
delays in the signal processing, and errors in system modeling matrices,
A, B, and C. Instead of triple roots, the roots can be set as the characteristic
poles of a third-order Butterworth low-pass filter, where the cutoff frequency of the
filter decides the convergence rate. As the cutoff frequency increases, the conver-
gence rate increases but the stability margin decreases. In another way, the
roots may be set according to the optimal control theory, which optimizes a
performance index.

4.3.3.3 Physical Understanding of a Full-Order Observer

Equation (4.50 ) can be rewritten as (4.56 ), which can be depicted as Fig. 4.33 in a
control block diagram. From the figure, it can be seen that the speed observer is a kind
of closed-loop regulator, which regulates the estimated angle, B, according to the
reference input, 6,,,. The error between the reference input and the actual value is the
input to a proportional, integral, and differential (PID) regulator. Setting the observer
gain matrix, L, is equivalent to setting the gains of PID regulator. To circumvent
differential operation (dotted part in Fig. 4.33), the differential term is added not to the
torque junction but to the speed junction, where its dimension is rad/s as shown in
Fig. 4.33. Then the block diagram of the PID regulator is exactly the same as the
diagram in Fig. 4.32.

%= A%+ Bu+ L(y—Cx)

0 1. 07.. 0 .

B 1 Orm 1 [1 0,.,”
=10 =5 5 | |+ | G| Tt [ L] [ Om-[1 O 01|y
T I T
0 0 0 L 0 } L
. &)rm + ll (gt‘m_Arm)
Orm U D R
dfrm = _B.la)rm— j TL + ; Te + 12 (Orm_erm) (456)
T, .

13 (Hrm _Orm)
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Figure 4.33 Physical understanding of an observer as a closed-loop regulator.

In (4.56 ) and Fig. 4.33, /5 stands for integral gain, /, stands for proportional gain,
and /; stands for differential gain. Figure 4.33 can be redrawn as Fig. 4.34 to
emphasize the regulator aspect of the observer.

The gains of PID regulator can be set through the analysis of the transfer func-
tion. By substituting T, =J % 4+ Bwyy, @ = dz;’", and T, = (Js*> + Bs)0,,
into (4.56 ), the transfer function between the estimated angle and measured angle

can be deduced as

Om IS+ (B+JK)s> + (BKi + K2)s + K3
Orm JS3+(B+.7K1)S2+(BK1+K2)S+K3

(4.57)

From (4.57), it can be said that at lower-frequency regions (considering s = jw),
where the magnitude of the sum of the constant and the first order of s term,
(BK | + K3)s + K3, is much larger than that of the sum of the third and the second
order of s term, Js° + (B +JK 1)32, the estimated angle would well track the
measured angle regardless of the parameter errors. Hence, even if there are some
mismatches between actual inertia and friction coefficient, J and B, and nominal
ones, J and B, the estimated angle matches well to the real measured angle as long as
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>

Y
\
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Figure 4.34 Representation of an observer as a closed-loop PID regulator. K; = I;, K> = Jb,
K5 = 7[3.
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the variation of angle is slow enough to guarantee |(BK|+K;)jw+
K3| > |[J(jw)’ + (B+JK;)(jo)?|. In addition, if JK, is much larger than the friction
coefficient, B, the second-order terms in the numerator and denominator of the
transfer function would be almost the same and that the regulation performance—
that is, estimation performance—would be improved. Because the parameter errors
in J and B are affected only in a higher-frequency region, if the bandwidth of the
control system given by the transfer function is set high enough compared to the
speed regulation bandwidth, the estimated speed, @,,,, from the observer can be used
as a speed feedback information without the direct measurement of the speed [21].
The transfer function between estimated speed and actual speed can be derived
as (4.58) from (4.57) and Fig. 4.34.
IS+ (B+JK))s> + (BK; +K>)s + K3

—2 T - (4.58)
Wrm JS3+(B+JK1)SZ+(BK1+K2)S+K3

Comparing to the transfer function in (4.57), it can be seen that the estimated
speed in (4.58) is more sensitive to the parameter errors, where the first-order terms in
the denominator and numerator do not match in the case of error in B. However, if the
estimated speed is obtained from the differentiated state of the estimated angle as
shown in Fig. 4.35, the transfer function between estimated speed and actual speed is
exactly same as that in (4.57). And the estimation of the speed is rather robust to the
error in B. But in this case, the angle error directly affects the estimated speed, and the
estimated speed would be sensitive to the measurement noise that is included in the
measured angle, 6,,,.

Om  @mm IS+ (B+JTK1)s* + (BK, + K2)s + K
Om @O Js3 + (B + ]Kl)SZ + (EK] + Kz)S + K3

(4.59)

Another way to set the gains of the observer represented as a PID regulator is to
tune the gains as PID regulator in a general closed-loop control system. At the first
step, in Fig. 4.35, input, 6,,,, is given by a function generator as a square wave, whose
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Figure 4.35 Modified speed observer robust to parameter error but sensitive to measurement
noise.
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frequency is around 10% of the desired bandwidth of the observer, and the magnitude
should be small enough not to saturate any state variable and internal variable in
the closed loop but large enough to increase signal-to-noise ratio. By observing the
output, 0., the gains can be adjusted as follows. In the tuning process, the feed-
forwarding term, 7, is kept as zero. And at the second step, all PID gains are set as
zero and then increase the proportional gain, K5, until the output, O gives 10%
overshoot to the input. If the system is unstable without the differential gain in tuning
of K, then set K| as a minimum value to make the system stable and tune K, as
mentioned before with this minimum K. After fixing K, as tuned, next, increases
differential gain, K, until the overshoot disappears. After setting K; and K, increase
the integral gain, K3, again until the output, 6,,,, gives 10% overshoot to the input.
After setting all gains, the control loops including the mechanical system in Fig. 4.31
are closed, and the gains may be fine-tuned with the measured angle and with the feed-
forwarding term [22].

4.3.3.4 Disturbance Observer [23]

If the bandwidth of the speed observer is high enough, as shown in Fig. 4.35, the
disturbance torque, 7, can be estimated as a byproduct of the speed observer. By feed-
forwarding this estimated disturbance torque, 7, to the speed regulation loop as
shown in Fig. 4.36, the disturbance rejection performance of the speed regulation loop
can be enhanced.

Because the disturbance torque obtained from the speed observer comes from the
integral term of the observer, the response may be sluggish. To enhance the
performance of the estimation of the disturbance torque, a separately designed
disturbance torque observer can be augmented to the system as shown in Fig. 4.37.
In this configuration, the input to the disturbance observer is the measured encoder
angle like input to the speed observer but the torque, which is the feed-forwarding
term to the observer, is different in each observer. While the torque in the speed
observer is the reference torque, T: , to the mechanical system, that in the disturbance
observer is the sum of the reference torque, T: , and the compensated disturbance
torque, TL, that is, Tf* The gains of the disturbance observer, K, K»;, and K37, can
be tuned separately with the gains of the speed observer to get the best performance in
the disturbance estimation.

,,,—»] - Orm
N Speed Mechanical
Drpy Regulator System
7
< » Speed

|—> Observer
erm

Figure 4.36 Feed-forwarding of estimated disturbance torque.
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Figure 4.37 Separately designed disturbance observer.

4.3.3.5 Implementation of Observer in Discrete Time Domain [24]

The observers in the continuous time domain shown in Fig. 4.35 can be implemented
in adiscrete time domain as Fig. 4.38. In Fig. 4.38, the three integrators in Fig. 4.35 are
implemented differently in a discrete time domain to reduce the discretization error. In
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L
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Figure 4.38 Implementation of speed observer in discrete time domain.



198 Chapter 4 Design of Regulators for Electric Machines and Power Converters

the figure, T stands for the sampling period of the observer and z stands for the z-
transform operator.

The error in the estimated angle varies in impulse manner at the sampling instant,
and the backward difference method in (4.60) is the best one to minimize the
discretization error. In the backward difference method, the input to the present
sampling time point is used as the input for the integration. So, the impulse response in
the discrete time domain is the same as that in the continuous time domain. And, the
method is called the impulse invariance method.

1 Tz T

PR Rl g (4.60)

In the speed observer, the estimated speed comes from the integration of the
estimated acceleration. The fastest dynamics of the acceleration is the step type. And
the forward difference method in (4.61) is the best one to minimize the discretization
error.

~1
1L L (4.61)
s z—1 1-z71
To calculate the estimated angle, the input to the integrator is the estimated speed.
The fastest dynamics of the speed is ramp type, because the acceleration is assumed as
step function. And the bilinear transformation method, the so-called Tustin’s method,
in (4.62) is the best one to minimize the discretization error.

1 Toz+1 Tyl+z!

_, s _ s
s 2 z—1 2 1—z1

(4.62)

In Fig. 4.35, the differential operation in the continuous time domain, where the
operation is very sensitive to the measurement noise, is circumvented. But in discrete
time domain the difference can be used to implement the differential operation, and
the difference term can be implemented as Fig. 4.38 directly. The difference of the
actual speed itself and estimated speed in discrete time domain can be obtained from

the measured and estimated angle through the digital operation, 1}271.

4.3.4 PI/IP Speed Regulator

4.3.4.1 PI Speed Regulator [25]

The design of a proportional and integral (PI) regulator, which is the most widely used
regulator in the industry, can be described in a speed control system as shown in
Fig.4.39, where a mechanical system is driven by an electric machine, whose torque is
controlled instantaneously. In the figure, the torque due to the friction is considered as
a part of load torque, and the current regulator is modeled as the first-order low-pass
filter as mentioned in Section 4.2.3.1. In the case of a DC machine, it is assumed that
the torque is directly proportional to the armature current neglecting the armature
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Figure 4.39 Proportional in integral (PI) speed regulator in a speed control loop.

reaction and other stray effects. In the case of an AC machine, it can also be assumed

that the torque is directly proportional to the torque component current by the vector

control, which is described in Chapter 5. In the figure, wy, stands for the control

bandwidth of the speed regulator and w,. stands for that of the current regulator.
The transfer function of PI regulator can be described as

K4
Gy(s) = Ky + T (4.63)

where K, and K; are the proportional and integral gain of the regulator, respectively.
If the torque constant, K, and the system inertia, J, is known accurately, then the open-
loop transfer function, Gy (s), of the system in Fig. 4.39 can be derived as

Wee K
S+ we Js

Giels) = <ij + I%) (4.64)

The Bode plot of G.(s) in magnitude can be approximately drawn as the plot in
Fig. 4.40.

|G, (Jw)|in dB
— 40 dB/dec.
_K; K
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Figure 4.40 Open-loop frequency response of a speed control system with a PI regulator.
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In Fig. 4.40, there are three distinct regions, where the slopes are -40 dB/dec.,
-20dB/dec., and -40 dB/dec., respectively, from the left-hand side of the figure. The
first part from the left-hand side of the plot comes from the inertia of the mechanical
load and integral gain of the speed regulator. In this frequency region, the proportional
gain can be neglected compared to the integral gain. And the current regulation loop
can be set as unity gain like (4.65). The second part comes from the inertia of the
mechanical load and the proportional gain of the speed regulator. In this frequency
region, the integral gain can be neglected compared to the proportional gain. The
second part starts from the region where the frequency is above w); defined by (4.66).
The last part comes from the current regulator and the load. In this frequency region,
the speed regulator looks like only a proportional regulator while the current
regulation loop looks like only an integral term. This region starts when the operating
frequency is over the bandwidth of the current regulation loop, w,..

As mentioned, the current regulation loop can be modeled as unity gain below
Wee aS

Wee
G(?c’(s) = s+w =1 (465)
cc

The cutoff frequency of a PI regulator, w);, is defined as

Ks‘i

— 4.66
K (4.66)

wp,- =

If wp; is set as a fraction of w,,, the PI regulator can be approximated as (4.67) at
the vicinity of wy, in the frequency region.

K.
G,(s) = K,y + % ~ K, ats= jo (4.67)

With these gain settings and approximation, the open-loop transfer function of
the speed control system can be simplified as (4.68) at the vicinity of wy,.

Gy (5) = Ky at s & jwg, (4.68)

s
Hence, the frequency, where |Gy (jwy)| = 1, is the bandwidth of the speed
control loop. So, the proportinal gain, Kj,, is deduced as

J

And, the integral gain, K;, can be set from the condition that the cutoff frequency,
wp;, of PI regulator should be a fraction of the bandwidth, w,, as

(4.69)

Wy
wWpi §

. (4.70)



4.3 Speed Regulator 201

Also, K;; can be set as
Wy,
Ky = Ko, = Ky ?S (4.71)

If w,; = w,/5, the damping coefficient, £, of the speed control system is designed
as /5/2. The response of the system would be overdamped. But for the step input as
the speed command, the response would be oscillatory due to the zero in the transfer
function, which is derived in (4.72). This oscillatry response may be a problem in
some applications, and it can be solved by the integral and proportional (IP) regulator
discussed in the next section.

Wrm KK,ps + KK Kys | KKy
= = KK (4.72)
w JS2+KK5pS+K~KS[ S2+Tws+ %

rm

4.3.4.2 Integral and Proportional (IP) Regulator

In Fig. 4.41, a speed control system employing an IP regulator is shown, where the
proportional gain is applied not to the speed error but to the speed itself.

The transfer function of the control system employing IP regulator can be derived
as (4.73), where there is no zero in the transfer function. And the response is solely
decided by the damping coefficient set by the gains of the regulator.

@ K Kii

rm

PR 2 K- K\"p] K K (473)
Orm ST =R+ 5

The transfer function between the speed and the disturbance torque is derived in
(4.74). The transfer function of an IP regulator is identical to that of a PI regulator as
Orm s

- (4.74)
T Js? + KK s + KK i

This control system with an IP regulator can also be understood in the concept of
the active damping in Section 4.1 as follows. Instead of the PI regulator in Fig. 4.39, an
integral regulator is used. Hence, the output of the regulator to the step input command
is smooth. While an active damping like K, K is added to the system, the damping
torque acts like an artificial friction torque. And this damping term improves the
stability of the system.

T,
(o i K. 4 la Te 1 Wy
si > K L
8 s % + Js
D
Ksp

Figure 4.41 Speed control system employing integral and proportional (IP) regulator.
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* oo A'ZH)M.

Figure 4.42 Output of IP and PI regulators
with the same damping coefficient ({ = 1) and
>t the same bandwidth at the same step input speed

command.

In the case of an IP regulator, at the step input of the speed command the output of
the regulator varies slowly and its magnitude is smaller than the magnitude of PI
regulator at the same step input. If the outputs of both regulators are limited to the
same value by physical constraints as explained in Section 4.2.4, then compared to the
bandwidth of a PI regulator the bandwidth of an IP regulator can be extended without
the saturation of the regulator output. In Fig. 4.42, there is a comparison of outputs of
both regulators with the same damping coefficient ({ = 1) and the same bandwidth,
wy., at the same step input speed command. As seen from the figure, the peak of the
output of IP regulator is much smaller than that of a PI regulator. Under the condtion
that the peaks of both regulators are limited to the same value, the bandwidth of an IP
regulator can be extended to 2e(= 5.44) times that of a PI regulator.

4.3.4.3 Blending of Pl Regulator and IP Regulator: Two-Degree-of-
Freedom Regulator

The block diagram of the speed control system employing the IP regulator in Fig. 4.41
can be redrawn as Fig. 4.43. It can be seen from the figure that the control system with
the IP regulator is equivalent to the control system with the PI regulator after filtering
the input command, w,,, by the first-order low-pass filter. This observation can be
further extended to optimize the response to the input command and simultaneously to
the disturbance torque as shown in Fig. 4.44, where the response to the input command
can be optimized by input filter, G (s), and the response to the disturbance torque can
be optimized by the regulator, G,(s). In general, this control concept is called a two-
degree-of-freedom controller [26].
As asimple example of the two-degree-of-freedom controller, an IP regulator and

a PI regulator can be blended to improve the performance of the input command
tracking and simultaneously to improve that of the disturbance rejection. Figure 4.45
shows a block diagram of the speed control system, where both IP and PI regulators
are incorporated together with a blending factor, «, which is between zero and unity.
In this case the transfer function to the disturbance torque is the same one as in (4.74)
regardless of the factor . But that to the input speed command is dependent on the
factor « as in (4.75).

Wrm (S) o K(aKspS + Ks[)

w' (s) T2+ KK,s+ KK

(4.75)



4.3 Speed Regulator

a 0]
rm + KS,- + K 71 rm
- K - Js
sp
Equivalent
Modification
*
a)rm + X 1 a)'m
s | K Js
o S
1+ K, |<
si
Equivalent
Modification
N
), 1 + [0)
L Kw 1 sK P [ & —» K _1 -
I+—s K. Js
K, . s
a,,
Equivalent l
Modification
a)jm 1 + 1
— LK K, — O
% s Js

Figure 4.43 Equivalent modification of control block diagram of a speed control system with
an IP regulator.
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1 rm

Figure 4.45 Blending of PI and IP regulators for a speed control system.

4.3.5 Enhancement of Speed Control Performance
with Acceleration Information [27]

4.3.5.1 Feed-Forward Compensation of
Acceleration Reference

As mentioned in Section 4.2.4, the available maximum torque of electric
machine is always limited by physical constraints. Hence, the maximum accel-
eration and deceleration are also limited. In most motion control systems, the
trajectory of the motion comes from the multiple integration of the jerk reference
as discussed in Section 1.2.6. If the acceleration reference information is
available from either the integration of the jerk reference (which is preferable
in the sense of noise immunity) or the differentiation of the speed reference
(which is the dotted line in Fig. 4.46), the acceleration reference can be fed
forward to improve the speed control performance as shown in Fig. 4.46. With
this acceleration feed-forwarding, the torque of the machine can adapt to the
speed command even before speed error occurs, whereas the speed regulator only
works after the speed error occurs.

rm

o

rm

Figure 4.46 Speed control system with acceleration feed-forwarding term.
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With acceleration feed-forwarding, the transfer function between the speed
command and speed response of the system in Fig. 4.46 is modified from (4.72)
to (4.76).

JK 2 K K
Orm _ —?75' +Kyp7s+K5i7 (4 76)
w;km S2 + Ksp %S + KVf[7<

As seen from (4.76), if there are no errors in torque constant, K, and the inertia, J,
then J / K=1J /K. Hence, the transfer function can be unity, which means that the
response follows its command perfectly. In the practical sense, even if there are some
errors in the parameters, the speed control performance regarding to the input
command can be improved remarkably. This acceleration feed-forwarding is espe-
cially helpful to improve the speed control performance of the system where the speed
control bandwidth is limited due to physical reasons such as the mechanical
resonance, measurement delay, and noise.

4.3.5.2 Acceleration Feedback

At the transfer function between the speed response and the disturbance torque
in (4.74), as the magnitude of the transfer function decreases, the control system
reveals better disturbance rejection performance. By taking the magnitude of the
inverse of (4.74) after substituting Laplace operator s with jw, and if it is defined as
the dynamic stiffness, then it is similar to the stiffness of the materials, which
represents the robustness of the material against the external stress. The dynamic
stiffness, now a function of w, which isin (4.77), means the robustness of the control
system against the disturbance torque.

T

(O] rm

_y (jo* + K -Kpjo + K -Ky;)
|

As seen from (4.77), at lower w region, where the disturbance varies slowly,
the dynamic stiffness is dominated by the integral gain of the speed regulator. At
the constant disturbance, which means that @ = 0, the disturbance can be rejected
perfectly, and the constant disturbance torque cannot affect to the speed response in
the steady state, as long as the output of the speed regulator is not saturated. In
contrast to that, if the disturbance varies rapidly, which means that w is large, the
stiffness is dominated only by the inertia of the system. If the inertia is increased,
the rejection to the fast varying disturbance can be enhanced. Increasing the inertia
means physically heavier and more bulky system. Furthermore, the increased
inertia degrades the acceleration performance and the efficiency of the drive
system, because at decelerating the energy stored in the inertia should be
discharged to somewhere. However, if the acceleration can be measured or
estimated and if it is fed back to the control system as shown in Fig. 4.47, the
equivalent inertia in the control loop could be increased without increasing the
inertia physically.

(4.77)
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Figure 4.47 Speed control system with acceleration feedback.

With the acceleration feedback the dynamic stiffness of the system in Fig. 4.47
can be derived as

Ke K\ (1 02 .
T ’J(l—i——-T)-(]w) +K-Kypjo+K - Ky
SL_ ;K : (4.78)

Wy 1]

As seen from (4.78),if K/ Kis 1, which means no error in torque constant, then the
equivalent inertia can be increased by feedback gain of the acceleration feedback loop,
K,. By increasing the gain, the dynamic stiffness at the higher-frequency (w) region,
where the disturbance varies rapidly, can be increased as desired. Thanks to the recent
development of micro-electromechanical system (MEMS) technology, the low-cost
acceleration sensors are available and the dynamic bandwidth of the sensor is also being
improved [28]. By employing such sensors in the speed control system, the disturbance
rejection performance can be enhanced remarkably [29]. Because the acceleration
feedback is mainly effective at the higher-w region, the bandwidth of the sensor should
be large enough compared to the frequency region where the disturbance would be
rejected. Instead of the direct measurement of the acceleration with the sensors, the
acceleration can be estimated from the measured encoder angle by the acceleration
observer as shown in Fig. 4.48 like the speed observer in Fig. 4.35. In Fig. 4.48, the
bandwidth of the acceleration observer should be large enough to reject the disturbance
torque at the higher-w region. Also, because the estimated acceleration is basically
calculated by double differentiation of the measured angle, if the number of pulses of the
encoder per revolution, Ppg, is not large enough, the estimated acceleration could not
improve the performance of the disturbance rejection at all. With higher Ppg encoders
such as above 22° pulses per revolution, the estimated acceleration can suppress the
disturbance effectively at several-hundred-hertz speed regulation bandwidth.

4.3.6 Speed Regulator with Anti-Wind-Up Controller

As mentioned in Sections 2.2, 2.8, and 2.15, the torque of the electric machine at a
certain speed is limited by the capability curve. The output of the speed regulator,
which is basically torque command to the electric machine, should also be limited
properly. By this limitation the speed regulation performance and disturbance
rejection performance may be degraded in the case of the rapid speed command
change and large disturbance torque. This degradation of the performance can be
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Figure 4.48 Acceleration observer implemented together with a speed observer [30].

reduced by employing the anti-wind-up controller as mentioned in Section 4.2.4. The
gain of the anti-wind-up controller for the speed regulator can be set as the inverse of
the proportional gain of PI regulator like the anti-wind-up gain of PI current regulator.
The gain can be fine-tuned from the value set by the inverse of the proportional gain of
the speed regulator. The overall control block diagram incorporating anti-wind-up
controller, acceleration reference feed-forwarding, and acceleration feedback with a
PI speed regulator is shown in Fig. 4.49.

L

\
N

Figure 4.49 Overall control block diagram incorporating anti-wind-up controller, acceleration
reference feed-forwarding, and acceleration feedback with PI speed regulator.
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Figure 4.50 Cascaded connection of proportional-proportional integral (P-PI) regulator.

4.4 POSITION REGULATOR

In some motion control system, the position of the rotor or mover is the concern. Also,
for the robot manipulator, because the trajectory of the end effector should be
controlled, the position of the rotor of each axis of the servo motor of the manipulator
should be regulated. Many types of position regulator have been developed and used
in the industry, but in this chapter a type of position controller, widely used in the
motion control industry, is introduced.

4.4.1 Proportional-Proportional and Integral (P-Pl)
Regulator [31]

In Fig. 4.50, a proportional(P) position regulator and a PI speed regulator are
connected in a cascaded form. If PI speed regulator is designed as Section 4.3.3.1,
then the gains of the speed regulator can be set as (4.79).

va - -7 * Wye

_ 1
Kiv—§

4.79
Ky, - wye ( )

where J is the estimated system inertia.

Though the transfer function between the commanded speed and actual speed by
the gains in (4.79) can be represented as (4.72), within the bandwidth of the speed
regulator, the transfer function can be approximated as the first-order low-pass filter
whose cutoff frequency is the bandwidth of the speed control loop, wy., as shown in
Fig. 4.51.

With the approximation of the speed control loop, the transfer function between
the commanded position and the actual position can be represented as

Wse 1 2

orm o Pstwes prsc o Wy (4 80)
o e 17 2 T2 o 2 :
(2 1+Kl’m§ 8%+ wges + Kpwge 87+ 2{w,s + w,
Hzm + K [0) 1
_ ! sto,. | @, LS Figure 4.51 Control block diagram
O of position control loop with an inner
speed control loop.
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The overall transfer function is the form of the second-order low-pass filter.
Because at the position response the overshoot is usually not allowed, the damping
coefficient, £, should be over unity. If { is set as 1.5, then the proportional gain of the
position regulator and the natural undamped frequency, w,, can be derived as
Wge Wge
— n=— 4.81

o= (481)
where wj, is the bandwidth of the inner speed control loop.

If the gain is set as (4.81), the bandwidth of the position control loop, w,., is
0.374w,,, which is approximately one-eighth of the bandwidth of the speed control
loop as

K, =

wpe = 0.374w, = wy/8 (4.82)

4.4.2 Feed-Forwarding of Speed Reference and
Acceleration Reference

At the position control loop in Fig. 4.50, the acceleration reference can be fed forward
to enhance the performance of the position control as shown in Fig. 4.52.

In the control loop at Fig. 4.52, the speed reference also can be fed forward to a P1
speed regulator as shown in Fig. 4.53. In the figure, the speed reference and position
reference are obtained by the successive integral operation of acceleration reference
or one more integration of jerk reference.

Jer k* l %m *
N

Figure 4.53 Overall block diagram of P-PI position regulator with acceleration and speed
reference feed-forwarding terms.
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The transfer function of the control block diagram in Fig. 4.53 can be derived
as (4.83) with the assumption of a typical mechanical system like 7, = Js20,,,,.

O _ 5> + Kpu5” + (KpKpy + Ki)s + KKy
0 I+ Kpus® + (KpKpy + Kiv)s + K, K,

rm

(4.83)

As seen from (4.83), if the inertia is correctly estimated like J=1J , then the
transfer function would be unity. Even if there is error in the estimation of the inertia,
the position tracks the commanded position up to certain frequency region, where the
magnitude of the third-order terms in the transfer function can be neglected compared
to other terms. That can be easily understood by the observation that the numerator
and denominator of the transfer function is identical up to second-order terms
regarding s(= jw). Hence, even if the error exists, the error only affects to the
position control performance at the higher-frequency region, where the third-order
terms in the transfer function dominate. With this feed-forwarding control, the
position control performance can be improved remarkably even though the bandwidth
of the position control loop is limited by several physical reasons such as mechanical
resonance, measurement delay, and noise.

4.5 DETECTION OF PHASE ANGLE OF AC VOLTAGE [32]

In the control of power converters connected to an AC source such as a controlled
rectifier, a PWM boost rectifier, and a matrix converter, the instantaneous AC source
angle is the critical information for the control of the power converters. In an ideal
three-phase AC source where each phase voltage is shifted by 120° without any
harmonics, its magnitude is the same, and the frequency of the voltage is fixed, the
instantaneous phase angle of three-phase voltage can be identified by simply
monitoring the zero crossing point of a line-to-line voltage of AC input. However,
in the case of the practical three-phase AC source, the frequency, the phase difference,
the magnitude, and the harmonics are all time-varying [33]. Such a phenomenon
would be getting severe with wide penetration of nonlinear elements like switching
power converters, saturable reactors, discharge lamps, and so on. Furthermore, with
errors of the phase angle of the AC source voltage in the operation of power
converters, the harmonics in the AC source become severe. In this section, a method
to detect an instantaneous phase angle from a practical three-phase AC source is
discussed.

4.5.1 Detection of Phase Angle on Synchronous
Reference Frame

If the three-phase voltage source is an ideal one with angular frequency, w,, then the
three-phase voltage can be represented as
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e, = —V,sinw,t
2
e, = —V,,sin (wet— ?n)
(4.84)
. 2n
e, = —Vysin| w,t + 3

where V,, is the peak of the phase voltage. The stationary and synchronous reference
frame d—g voltage can be deduced as (4.85) and (4.86), respectively, from the
definition of d—q variables in Section 3.1.

e = —Vpsin(w,t)
oo (4.85)
e, = Viycos(w.t)
e =0
- y (4.86)
eq - m

where the instantaneous phase angle is given by 6, = w,. In this ideal case, the line-
to-line voltage, phase voltage, and d—¢q voltage at stationary and synchronous
reference frame with the phase angle can be depicted as shown in Fig. 4.54. In the

A\

A\

Figure 4.54 AC source voltages and phase
angle.




212 Chapter 4 Design of Regulators for Electric Machines and Power Converters

figure, the instant when a-phase voltage crosses the zero voltage line from positive
voltage to negative voltage is defined as the zero of the phase angle. Then, the
instantaneous angle can be calculated as

6, = tan~! <ed> (4.87)
4

However, if in a practical AC source voltage, especially with some high-order
harmonics and/or measurement noise, the angle from (4.87) varies suddenly and the
control system would be unstable.

As seen from Fig. 4.55, d-axis voltage at synchronous reference frame is zero
when the estimated phase angle, 6., coincides with the real phase angle in the case
of Fig. 4.55a. But if the estimated angle is ahead of the real angle in the case of
Fig. 4.55b, the d-axis voltage is positive. And if the angle is behind of the real angle
in the case of Fig. 4.55¢, the voltage is negative. In the figure, € means the complex
space vector of AC source voltage. By exploiting the relation of the d-axis voltage to
the phase angle error, which is defined as the difference between real and estimated
angle, the phase angle can be tracked with simple proportional and integral (PI)
regulator as shown in Fig. 4.56. By using a PI regulator, thanks to the inherent
filtering effects of the regulator, the tracking is robust to the high-order harmonics
and measurement noises.

The d-axis voltage, which is the input to PI regulator, can be deduced as

€4 = Vysin(0,—6,) (4.88)
If angle error is small, then (4.88) can be approximated as
€4~ V,(0,—6,) (4.89)

In Fig. 4.56, wy is the nominal angular frequency, and LPF block stands for
low-pass filter to suppress the ripple and the noise of the calculated d-axis voltage.
If the angle error is small enough and the time constant of the low-pass filter is

(a) (b) (c)

Figure 4.55 Phase angle error and d-axis voltage at synchronous reference frame. (a) 6, = O,
(b) 8 <. () 0> Be
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Figure 4.56 Control block diagram of phase angle detector.

much smaller that that of the PI regulator, the transfer function between real and
estimated angle can be derived as (4.90) after neglecting dynamics of the low-pass
filter.

. K\ 1 K\ 1 -

b= (K + ) S = (Ko 5 ) valo-)

) (4.90)
B K,Vius + KV,

0, 2 + Ky Vins + KiVi,

To detect the phase angle, the method shown in Fig. 4.56 is simple, stable, and
robust to measurement noise. However, if there is low-order harmonics and/or
unbalance in source AC voltage, then the angle also includes the harmonics. Also,
the current reference or voltage reference based on the angle from block diagram in
Fig. 4.56 for the control of power converters may incur low-order harmonic currents
into AC lines, whereas, in the control block diagram at Fig. 4.56, high-order
harmonics in AC source voltage cannot affect the detection of the phase angle due
to the inherent filtering effect of PI regulator.

4.5.2 Detection of Phase Angle Using Positive Sequence
Voltage on Synchronous Reference Frame [34]

In the control block diagram shown in Fig. 4.56, the positive sequence voltage can be
extracted from the unbalanced three-phase voltage including low-order harmonics. If
the positive sequence voltage is used for the phase detection, the problems due to
voltage with unbalance and/or low-order harmonics could be tolerated. In Fig. 4.57, a
control block diagram for detecting a phase angle based on the positive sequence
voltage is shown. In the figure, the detector can be decomposed into two parts. One is
the part to extract the positive sequence voltage from the AC source voltage, and the
other is the part to detect the phase angle using a low-pass filter and PI regulator on
synchronous reference frame. The reason why the positive sequence voltage is used to
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Figure 4.57 Control block diagram of a phase angle detector using a positive sequence voltage.

detect the phase angle is that the positive sequence voltage of the fundamental
frequency component of three-phase voltage is always balanced regardless of
imbalance and harmonics in the source voltage. By detecting the phase angle with
this method, the second-order harmonic frequency, which comes from the negative
sequence voltage, does not appear in the detected phase angle.

The positive sequence voltage can be obtained from three-phase voltages by

2 -

Epq 1 a a €y
1
Epp = 3 a2 1 a €h
Ep. a a* 1 e |
M1 1 ( )'
—e,———(ep—e
) a 2\/§] b c (491)
= ~(Epa +Epe)
1 1
—e.— eq,—e

where a = &/,
To devise (4.91), the phase delay by 90° is implemented by the second-order all-
pass filter whose transfer function is given by

52—V 20,5 + @2

o T o 492
2+ 2w,s + w? ( )

where w, is 1+ f oy ~ 1.9319wy. At the nominal angular frequency of the AC
source, wy, the phase delay by 90° occurs with this all pass filter.

To suppress the effects due to the high-order harmonics in AC source voltage, a
low-pass filter is used in Fig. 4.57. Compared to the low-pass filter in Fig. 4.57, where
the cutoff frequency of the filter is quite high only to cut measurement noise or high-
order harmonics, the cutoff frequency of the filter in Fig. 4.56 should be low enough to

>
o
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cut off fifth and seventh harmonics of the AC source voltage. Even if the cutoff
frequency of the filter in Fig. 4.56 is set low enough to eliminate low-order harmonics,
the second-order harmonics due to the input voltage imbalance cannot be filtered out.
To cut off the second-order harmonics, the cutoff frequency would be too low and the
response of the phase detection loop would be too sluggish to detect the sudden
variation of the phase angle resulting from AC source faults or from rapid speed
variation of engine generator if the AC source comes from an engine generator set.
With regard to the detection loop in Fig. 4.57, because there is no imbalance in the
positive sequence voltage and, hence, no second-order harmonics, the cutoff fre-
quency can be set low enough to cut low-order harmonics like fifth and seventh but
high enough to detect sudden variation of the phase angle.

4.6 VOLTAGE REGULATOR

4.6.1 Voltage Regulator for DC Link of PWIM
Boost Rectifier

4.6.1.1 Modeling of Control System

The voltage equation of PWM boost rectifier shown in Fig. 2.66 can be derived as
follows:

di,
Vas = L iner E + Vs
dip,
Vis = L inter E + Vs (493)
di.
Vs:Liner_ Vcs
C t dt +

Equation (4.93) can be rewritten as (4.94) in a synchronously rotating d—¢
reference frame by the transformation method in Section 3.1:

e

1
. ] /
e;j = —W, Linterl,; + Linter 7; + eg's
di¢ (4.94)
. q
62 = W, Lz’nterlf,' + Linter ar + eZS

where e;; and ¢ stand for the AC source voltage, e and e stand for the voltage by PWM
boostrectifier,and i and i; stand for the current flowing into PWM boost converter at the
synchronous reference frame. If the phase angle of the AC source is set as shown in

Fig. 4.54, the power from AC source to the boost converter can be described as

Pin = Vasias + Vsins + Vesies = 5 (€ +eyiy) =3 (egio +eqiq) = Vi, (4.95)
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As seen from (4.95), the power is dependent only on the g-axis current and the
power has nothing to do with the d-axis current. Hence, the g-axis current at
the synchronous reference frame is called the active power current, and it is similar
to the torque component current of a vector-controlled drive system in Chapter 5.
Also, the d-axis current is related to the reactive power of the system, and it is similar
to the flux component current of a vector-controlled drive system. If the AC source
voltage and current are pure sinusoidal, then the power factor can be represented
as (4.96). For unity power factor operation, which guarantees minimum loss, the d-
axis current should be null.

pr— Sl _ (4.96)

e |lse .02 02
Cig|[ag| 1\l tig
e e | ie e e | e e se - .
where €y, = €q ey iy = Iq +jig, and €y, g, 1s the inner product of the source
voltage space vector and the line current space vector. |ef, ||i, | represents the product
of the magnitudes of the source voltage vector and the line current vector.

4.6.1.2 DC Link Voltage Regulator

As seen from (2.87), DC link voltage, V,;, increases when the active power from the
AC source is larger than the power consumed by the load—that is, Pyy = iz Vg —and
vice versa. Hence, DC link voltage can be regulated by adjusting active power to a DC
link from an AC source. Hence, the g-axis current reference can be composed of the
sum of a feed-forward term, which corresponds to the estimated load power, and a
term to regulate DC link voltage as (4.97 ). As a feedback controller to regulate DC
link voltage, an integral and proportional (IP) regulator can be used to prevent
overshoot of DC link voltage even with the step change of DC link voltage reference.
The block diagram of an IP DC link voltage regulator including the feed-forward term
is shown in Fig. 4.58, where the d-axis current reference is set as zero to keep power
factor as unity.

= KVt K J(Vf;—vd) i+ P (V) (4.97)

Figure 4.58 Control block dia-
gram of a DC link voltage regulator
for a PWM boost rectifier.
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The differential equation to represent the DC link voltage can be represented
as

cdv;
ET[d = Pin_Pout (498)

where C is the total capacitance in a DC link.

If the feed-forward compensation for load power is perfect, then DC link voltage
can be described by (4.99) in terms of error of DC link voltage, (V; —V4), and gains of
IP regulator.

cdv: 3 .
57;1 - EV’” (—Kde—l—K,-J(Vd—Vd) dz) (4.99)

Equation (4.99) is a nonlinear differential equation, and it can be linearized at an
operating point using small signal analysis. At that operating point, V9, DC link
voltage can be represented as (4.100) by the small signal analysis.

Vi & Vg + 2Vao (Va—Vao) (4.100)

Equation (4.100) can be substituted into (4.99), and then a linerized differential
equation at an operating point can be derived as follows:

dvy 3 .
L= Vm<—K,,Vd+KiJ(Vd—Vd) dt) (4.101)

CV,
O T2

From (4.101), a transfer function between reference DC link voltage and actual
DC link voltage can be deduced as follows:

% VmKi >
Vd(s) _ CVao _ wy, (4 102)
Va(s) L 3VeK, | 3VaKi S+ 24w, + o] '

CVao - CVao

where w, stands for the natural undamped frequency and { stands for a damping
coefficient. The gains of an IP regulator can be calculated through the frequency
domain analysis. Under the assumption of well-regulated DC link voltage, the
operating point can be set as its reference. Then the gains can be represented as

follows:

cv;
K, = 2w,54
r gw %VIH

. (4.103)
2 CVd
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With these gains, the control bandwidth of a DC link voltage regulation loop, wp,,

is given by
wpy = 0,[(1-202) + (/4L —42 +2) 2 (4.104)

The modeling errors from the assumption of small signals at the operating point
may affect the setting of gains of a PI regulator. However, if DC link voltage
variation is controlled within 10% of its nominal value, the error due to small signal
linearization can be neglected. To prevent overshoot of DC link voltage, the
damping factor, {, should be above unity. If { is set as 1.2, then wy,, is half of
w, by (4.104). For power factor control, which is given by (4.96), a d-axis current
reference can be set as

ot o VI—PF?
i =1, —pF (4.105)
For unity power factor control, the d-axis current should be regulated as null—
that is, maximum power per ampere operation. If a PWM boost rectifier has to be
operated as a leading power factor to an AC source, the d-axis current should
be regulated as a positive value. In general, the AC distribution network, as well
as the power factor at the AC source with industrial loads such as motors and lightings,
is usually lagging. And, the PWM boost rectifier would be operated as leading power
factor to compensate the lagging power of other loads. However, if the DC link voltage
of PWM boost converter is not large enough or smaller compared to the peak of the AC
source voltage, the PWM boost rectifier should be controlled in lagging power factor
by regulating d-axis current as a negative value to ensure the current control voltage
margin. In these cases of power factor control, the current rating of PWM boost
converter increases due to the d-axis current.

PROBLEMS

1. Asshown in Fig. P.4.1, DC machine is connected to a roll with a long shaft. The axis has
limited stiffness. The torque of DC machine is given by 7, = T - sin(w?) N-m. The friction
torque and load torque are negligible. And the inertia of the long shaft can be neglected.

Figure P4.1 Drive system with mechanical resonance.

Inertia of load : J; = 0.5(kg - m?)
Inertia of rotor of electric machine : Jy; = 0.1(kg - m?)
Stiffness of the shaft : Ky = 700(N-m/rad)
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(1) Find the transfer function regarding w,;/T,.

(2) Find the angular frequency of torque, w, where the magnitude of w,; is maximum.

(3) Design a control system employing active damping to suppress the mechanical

resonance due to the limited stiffness of the shaft. And show the response, w,;, with
the sinusoidally varying torque as T, = T - sin(wt), where the angular frequency, w, is
the value calculated in part 2. In this controller design, the torque applied to the shaft is
not measurable and the angle of the load, 6,; = fwr, dt, and the angle of the machine,
0 = jw,m dt, can be measured ideally. The torque of DC machine can be ideally
estimated by the torque constant and current of machine.

For a 3.08-kW permanent magnet DC servo motor with the following ratings and
parameters, answer the following questions.

@

()]

R,=026(Q), L,=17(mH)

Rated armature current : 24.9(A)

Rated speed : 3000(r/min)

Rated armature voltage : 139(V)

Inertia of the rotor of the motor : 0.00252(kg.m?)

After finding electric time constant, 7,, and electromechanical time constant, T,
specify the speed response to the step change of the armature voltage among under
damped, critically damped, or overdamped. Itis assumed that the magnitude of the step
is small enough not to saturate any part of the drive system. And the motor is not
connected to any load.

Now, a load is connected to the motor. The inertia of the load is the same as that of
the motor itself. The stiffness coefficient of the connection shaft between load and the
rotor of the motor can be assumed as infinity. Hence, the rotor and the load can be
assumed as a single body. There is no load torque and the friction coefficient,
B, equals 0.005 (N-m/(rad/s)). At time point, 0 s, the armature voltage, whose magni-
tude is 50V, is applied to the motor in the step function. Plot speed (1/min), armature
current, i,(A), torque, T,(N-m) for 0-0.2 s. Also plot 7, (N-m) and speed (r/min) in the
torque speed plane, where the vertical axis is torque.

Under the same operating conditions as in part 2, a current regulator as shown in
Fig. P4.2 is inserted into the control loop.

/L. /E"L
|2,
L + G (S) + m 1 + N 1 Wy

N v R,+sL, . K N Js+B

Figure P4.2 Insertion of a current regulator.

In the figure, the current regulator is a simple proportional gain like G (s) = K.
When all poles of the transfer function, w,y, / l: lie at the real axis of Laplace domain and
the largest magnitude of pole is 10 times of the magnitude of the smallest pole, calculate
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K,. In this gain setting, at time point, O, the armature current reference, iz, increased

from zero to 50 A in the step function. Plot speed (1/min), armature current, i,(A),
torque, 7, (N-m) for 0-0.2 s. Also, plot 7,(N-m) and speed (1/min) in the torque-speed
plane.

(4) The gain of the current regulator is changed to K, = 50. Repeat part 3. In this problem,
there is no limitation in the armature voltage, V..

(5) Repeat part 4 with the limitation of the armature voltage, V?, within £150 V.

a’
(6) Repeat part 5 with feed-forward compensation of back EMF as shown in Fig. 4.12.
(7) There is a time delay by 200us in the processing of the armature voltage as shown in
Fig. P.4.3. The armature current reference, i, increases from zero to 50 A in the step
function at time point 0 s. The armature voltage is limited as part 5, and the back EMF is
compensated as part 6. For three different regulator gains as K, = 1, 10, and 50, plot
speed (r/min), armature current, i,(A), armature current reference, i: (A) for 0-0.2 s for

each gain.

iA’l ITL
N — v 1 N o,
i £\ ~0.0002s | % . ! &
i,——( — 7|£
e F K, / e 2| R+l KO %3

é e
K
|

Figure P4.3 Current control system with time delay.

3. The servo motor in problem 2 is driven with the same conditions as in problem 2, part 2.
The current regulator is proportional and integral (PI) type as shown in Fig. P.4.4. The back
EMF is compensated by 95% of the actual back EMF in feed-forward manner—that is,
e = 0.95e. And the estimated back EMF constant, the torque constant, is 95% of the actual
value as K = 0.95K. The DC link voltage of the four-quadrant DC/DC converter, shown in
Fig. 2.18, is 300 V and the voltage reference, V; , is limited within £250 V. The switching
frequency of the converter, which is the frequency of the carrier wave, is 5 kHz.

a 174 Gating
— 7‘4 < method F——>
\% in Fig. 2.70 | Cating

signals

o
>§>| ~

Figure P4.4 PI current regulator.

(1) All measurements and controls except PWM voltage synthesis is done in the analog
domain. When the reference torque varies as follows, answer the following questions.

0-0.02s, T, = 30 N-m

e

0.02-0.03 s, T, = =30 N-m

e

0.03s ~ 0.04s, T, = 2sin(200077)N-m

e
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(A) Though the voltage is limited as —250 V < V. < 250 V by a limiter in Fig. P4.4,
there is no anti-wind-up controller. The control bandwidth of the current regula-
tion loop is 1kHz. Calculate the gains of the PI regulator by (4.14). Plot the
following responses for 0-0.04 s.

(@) i;and i,

(b) T, and T:

(¢) wpy(r/min)

v,

(e) For 0.039-0.04s, plot V: (output of the limiter) and the actual PWM voltage
waveform to the motor.

(B) With anti wind-up controller, repeat part A. The gain of the anti-wind-up controller
is set as K, = 1/K,,.

Now, all controls are done digitally in the discrete time domain. For the control

algorithm execution, one sampling interval is required. The output of the regulator is

updated at the next sampling point after finishing the execution of the algorithm. The

sampling frequency is the same with the switching frequency. To measure the

average current, the second-order Butterworth low-pass filter is used. The cutoff

frequency of the filter is 1 kHz, and the filter is implemented in the analog domain. To

achieve maximum current regulation bandwidth, decide the gains of PI regulator.

Also, find the bandwidth of the current regulation loop. At this gain setting, plot the

following responses.

(a) i, and i, for 0-0.04s.

(b) T, and T, for 0-0.04s

(¢) wpy(r/min) for 0-0.04 s

(d) V, for 0-0.04s

(e) For 0.039-0.04s, plot Vfﬁ(output of the limiter) and the actual PWM voltage
waveform to the motor.

(f) For 0.039-0.04s, plot i and the filtered armature current, i s, by the second-order
low-pass filter.

In part 2, the current is sampled at the peak of the carrier wave, and the second-order

low-pass filter has been removed. To achieve maximum current regulation bandwidth,

decide the gains of Pl regulator. Also, find the bandwidth of the current regulation loop.

At this gain setting, plot the following responses.

(a) i, and i: for 0-0.04s.

(b) T, and TZ for 0-0.04 s

(¢) wyy(r/min) for 0-0.04s

(d) V;, for 0-0.04s

(e) For 0.039-0.04s, plot V: (output of the limiter) and the actual PWM voltage
waveform to the motor.

(f) For0.039-0.04 s, plot i, and the sampled armature current, i,(n), at the peak of the
carrier wave.

The sampling frequency has been doubled and the the sampling interval is a half of the

case of part 3, and it is twice the switching frequency. And all control algorithms

are executed within one sampling interval. The output of the regulator is updated at the

next sampling point after finishing the execution of the algorithm. The sampling point

is peak and valley of the carrier wave. To achieve maximum current regulation
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bandwidth, decide the gains of PI regulator. Also, find the bandwidth of the current

regulation loop. At this gain setting, plot the following responses.

(a) i, and i, for 0-0.04s

(b) T, and T: for 0-0.04 s

(¢) wpy(r/min) for 0-0.04s

(d) V, for 0-0.04s

(e) For 0.039-0.04s, plot Vﬁ(output of the limiter) and the actual PWM voltage
waveform to the motor.

(f) For 0.039-0.04 s, plot iz and the sampled armature current, i,(n), at the peak and
the valley of the carrier wave.

(5) With the operating condition at part 4, to eliminate the time delay due to the algorithm
execution, the current is predicted based on the sampled current. The back EMF
information for the prediction is 95% of the actual value and the inductance for the
prediction is 90% of the real value. Also, the voltage drop on the armature resistance is
neglected in the prediction. To achieve maximum current regulation bandwidth, decide
the gains of Pl regulator. And, find the bandwidth of the current regulation loop. At this
gain setting, plot the following responses.

(a) i, and i for 0-0.04s

(b) T, and T, for 0-0.04s

(¢) wyy(r/min) for 0-0.04s

(d) V; for 0-0.04s

(e) For 0.039-0.04s, plot Vf(output of the limiter) and the actual PWM voltage
waveform to the motor.

(f) For 0.039-0.04 s, plot iz, the sampled armature current, i,(n), at the peak and the
valley of the carrier wave, and predicted current, i,(n+ 1).
4. The servo motor in problem 2 is driven with the same load condition as in problem 2, part 2,
and with the current control system in problem 3, part 4. The speed command and load
torque are given as follows. Answer the following questions.

0 < t<0.005s w, = %lr/min

0.005s < 1<0.025s wjfm = 200 r/min

0.0255 < 1<0.055s @, =200 20sin(4007¢) r/min
0.055s <t w,,, = 200/min

0<r<0.065s T;, =0N-m

0.065s < 1<0.08s Tp = 10N-m

0.08s <t T;, = ON-m

The current control loop can be assumed as the first-order low-pass filter, whose cutoff
frequency is the bandwidth of the current control loop decided in problem 3, part 4. The
output of the speed regulator, which is the current reference, i:, is limited within +75 A, and
the anti-wind-up controller is included. The estimated torque constant is 95% of the actual
torque constant as K = 0.95K.
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Problems 223

The speed regulator, which is PI type, is implemented in the analog domain. The
control bandwidth of the speed control loop, f;., is 200 Hz and the damping factor is
V5/2.
If the measured speed is identical to the real speed, plot the following responses.
(A) 0-0.095: @y, @, i

i

(B) 0.045-0.0555: @, @), i
(C) 0.065-0.08s:T,, Ty, py, i

a
If the speed sampling is done at every 200 us, plot the following responses. The speed
regulator is implemented digitally in the discrete time domain.
(A) 0-0.095: @y, @y, By
l.*

(B) 0.045-0.055: @y, @y i
(C) 0.065-0.08s: T, Tp, @y i,

a

If the speed sampling is done at every 2 ms, plot the following responses. The speed
regulator is implemented digitally in the discrete time domain.

(A) 0-0.095: W, 0, B

(B) 0.045-0.0555: Wy, @), 0

(C) 0.065-0.08s: Tp, T1, Wy L,

The speed is measured by the following encoder. The number of pulses per
revolution, Ppg, is 8192 and the measured angle has white noise, whose magnitude
is 4% of 21 /8192 in root mean square; the sampling frequency of the noise is 100pws.
Also, the speed is calculated by the “M” method and its sampling time, 7,, is 1 ms.
Repeat part 1, but the speed regulator algorithm is implemented digitally and
executed at every 1 ms just after the speed is calculated. It is assumed that time for
the speed calculation by the “M” method and for the control algorithm execution is
negligible.

Now, the speed calculation method is changed from the “M” method to the “M/T”
method. Repeat part 4. The speed calculation and the execution of the algorithm is
at every Tp, and Ty, is set as 1 ms, and time for the speed calculation by the “M/T”
method and for the control algorithm execution is negligible. And clock frequency for
the “M/T” method is high enough.

Design the speed observer, whose bandwidth is 500 Hz. The measured angle, which is
the input to the observer, is ideal. The estimated parameters are listed below. Repeat
part 1. The observer and the regulator are designed in the analog domain with
following parameter errors, and the time can be measured continuously.

ok

B=02B and J=0.7J

If the angle is measured by the encoder in part 4 at every 100 us, repeat part 6. The
observer and regulator are designed digitally in the discrete time domain, and
algorithm execution time for the observer and speed regulator can be neglected. The
sampling frequency of the observer is 10 kHz, and that of the speed regulator is 1 ms.
With the operating condition in part 7, the acceleration reference is fed forward.
Repeat part 7. The estimated inertia for the acceleration reference feed-forwarding is
70% of the actual inertia. The acceleration reference can be obtained from the given
speed reference by ideal mathematical differential operation.

In addition to of the operating condition and the controller in part 8, the acceleration
feedback is added to enhance the robustness to the disturbance torque. Now, because



224 Chapter 4 Design of Regulators for Electric Machines and Power Converters

of the acceleration feedback the system works as like the total inertia increased
twofold. At this condition set the feedback gain K,,. And repeat part 8. In this problem,
the measurement of the acceleration is ideal.

(10) By the method in the part 7, the angle from the encoder is measured. Implement the
acceleration observer and speed observer together. And set the gains in both observers
to achieve reasonable speed control performance. In this gain setting, repeat part 9
based on the estimated acceleration.

(11) The encoder is changed. The number of pulses per revolution, Ppg, is 2?2 and the
measured angle has white noise, whose magnitude is 4% of 27/2?* in root mean
square; the sampling frequency of the noise is 100 ps. The speed is calculated by the
“M” method and its sampling time, Ty,, is 100 ps. Repeat part 4.

(12) By using the encoder in part 11, the angle is measured at every 100 ws. Repeat part 10.

5. The PI speed regulator in problem 4 is changed to IP regulator. All operating conditions of
the speed control system are the same as those of problem 4. The speed regulator is
implemented in the analog domain. The damping factor of the IP regulator is v/5/2. It can
be assumed that the measured speed is identical to the real speed. For 10-1/min step input to
the speed control loop, both the PI and the IP regulators reveal the same peak of the current
reference. Find the gains of the IP regulator and the bandwidth of speed regulation loop
with the IP regulator. In that gain setting, plot the following responses.

(A) 0-0.09; @y, @), i
(B) 0.045-0.055's; @y, @) 1,
(C) 0.065-0.085; Te, Tr, @y 1,

6. As shown in Fig. P4.5, there is a X-Y table driven by two X-axis linear motors and one
Y-axis linear motor.

1
Motor

Y Motor

X,
> Motor

Figure P4.5 X-Y table driven by three linear motors.

By adjusting the thrust forces of X; and X,motors, namely Fx; and Fyx,, the position and
the speed of the Y axis is controlled. According to the mover position on the Y axis, the
equivalent mass to X; and X, motors, namely M; and M,, vary from 5 kg to 15 kg. For the
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worst-case consideration, assume M; = 5Skg, M, = 15kg. The block diagram of the
mechanical system is shown in Fig. P4.6, where the coupling coefficient, Kcoyp, is
10°N/m. To control the mechanical system, design the speed control system of the X-Y
table as shown in Fig. P4.7, where the speed regulator is P type. Together with the P
regulator, we add the decoupling controller, the active damping term, and the acceleration
reference feed-forward term to the output of the regulator. The P gains of the regulator of
both X and X, motors, namely Kp; and Kpy, are the same as Kp. Based on the block diagram
of the mechanical system shown in Fig. P4.6, answer the following questions.

X1 Ml VXl

Y

A

©
@

coup

F ;G—b € > | >
X2 Ll — | —
ik ol S

Figure P4.6 Block diagram of mechanical system of X axis of X-Y table.
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Figure P4.7 Block diagram of a controller.
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(1) Calculate the moving distance if the movers of X; and X, motors move exactly
according to the acceleration reference in Fig. P4.8.

03 04 4

\4

0.1

—40m/s2 [~ ———

Figure P4.8  Acceleration reference.

(2) When the coupling coefficient is neglected like K., = 0, set the P gain of the speed
regulator if the bandwidth of the transfer function of V; / V;} 18 50 Hz. In the calculation
of the gain, the mass of each mover is the same as 10kg.

(3) IfSy1 S\, Vi1, and V,, are ideally measurable, design the decoupling controller, active
damping terms, and acceleration feed-forward terms to suppress the position errors
defined as Si—le and Si—sz are less than 10 wm in over all moving range of movers
of the linear motors according to the acceleration reference in Fig. P.4.8. Plot the
position errors from O s to 0.4 s with the acceleration reference in Fig. P4.8 in the case
with the decoupling controller, active damping terms, and acceleration feed-forward
terms together with a P regulator. Also plot the position error from O s to 0.4 s with the
acceleration reference in Fig. P4.8 in the case without the decoupling controller, active
damping terms, and acceleration feed-forward terms, with only a P regulator. For these
plots, P gainis the value decided at part 2, and the mass of mover of X is 5 kg and that of
X, is 15kg. The thrust forces of the linear motors are limited within £700 N.

(4) Design aspeed observer that estimates V| based on Sy, F; as shown in Fig. P4.9. Plot
the estimated speed, \A/M, and actual speed, Vy,. In the design of the observer, the
coupling coefficient is assumed as zero and the mass of each mover is 10 kg. All poles
of the observer lie at —150 Hz of real axis identically.

Figure P4.9 Speed observer.
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By using observer designed in part 4, close the speed control loop with the estimated

speed by the designed observer, and repeat part 3.

7. With the system shown in Fig. P4.1, the position of the load is controlled. The parameters
of the load, the electric machine, and the connecting shaft are the same as those of
problem 1. The final position is 30 revolutions of the load, and overshoot in the response
is not allowed. The magnitude of jerk, acceleration, and speed is limited as follows:
100 x 2rrad/s, 20 x 2w rad/s?, and 20 x 2m rad/s, respectively.

@

(¥

~

3

4

~

®
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Keeping the limitations, plot the jerk, acceleration, speed, and position (angle of load)
references simultaneously with regard to time, ¢, which minimize the tracking time as
short as possible. In the plot, the horizontal axis is time and its range is from 0-3 s. And
the vertical axes are for jerk, acceleration, speed, and position reference in —1000 to
1000 rad/s?, —200 to 200 rad /s?, —200 to 200 rad /s, and —100 to 100 rad, respectively.

If the angle and the speed are measured ideally, design a P-PI-type position regulator in
Fig. 4.50, where the bandwidth of the speed control loop is 16 Hz and that of the
position loop is 2 Hz. In the design of the regulator, the inertia of the electric machine
and load can be assumed to be a single inertia, which means that there is no connection
shaft and that two inertias are tied together. In the design of a P-PI regulator, the current
regulator can be assumed to be an ideal one. In the computer simulation, the current
regulator is modeled as the first-order filter as @, /s + w,, where @, = 200 x 27 rad/s.
The maximum magnitude of the current is limited within 50 A and the torque (back
EMF) constant is 2 N-m/A. In the design of the controller, the estimated torque
constant is 90% of the real value as K = 0.9K. Also, the estimated inertia is 90% of the
actual value of the total inertia.

By controlling the system using the regulator designed in part 2, plot the response of
jerk, jerk reference, acceleration, acceleration reference, speed, speed reference, and
position, position reference. In this control system, there is no load torque. In the plot,
the horizontal axis is time and its range is from O s to 3 s. And the vertical axis is for jerk,
acceleration, speed, and position in —1000rad/s* to 1000 rad/s?, —200rad/s to
200 rad/s?, —200rad/s to 200rad/s, and —100rad to 100 rad, respectively. Also
calculate the value, which is the time integral of the square of the position error from
time =05 to time r=3s.

If the speed of the load and the electric machine can be measured ideally, add an active
damping term to the control system designed in part 2, and enhance the responses in
part 3. Plot the responses as in part 3 with the active damping term. Also calculate the
value, which is the time integral of the square of the position error from time =05 to
time 7=3s. In the designing of active damping term, the current should not be
oscillatory continuously.

In addition to the control system designed in part 4, the speed and acceleration
command feed-forward terms are added to enhance the command following perfor-
mance. In the design of the controller, the estimated torque constant is 90% of the real
value as K = 0.9K. Also, the estimated inertia is 90% of the actual value of the total
inertia. Plot the responses as in part 3 with the feed-forward terms. Also calculate the
value, which is the time integral of the square of the position error from time t =0s to
time 1 =3s.

After finishing the position control with the control method in part 5, the load torque,
T;, = 60 sin(20*n*¢) N-m, is applied from time point  =3s. After 3, the position
reference is constant. Plot the acceleration, speed, position, load torque, 7;, and the
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machine torque, 7. In the plot, the horizontal axis is time and its range is from 3 s to 4 s.
And the vertical axis is for acceleration, speed, position, and torque in—200 rad /s to
200 rad/s?, —200 rad/s to 200 rad/s, —100 rad to 100 rad, and -120 Nm to 120 N-m,
respectively.

7

~

To enhance disturbance rejection performance, the acceleration of the load is fed back
to the control system. The acceleration is measured ideally but with time delay by
10 mslike &(s) = a(s)*e~9' 5. By adding the acceleration feedback term to the control
system designed in part 5, plot the responses as plots in part 6.
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Chapter 5

Vector Control [1 and 2]

The electric machines convert the mechanical power to electrical power as a
generator or convert electrical power to mechanical power as a motor. The mechanical
power is presented as the instantaneous product of the rotating speed and the torque.
The electric machines basically convert the current (or torque) to the torque (or
current) under the excitation flux as a motor (or generator). The speed is decided by the
mechanical system connected to the electric machine and by the torque. Usually, the
mechanical system includes inertia components, and the speed is the low-pass filtered
form of the torque as presented in (2.22) and in Fig. 2.12. The cutoff angular frequency
of the low-pass filter is B/J. In many industrial drive systems, where the speed of the
electric machine is the concern even though the torque of the electric machine has
some fluctuations instantaneously, if the frequency of the fluctuation is high enough
compared to the cutoff frequency, the speed can be regulated satisfactorily. But, in a
rolling mill drive system shown in Fig. 1.20 or in a high-speed elevator system shown
in Fig. P1.3, the torque should be controlled instantaneously to regulate tension of the
web or to regulate the acceleration of the cage. In many high-precision motion control
systems, where the acceleration, speed, and position are all regulated instantaneously
according to their references, the instantaneous torque control is a prerequisite. In
these systems, by controlling the torque instantaneously, the acceleration is con-
trolled, and the instantaneous speed is the time integral of the acceleration and it is
decided by the acceleration. Also, the instantaneous position is that of the speed, and it
is decided by the speed. The instantaneous torque of the electric machine comes from
the cross product of the flux linkage vector and the line vector, where the current flows.
Therefore, to control the torque instantaneously, the flux linkage and the line vector
should be controlled instantaneously. Hence, not only the magnitudes of the current
and flux linkage, but also the relative angle between two vectors, should be controlled
instantaneously. The angle can be oriented from the excitation flux, where the d axis of
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the rotor reference frame is in the case of AC machine. Therefore, the vector control
of the electric machine can be understood from the above context. Also, field (flux)-
oriented control can be understood in the same context. Therefore, both the
field-oriented control and the vector control signify the instantaneous regulation of
the torque of the electric machine. In this chapter, the principles of instantaneous
torque control, referred to as vector control, are described in the case of several
electric machines. And to extend the operating region of the electric machine, the
capability curve of the machine mentioned in Chapter 2 is further investigated

using the flux weakening control concept based on d—¢q reference frame theory in
Chapter 3.

5.1 INSTANTANEOUS TORQUE CONTROL

The instantaneous torque of the electric machine comes from the cross product
of the flux linkage vector and the line vector, where the current flows. And to
control the torque instantaneously, the flux linkage and the line vector
should be controlled instantaneously. In this section, from the modeling of a DC
machine, it is described how the instantaneous torque control is possible in a DC
machine. Also, the principle of the torque control is extended to permanent magnet
AC machines. And, finally, I describe how the principle is implemented in the
induction machine.

5.1.1 Separately Excited DC Machine

As shown in Fig. 5.1a, the excitation (field) flux is regulated by the current of the field
winding, and the armature current, from which the torque comes through the
interaction with the flux, is regulated by the armature voltage. The armature current
may distort the field flux by the armature reaction. However, under the assumption that
the armature reaction is fully prevented by the commutating poles and the compen-
sation winding as shown in Fig. 2.5, the flux linkage to the armature current can be
fully regulated only by the field winding current. The angle between the armature
current and the excitation flux is kept as 90° spatially by means of the commutator and
the brush regardless of the rotation of the rotor. Hence, the instantaneous torque of DC
machine is simply the product of the magnitude of the armature current and that of the
excitation flux, where the polarity of the torque is decided by the polarity of the flux
and by that of the current. If the magnitude and the direction of the flux are kept
constant, then torque is solely proportional to the armature current as seen from (2.20)
in Section 2.3. Hence, by controlling the armature current instantaneously, the torque
can be regulated instantaneously. The same torque control capability can be obtained
if the relative position of the armature winding and field winding is maintained even if
both windings are rotating as shown in Fig. 5.1b. The outer field winding and the inner
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armature winding may be rearranged as shown in Fig. 5.1c. In this arrangement, if the
relative position of the two windings and the magnitude of magnetic motive force
(MMF) of both windings are maintained, then the same torque control capability can
be achieved. As described in Section 2.5, the equivalent MMF of outer armature
winding in Fig. 5.1c can be obtained by three-phase symmetry winding as shown in
Fig. 5.1d, which is a structure of the AC synchronous machine in Section 3.3. Now
the armature winding is stationary, the MMF by the outer armature windings is
rotating. Also, the instantaneous position of the equivalent MMF of the winding is the
decided by the instantaneous three-phase AC current in the winding. In Fig. 5.1d, to
have the same position of MMF in Fig. 5.1c, the current in a-phase winding is null and
the magnitude of current in b- and c-phase winding is identical, but the polarity of the
current in b-phase winding is positive but that in ¢-phase winding is negative. In this
way, the instantaneous torque control principle of a DC machine can be applied to an
AC machine if the relative position and the magnitude of magnetic motive force
(MMF) of both windings are maintained. As seen in Fig. 5.1, the instantaneous torque
control of a synchronous machine is exactly the same as in the case of a DC machine,
except the rotation of MMF of armature winding and MMF of the field winding.
However, in the case of the induction machine, the instantaneous torque control is
rather difficult to understand, where there is no separate field winding and no

Figure 5.1 Relative position of field flux and
armature current. (a) Separately excited DC
machine; Stationary field and armature windings
(b) Rotating field and armature winding: outer field
winding, inner armature winding. (c) Rotating field
and armature winding: outer armature winding and
inner field winding. (d) Rotating field and armature
winding: stationary outer armature winding by three-

phase symmetry winding, as well as rotating inner
(b) field winding.
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Figure 5.1 (Continued)

permanent magnet. But, the rotating flux linkage, whether it is rotor flux linkage, air
gap flux linkage, or stator flux linkage, can be defined. Also, part of the stator current
can be classified as the armature current with regard to the defined rotating flux
linkage, which generates an MMF whose position is perpendicular to the rotating flux
linkage. Through the interaction of the rotating flux linkage and MMF by the
equivalent armature current, torque can be generated as like a DC machine. At first,
the principles of the instantaneous torque control of AC machine can be understood
easily from SMPMSM as follows.

5.1.2 Surface-Mounted Permanent Magnet Synchronous
Motor (SMPNMSM)

The torque of an SMPMSM in Fig. 5.2 can be represented as T, = %g)ywigs derived in
Section 3.3.3.1. Because the pole number of SMPMSM in Fig. 5.2 is four, the d axis
and ¢ axis are apart by 45° spatially. After measuring the rotor position instantaneous-
ly, if the g-axis current in the measured rotor reference frame is controlled instan-
taneously as

*

v T
3P
34

qs

[\S][0%)

where T," means the instantaneous torque reference, the torque of SMPMSM can be
regulated instantaneously because the flux is kept constant by the permanent magnet.
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Figure 5.2 Four-pole surface-
mounted permanent magnet syn-
chronous machine (SMPMSM) and
its rotor reference d—q frame.

T

The current in the rotor reference d—q frame, i/, and i 45> can be obtained through the

calculation in (5.1) using the measured rotor position, 6,, and measured phase currents
as explained in Section 3.1.

. .7 2/ . 2. —j6,
l:iqs = l:]s +]l;_§' = §(las +aip; +a lc_y)e / (51)

To get maximum torque per ampere (MTPA), the current at the d axis should be
set to zero as ij; = 0 because d-axis current,i’; , does not contribute to the torque.
Then, the g-axis current, if]S, which is now equal to the total current, igqs, is always
perpendicular to the field flux by the magnet. Hence, the torque is regulated
instantaneously by regulating only i, The instantaneous torque regulation can be
represented as a control block diagram as shown in Fig. 5.3.

By the instantaneous torque control principles of a DC machine and an
SMPMSM, the following conditions can be deduced to control the torque of the
electric machine instantaneously.

1. The current, which interacts with the field flux, should be regulated instan-
taneously regardless of the variation of back EMF, leakage inductance, and
winding resistance.

2. The field flux should be regulated regardless of the variation of the current,
which interacts with the field flux.

3. The flux and the current should be kept as perpendicular instantaneously either
by mechanical means or by angle measurement and control.

If above three conditions are fulfilled simultaneously, then the torque of the electric
machine can be regulated instantaneously.
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Figure 5.3 Control block diagram for instantaneous torque control of SMPMSM.

5.1.3 Interior Permanent NMagnet Synchronous
Motor (IPMSM)

The torque of the IPMSM in Fig. 54 can be represented as
T = 35{(La—Ly)iyiy + isiy ) at rotor reference d-q frame derived at
Section 3.3.3.2. It is the sum of the reluctance torque and the field torque. And,
even if the field flux, A, by the magnet is kept constant, the pair of i/, and s 18
enormous to generate the given torque reference, T:. However, if the total losses are
minimized at the given torque, the pair is uniquely decided. If the iron loss can
be neglected, the minimization of the magnitude of the stator current vector, iqus, is the
minimization of the copper loss, which is the only loss now considered. Such an
operation is called a maximum torque per ampere (MTPA) operation, which gives the
best efficiency while generating the given reference torque. Usually, the iron loss is
relatively quite small compared to the copper loss at the rated operating conditions of
IPMSM. In this context, the instantaneous torque control with MTPA operation
involves (a) finding a pair of 7 and 7y, which minimizes the magnitude of the current
vector and generates the reference torque, and (b) regulating d—¢ current according to
the current reference pair found. All of these controls should be done instantaneously.
If the parameters of IPMSM are constant regardless of the operating condition,
the pair can be derived analytically at a particular speed and torque. However, as
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Figure 5.4 Four-pole interior
permanent magnet synchronous ma-
chine (IPMSM) and its rotor refer-
ence d—q frame.

mentioned in Section 2.9.2, if the inductances, Ly and L, vary by several hundred
percentages, then the analytical solution cannot be an option. The pair can be found
through the experiment at various operating points and/or through the parameter
data considering the variation of inductances and the field flux by the magnet. After
the pair is stored in a look-up table (LUT) with the index of the speed and torque, the
current is regulated according to the pair in LUT at the specified speed and torque.
The control block diagram of IPMSM can be depicted as Fig. 5.5.

5.2 VECTOR CONTROL OF INDUCTION MACHINE [1]

In the case of an induction machine, unlike the case of previous machines such as the
separately excited DC machine and the synchronous machine, both the current for
the field flux (field current) and the current for the torque (armature current) should be
provided by the stator winding because of no field winding. So, it is quite difficult to
understand the separate and independent control of the field flux and the current for the
torque by 90° spatially in electrical angle. However, based on the principle of rotating
MMF in Section 2.5, the vector control, which means instantaneous torque control,
can be understood with the reference frame theory discussed in Chapter 3. The vector
control methods of the induction machine can be classified as the indirect method and
the direct method. In the early stage of development, the former one is mainly
implemented and commercialized. In the indirect method, the slip angular frequency
of the induction machine is controlled and the flux and the torque component currents
are indirectly adjusted through the slip angular frequency. For this method, though the
rotational speed of the machine should be measured, the torque of the induction
machine can be controlled instantaneously from the starting of the machine to the top
speed of the machine. But the method has shortcomings such as dependency on the
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Figure 5.5 Control block diagram for instantaneous torque control of IPMSM.

machine parameters, especially on rotor time constant, namely L,/R,. In the direct
method, after the magnitude and the position of the field flux, usually rotor flux, is
identified by various methods, the stator current is decomposed to the flux component
and torque components according to the identified position of field flux. The flux and
torque are controlled directly by adjusting the magnitude of the components. The
direct method can be easily understood, but the identification of the flux vector is
difficult. In particular, in the low speed including the starting of the machine, the
identified magnitude and position of the field flux vector may have considerable
errors, and the torque control performance would be poor. However, thanks to the
development of digital signal processing capability, the direct vector control, which
does not require the position sensor on the rotor, has been developed and commer-
cialized recently in the name of “sensorless vector control.” The detailed description
of the sensorless control is in Chapter 6.

5.2.1 Direct Vector Control

In the direct method, like the case of an SMPMSM, the position of the rotor flux is
identified and the torque component current is applied 90° ahead spatially in the
direction of the rotation. But unlike the case of an SMPMSM, where the magnitude of
the flux is maintained by the permanent magnet, the magnitude of the rotor flux
linkage, which is chosen as the orientation of the flux linkage, should be controlled
simultaneously by the flux component current together with the torque component
current from the stator of the induction machine.
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5.2.1.1 Principles of Direct Vector Control

The d—q voltage equations expressed at the d—g reference frame rotating arbitrary
speed, w, can be written in (5.2)—(5.5) as derived in Section 3.2.1. If the neutral point
of the stator winding of a squirrel cage rotor is isolated and the impedances of the
stator winding are balanced, which is the usual case, then there is no need to consider
the n-axis component.

Vo = Ryl + plyj—w (5.2)
Vs = Rylgs +plg, + wlg (5.3)
0 = Ryig, + plg—(0—w;) 2, (5.4)
0 = Ryiy, + pliy, + (0—,) 2, (5.5)
where p is the differential operator.
Also, the stator and rotor flux linkage can be written in (5.6)—(5.9):
Ay = Lyt + Liiy, (5.6)
gy = Lyigs + Liniy, (5.7)
28 = Lyi% + L, (5.8)
/1‘” =L, qu —&—L,i;"r (5.9)

Based on the rotor flux linkage and stator current, the torque can be expressed as

3P Lm
( drl qs

= 3ar (i) (3.10)

At the stationary reference frame, where w = 0, the position of the rotor flux

linkage, 6., can be derived as
A/S
6, = tan™! (i> (5.11)
ldr

The rotor flux linkage at the d—¢ axis in the stationary reference frame can be obtained
as follows. At first, the stator flux linkage in the stationary d—¢ reference frame can be
calculated by (5.12) and (5.13) from (5.2) and (5.3) by setting w = 0.

t
15 = L (Vis—Rsiy,) dr (5.12)

= J:) (VR ) dr (5.13)

Next, the rotor current can be expressed in terms of rotor flux linkage and the
stator current from (5.8) and (5.9). Finally, the rotor flux linkage can be represented
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as (5.14) and (5.15) after eliminating rotor currents by (5.6) and (5.7).

L

s = L_’ (25, —0oLyily) (5.14)
m

3 _L 23 —oLgd 5.15

Yqr L qs o Slqs ( : )
m

where o is the leakage factor and is defined as o = %*Lf”z By substituting (5.14)
and (5.15) into (5.11), the position of the rotor flux linkage can be obtained. According
to the position, 6,, the stator current can be represented as (5.16) in the synchronously
rotating reference frame.

. _ e T —j6,
la’qs = lys +]lqs = lgpes€ (516)

In the synchronously rotating reference frame, the rotor flux linkage exists only
on the d axis because the d axis is set as the axis where all rotor flux linkage lies. Hence
the flux linkage in the ¢¢ axis is inherently null as )L;, = 0. By using this condi-
tion, (5.4) can be simplified as

0= R, +pi, (5.17)

By using (5.8) and (5.17), if}, can be eliminated and the rotor flux linkage can be
expressed in terms of the machine parameters and d-axis stator current as

(4

, . Lr
/“Zr = Lmlds_R_)p/“Zr (518)
R

Equation (5.18) can be rewritten as (5.19) to express the relationship between the
current and the flux linkage explicitly.

Therefore, the flux linkage, 1, can be adjusted by controlling the d-axis current,
i In particular, from (5.19), if 75 is kept as constant for a while (> 47, = 4 é—:‘_), then

the magnitude of the rotor flux linkage can be approximated as
1Al = 28 & Lyif, (5.20)

The magnitude is proportional to the d-axis current, i, under the condition of the
constant d-axis current for a while. At the synchronous d—¢ frame fixed on the rotor
flux linkage, because }L;r = 0, the torque in (5.10) can be simplified as

_3PLy . .,

T, = EEL_, drlys

(5.21)
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By substituting (5.19) into (5.21), the torque can be represented in the terms of
only the stator current as

3PL 1
y | i 5.22
22 L, (1 +p%l‘“>’qs (5.22)

If the d-axis current is kept as i, = 4, /Ly, for more than 47, and maintained at
that value, then the torque of the induction machine can be expressed as (5.23), where
the torque is instantaneously controlled by regulating only g-axis stator current.

3 PL,
T, == —— |4l 5.23
2 2L " (5:23)
In the direct vector control method mentioned above, after the instantaneous
position of the rotor flux linkage, 6., is identified, by decomposing the stator current the
torque can be controlled instantaneously like the vector control of an SMPMSM.
However, identifying the instantaneous position of the rotor flux linkage in real time is

quite difficult to achieve, especially at the low rotational speed of the induction machine.

5.2.1.2 Implementation of Direct Vector Control [2]

The instantaneous position of the rotor flux linkage can be identified by the following
methods.

1. Measurement of Air Gap Flux by Hall Effect Sensors. The Hall effect
sensor can measure the magnetic flux density. By installing two sensors on the
air gap of the induction machine as shown in Fig. 5.6, which are located 90°
apart in the case of a two-pole machine. Then, from the measured air-gap flux,

om @nd 2, the rotor flux linkage can be calculated as follows.
At first, the rotor flux linkage can be expressed in terms of the air-gap flux and
the rotor current as

'fl'qr = L[Viflqr + Lm (iflqr + lflqs) (524)
= Lériflqr + /lflqm
A
Hall
sor q

N

Y

Figure 5.6 Installation of Hall effect sensors in a
two-pole induction machine.
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And, the rotor current can be represented in terms of stator current and the air-
gap flux as

s Y
i = 7/1‘1""’?'"1‘1‘” (5.25)
m
Finally, the rotor flux can be calculated by the measured air-gap flux and the
stator current as

s
s o / “dgm P
‘dgr  — “dgs
q Lm q.

LZ" + ;tilqm

(5.26)

" oas :s
= L_ ;“dqm _lq/g)»ld%Y
m

The shortcomings of this method are (a) the sensitivity of Hall effect sensors to
the temperature variation and (b) the dissection of the induction machine to
install the sensors in the air gap of the machine. Moreover, because the leakage
inductance, Ly, varies according to the magnitude of the rotor current, izqr, as
mentioned in Section 2.12.2, the accuracy of the identification of the instan-
taneous position of the rotor flux may be degraded with the variation of the
operating condition.

. Measurement of Air Gap Voltage by Sensing Coils. If two multiturn coils
are installed on the surface of the stator apart by 90° in electrical angle, then
the induced voltage at the coil is proportional to the time differentiation of the
air gap flux. By integrating the voltage as (5.27), air-gap flux can be deduced.

t
ft’qm = JO eft'qde (527)

With these sensing coils, the shortcomings from the Hall effect sensor can be
circumvented. But, to install the coils, the induction machine should be
dissected. Furthermore, the magnitude of the sensed voltage, equ, by the coils
is getting smaller as the frequency, w,, of the flux decreases, as in (5.28), and
signal-to-noise (S/N) ratio is getting worse. Hence, at low speed, because of
poor S/N ratio and the offset in the sensed voltage, the calculation of air-gap
flux linkage by (5.27) is impossible.

|eflqm| X W, (528)

Thus, the practical lower limit of the speed for the vector control of the
induction machine by sensing the air gap voltage would be 1/20 of the rated
speed of the machine in the case of a few kilowatts or above power range. Even
after getting the air gap flux by (5.27), the problem of the dependency on the
rotor leakage inductance mentioned in method 1 in this section would still
remain.
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Figure 5.7 Differential amplifier.

Estimation of the Rotor Flux Linkage with Terminal Voltages and Line
Current. By the differential amplifier shown in Fig. 5.7, the terminal voltages
to the induction machine can be measured instantaneously. After measuring
the voltages, the stator flux linkage can be calculated by (5.29) based on the
measured voltage, measured phase current, and the stator resistance. Finally,
the rotor flux linkage can be calculated by (5.30).

p;”flqs = Vfqu _RSifqu (529)
N LI‘ 75 .S
)°dqr = L_ (/“dqs_a-Lé'ldqs) (530)
where o is the leakage factor defined as o = %

In addition to all the problems of the previous methods, this method has other
problems such as (a) the limited bandwidth and the voltage insulation level of
the differential amplifier and (b) the offset of the measured current signal.
Thus, the method is simple but the lower limit of the speed range would be
around 1/10 and the method can be applied to a less than 500-V class induction
machine drive system. The problems due to the differential amplifier for the
measurement of the terminal voltage can be circumvented by the estimation of
the terminal voltage based on the gating signals of the power semiconductor
switches and DC link voltage of the power converter, which is usually
the inverter shown in Fig. 5.8. The phase voltage to the induction machine
can be described as (5.31) under the assumption of Y connection of the stator
winding. In (5.31), S,, Sp, and S, are the switching functions of the

S, 5 S.
ﬂnduction
E Machine )
L
S, S, S_C Figure 5.8 Operation of three-

phase voltage source inverter with
| | | switching function, S, S,, and S,.
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semiconductor switch of each phase, respectively. If the value of the switching
function is 1, this represents the conduction of the upper switch of the
corresponding phase of the inverter in Fig. 5.8. Otherwise, the lower switch
of the corresponding phase is conducting. In the figure, S,, Sp, and S, repre-
sent the inverse logic states of S, S, and S.. Hence, whenever upper switches
turn on, lower switches turn off and vice versa. After estimating the phase
voltage, the rotor flux linkage can be calculated by (5.29) and (5.30).

V.

Va‘\' = ?i (2Sa_Sb_Sc)
Vi

Vis = 3 (28p—Sc—S4) (5.31)
\%

Ve = =2 (25.—S,—S3)

where V; stands for DC link voltage of the inverter.

Though this method is simple, because of the dead time and nonlinearity of the
inverter switches, the estimated phase voltages by (5.31) have some errors especially
at low speed. Hence, the performance of the lower speed operation, which is less than
1/10 of the rated speed, is poor with this method. However, because of its simplicity of
the implementation, this method is widely used and the operating range can be
extended down to a few percentages of the rated speed with the careful dead-time
compensation and the real-time machine parameter estimation techniques.

5.2.2 Indirect Vector Control

The indirect vector control method exploits the inherent characteristics of the
induction machine as follows: By adjusting the slip angular frequency and the
magnitude of the stator current the rotor flux and the torque component current can
be controlled separately. In this control method, there is no need to identify the
position of the rotor flux linkage. However, to control the slip angular frequency, the
instantaneous rotor speed should be measured. In particular, in the case of the larger-
size high-efficiency general-purpose induction machines over several hundred kilo-
watts, the rated slip is less than 1%. So, for 5% accuracy of torque regulation, the rotor
speed should be measured with accuracy better than 0.05%. Hence, the accurate speed
measurement with an optical encoder is a prerequisite to apply this method. Most of
the commercialized induction machine drive systems regulating the torque instan-
taneously have been implemented with this method based on the rotor speed measured
by an optical incremental encoder introduced in Section 4.3.2.

5.2.2.1 Principles of Indirect Vector Control

The voltage and flux linkage equations at the synchronously rotating d—¢ reference
frame can be obtained by substituting ® = w, in (5.2)—(5.9). In these equations, under
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the assumption that the rotor flux linkage exists only on d axis like (5.32), then
NS = 24,4+, =

/I;r =0 (5.32)
By substituting (5.32) into (5.9), we can derive (5.33)
; L .,
DS _L_ml‘” (5.33)

Also, by substituting (5.32) into (5.10), we can derive (5.34), which is the torque
equation:
3PL, ., .
Te = EEL—r;udrl;Y (534)
Again, by substituting (5.32) into (5.5), the slip angular frequency can be represented
in terms of the rotor flux linkage and g-axis current as

e
Rig,

We— Wy = Wy = — 5
/L’dr

(5.35)

From the rotor flux linkage equation in (5.19) and the relationship between the
g-axis rotor and the stator current, the slip angular frequency in (5.35) can be derived
as (5.36) in terms of only the d—¢g axis stator current.

R, R, L {( L,) 1}R,
qr r=m e 7 I e
We— Wy =Wy = ——— = ——1.. = 14+p—|—|—i 5.36
oo 2 2L PR, iG] L ® (5:36)

As seen from the (5.34), the instantaneous torque of the induction machine is
directly proportional to the g-axis current, iy , under the condition of the constant rotor
flux linkage. Hence, the g-axis current is called the torque component current. And the
rotor flux linkage, as seen in (5.19), is regulated solely by the d-axis current,i¢, . Hence,
the d-axis current is called the flux component current. After calculating slip
frequency by (5.36) with the required torque and flux component current, the
instantaneous angle of the rotor flux can be set by (5.37) with the angular speed
of the rotor in electrical angle, w,.

t t
0. = J w.dr = J (0, + wg) dr (5.37)
0 0
And, the position of the rotor flux is indirectly controlled by adjusting the slip
angular frequency through (5.37). Using these processes, the stator current is
decomposed to the torque component and the flux component current by the slip
angular frequency.

5.2.2.2 Implementation of Indirect Vector Control

A control block diagram of indirect vector control of an induction machine is
shown in Fig. 5.9, where a current-regulated PWM inverter is used to control the
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Figure 5.9 Control block diagram of indirect vector control of induction machine based on a current-
regulated PWM inverter.

d—q components current of the machine. As seen from Fig. 5.9 and also from (5.36), in
the implementation of the indirect vector control, the rotor time constant, 7, = L, /R,,
is inevitably involved. The rotor self-inductance (which is the sum of the mutual
inductance and the rotor leakage inductance) and the rotor resistance vary according
to the operating conditions of the induction machine as mentioned in Section 2.12.
Hence, the slip angular frequency calculated by (5.36) may have considerable error
due to the machine parameter variations. If there is a real parameter adaptation
method, the performance of the indirect vector control could be improved regardless
of the variations of the parameters [3, 4]. Some methods to identify the parameters of
the induction machine for the vector control at a certain operating condition are also
described in Appendix A.

5.3 ROTOR FLUX LINKAGE ESTIMATOR

5.3.1 Voltage Model Based on Stator Voltage Equation
of an Induction Machine

The rotor flux linkage can be calculated with the stator voltage and the current of the
machine as described in Section 5.2.1.2. Also, the linkage can be calculated from the
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rotor circuit voltage equations in (5.4) and (5.5). The method to calculate rotor flux
linkage using the stator voltage and current is called the voltage model method,
whereas the method to calculate rotor flux linkage using rotor voltage equation, where
the voltage is zero in the case of the squirrel cage rotor and only the current is the
variable, is called the current model method. In the voltage model method, the stator
flux linkage is calculated by (5.12) and (5.13) and the rotor flux linkage is calculated
from (5.14) and (5.15). As mentioned in Section 5.2.1.2, the voltage model method
has shortcomings in the lower operating frequency region, where the magnitude of
back EMF is comparable to the voltage drop due to the stator impedance, Ry + jw,Lgs.
In this region, the calculated stator flux linkage can be easily contaminated with the
measurement noise and offsets in the measured current and voltage. To circumvent the
saturation of the integrator due to the measurement offset, the first-order low-pass
filter can be used instead of the integrator. But, in this case, in the low-speed region,
where the frequency of the stator current is near the cutoff frequency of the filter, the
calculated rotor flux linkage may have too much error to be used for the vector control.

5.3.2 Current Model Based on Rotor Voltage
Equation of an Induction Machine

At zero speed or low-speed operation of the induction machine, the rotor flux
linkage can be calculated based on the rotor speed and the stator current in the rotor
reference frame. The rotor voltage equation in the rotor reference d—¢ frame can be
described as

diyy R Ly,
=T e TR (5.38)
d)“rr r Lm r
d;f :——/1 I L s (5.39)

where 7 and 7,  is the stator current at the rotor reference frame. Using
or T —j6, 1 e
igqs = 1gg¢™"", Iy and iy can be represented as

gy = 13,€080, + I Sinf, (5.40)
lyy = —lg,Sinb, + iy cosf, (5.41)

By solving the first-order differential equations in (5.38) and (5.39), the rotor flux
linkage at the rotor reference frame can be calculated. And then, the rotor flux linkage
at the stationary reference d—¢ frame can be deduced by

Zflr = Jg,Sin0,— 2, sind, (5.42)
gy = Iy SN0, + A7, cOSH, (5.43)

Because this method relies on the machine parameters such as rotor resistance
and rotor inductance, the estimated rotor flux linkage may have considerable errors if
there are some errors in these parameters. Moreover, to implement this method, the
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instantaneous rotor angle should be measured accurately. Thus, the speed/position
sensorless control is not compatible with this method.

5.3.3 Hybrid Rotor Flux Linkage Estimator [5]

In general, in the high-speed region where the magnitude of back EMF is large enough,
the voltage model method is preferable because of its robustness to the parameter error.
But in the low-speed region, the current model method is preferable because of its
robustness to the measurement error. Hence a hybrid system exploiting the merits of
both methods according to the operating speed had been developed. In Fig. 5.10, a
block diagram of such a hybrid estimator is shown, where in the low-speed region the
current model method works and in the high-speed region the voltage model works.

The estimator in Fig. 5.10 can be understood as shown in Fig. 5.11, where 4, ,,,
stands for the rotor flux linkage by the current model and 4, ,, stands for that by the
voltage model. The gains of proportional and integral (PI) regulator have the
following relationship with the gains in Fig. 5.10:

L

Ky =Ki- (5.44)
L
K=K (5.45)

From Fig. 5.11, the transfer function between the estimated rotor flux linkage and

the flux linkages by two methods can be deduced as

s K,s+K;
Y — ) 5.46

dqr 52 —‘erS—f—K,' dqr_vm + 52 —l—K},S—l—K,' dqr_cm ( )
Hence, the estimated flux linkage follows the linkage by the current model in a
low-frequency region, where the magnitude of the second term of the right-hand side
of (5.46) is much larger than that of the first term. In a high-frequency region, the
linkage follows that by the voltage model. The transition from current model to
voltage model is decided by the gains of a PI regulator. However, by only gains of the
regulator, it is difficult to understand where the transition occurs. In (5.46), the first

2

dgs |

s
ldqs

Figure 5.10 Block diagram of a hybrid rotor flux linkage estimator.
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Figure 5.11 Simplified block diagram of a hybrid flux estimator.

term on the right-hand side is the transfer function of the second-order high-pass filter,
and the second term on the right-hand side is that of the second-order low-pass filter
including a band-pass filter too. And, the transfer function of the hybrid estimator can
be understood as the sum of the low-pass filtered flux linkage by the current model and
the high-pass filtered flux linkage by the voltage model. Hence, the current model is
dominant in the low-frequency region and the voltage model is in high frequency. The
transition point can be set by the cutoff frequency of the filter as (5.47) and (5.48) if
Butterworth-type filters are assumed.

K, = V20, (5.47)
Ki = wcz (548)

where w, is the cutoff angular frequency of the second-order Butterworth filter.

5.3.4 Enhanced Hybrid Estimator [6]

Compared to the performance of the estimator by voltage model or the current model,
the performance of the hybrid estimator in the previous section may be worse at the
transition frequency, w,, if there are errors in the machine parameters such as R, and
L,,. In particular, the phase of the estimated rotor flux linkage has much error at the
transition frequency. This problem can be lessened by compensating the phase of the
estimated flux linkage as shown in Fig. 5.12.

Figure 5.12 Block diagram of enhanced hybrid estimator.
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In Fig. 5.12, the phase compensation can be done by an exponential function,

/%, where « is set by
K,w,
a= {77:—tan_1 { L 2” (5.49)
K,-—we

With this enhanced hybrid estimator, the estimation of the rotor flux linkage
could be reasonably accurate in both phase and magnitude regardless of the errors in
the machine parameters and errors in the measurement.

5.4 FLUX WEAKENING CONTROL

The torque and speed of the variable-speed drive system controlled by a PWM inverter
is limited by current and voltage rating of inverter and the electric machine. In this
section the optimal flux weakening method, which lets the electric machine generate
maximum torque under the given current and voltage constraints, is described for an
AC machine driven by a three-phase PWM inverter.

5.4.1 Constraints of Voltage and Current to AC
Machine [7]

The inverter, which provides variable-voltage and variable-frequency electric power
to an AC machine, has limited voltage and current ratings because of the components
of the inverter itself and input voltage to the inverter. Also, even if the inverter has
large enough voltage and current ratings, the AC machine itself has constraints in
current and voltage rating because of insulation, magnetic saturation, and thermal
limit. Because the thermal time constant of an AC machine is usually much larger than
that of the inverter, several hundred percentage of rated current can flow into the AC
machine for a short time. Thus, the torque at a constant torque region, where the torque
of the AC machine is only limited by the current constraint, can be increased by
several times of the rated torque. Usually, the voltage rating of the inverter is set to
equal to the rated voltage of the AC machine. However, the current rating of the
inverter is sometimes set as several times that of the AC machine to get higher
acceleration and deceleration torque, especially in servo application.

5.4.1.1 Voltage Constraints

As mentioned in Section 2.18.5, the maximum phase voltage, Vimax, is decided by
DC link voltage, V;, of a PWM inverter and the PWM method. If the space vector
PWM (SVPWM) method is used, V. obtained in the linear control range is V,;/ V3.
With the consideration of some margins because of the dead time of the inverter and
the control voltage for the current regulation, the maximum phase voltage, V max, can
be set as (5.50), where 1 can be 0.9-0.95.

Vd

Vi = —& 5.50
. Nk (5.50)
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If the inverter is controlled in a six-step mode without any PWM, the voltage,
Vsmax» can be increased up to 2V, /n, and the AC machine can generate the maximum
torque at a flux weakening region under the given voltage constraint. However, in this
six-step mode operation, current ripple and torque ripple, acoustic noise, and ripple
current to a DC link capacitor of inverter are much larger than those in PWM mode
operation. Furthermore, because the instantaneous control of the phase and the
magnitude of the phase voltage is impossible in the six-step mode operation, the
instantaneous torque control cannot be achieved. Also, the dynamics of the AC
machine drive system would be degraded conspicuously. If the maximum phase
voltage, Vymax, is decided by the inverter, then the d—¢ axis stator voltage should
satisfy (5.51) regardless of the reference frame.

Vi Vi = ViV = VRV < V2 (5.51)

qs s max

5.4.1.2 Current Constraint

The maximum current to an AC machine, Ig,yx, is usually decided by the thermal limit
of the inverter or the AC machine itself. If the constraint is decided by the inverter, then
the limiting condition of the current is set by the heat dissipation of switching and
conduction losses of the switching power semiconductors. If the constraint is decided
by the AC machine itself, then the limiting condition of the current is set by the heat
dissipation from the iron and copper losses of the AC machine. The thermal time
constant of the AC machine, which may be from several seconds in the case of less
than kilowatts to minutes in the case of a several-hundred-kilowatt machine, is much
larger than that of the inverter, which may be several tens of milliseconds. After Isyax
is decided, the reference current should satisfy (5.52) regardless of the reference
frame.

o2 g2 gl P ) 0% 2
fyy Tilyy =lyy +igg =ig~ +ig” <I (5.52)

S max

5.4.2 Operating Region of Permanent Magnet
AC Machine in Current Plane at Rotor Reference Frame [8]

5.4.2.1 Operating Region Under Current and Voltage Constraints

The voltage and current constraint in (5.51) and (5.52) was expressed in the
d—q reference frame, but the constraints are presented in different planes, where
one is voltage plane and the other is current plane. Hence, it is difficult to consider both
constraints simultaneously. The constraints can be simultaneously depicted in the
voltage plane or in the current plane by using the stator voltage equations of an AC
machine. If the constraints are depicted in the voltage plane, though the voltage
margin and the phase of commanded voltage can be easily understood, the torque,
which is usually expressed in terms of current, cannot be easily demonstrated in the
voltage plane. Moreover, because most high-performance AC drive systems have an
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inner current regulation loop, the current plane is a natural choice in the viewpoint of
the control loop design [9]. Thus, the current plane is usually used to consider the
constraints simultaneously. In this case the voltage constraint can be represented in
terms of the current by using the stator voltage equation of the permanent magnet AC
machine in (5.53) and (5.54).

r .y d .y .y
VdA‘ = Rslds—"_LdEldS_erqqu (553)
r .y d .y .y
Vqé‘ — Rsqu + Lq E l(]S + erdldS + (l)rif (554)

From the above equations, like (5.55), the voltage constraint can be expressed in
terms of the currents under the assumption of the steady-state operation or slow
enough variation of the currents.

w?Ly) 2 R\
Z(%S (ltris + rZz f) + ng <l;s + ’Z; L ) + 2erX (Ld—L‘I) l’dvl:p S V.vzmax
ds qs

(5.55)

where Z;; and Z,, are defined as

Zas = R+ (0,L0)%, Zgs = \/R2 + (w,L,)’ (5.56)

Inequality by (5.55) can be rewritten as (5.57), and the area satisfying (5.57) is the
interior of the dotted ellipse as shown in Fig. 5.13a. The center of the ellipse is

__oflydy Ry
R+, R +wlLl,

in the current plane. And the major axis of the ellipse is apart from the d axis by
Leao—1_ 2R,
2 tan Wy (LLI + Lq) :

2y 2 2
w; Lysh wrRA
2 (ir +rqéf> L2 (,-r +Hf>
ds \ “ds R% +w%Lqu g5\ 45 R% —&—waqu

2

w; LA . R/
20,R,(La—Ly) ( 1+ 5l ) (1 4+ el ) < V2

+ 20 (L q)(dS+R§+w3Lqu "o R wLL, ) S e

(5.57)

In the case of a surface-mounted permanent magnet synchronous machine
(SMPMSM), because L; = L, = Ly, (5.57) can be simplified as (5.58). The area
satisfying (5.58) is the interior of the dotted circle in Fig. 5.13b, and its center is

2Ly w;RsAr .
(— o wész TR +w’2_’L%> in the current plane.
2 2 2 )
i+ w; LS;“f + (7 + erslf < Vsmax (5 58)
a TR 4 w22 “ " R+ w2l2) T R+ w22 '
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Figure 5.13 Voltage and current constraints of permanent magnet AC machine depicted in a
current plane. (a) Interior permanent magnet synchronous machine (IPMSM). (b) Surface-mounted
permanent magnet synchronous machine (SMPMSM).

If the speed of the machine is high enough and the stator resistance voltage drop is
small enough, then the voltage drop by the stator resistance can be neglected.
Hence, (5.57) and (5.58) can be approximated as (5.59) and (5.60):

s 2
i A 2.
(erd)2<z’ds+ L—Z) + (0rLyg) 1 < Vi (5.59)

T ;“f ? 72 Vszmax
lgs + L. Tig < 0212 (5.60)

r=s
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The area satisfying (5.59) is the interior of the solid ellipse shown in Fig. 5.13a
and the area satisfying (5.60) is that of the solid circle in Fig. 5.13b.

Asmentioned before, the current constraint is expressed as the inner part of acircle,
whose center is the origin of the current plane. The voltage constraint is expressed as the
inner part of an ellipse. If the voltage drop in the stator resistance is neglected, the major
axis of the ellipse lies on the d axis of the current plane. And its center is constant
regardless of the operating speed of the permanent magnet machine. However, the
length of major and minor axes of the ellipse decrease as the operation speed increases.
If the voltage drop in the stator resistance is considered, the major axis has an offset
angle with the d axis, and the center of the ellipse also varies according to the speed.
Under the given constraints, the possible operating area in the current plane is the
common inner part of the interior of both ellipse and circle. As the operating speed
increases, the area by the voltage constraint shrinks and the common area also shrinks.
Above a certain speed, there is no common inner area, and the operation of the electric
machine at that speed is impossible, satisfying both current and voltage constraints.

5.4.2.2 Operating Region According to the Parameters of the
Permanent Magnet AC Machine

The output characteristics of a permanent magnet synchronous machine are decided
by the relative location of the center of the ellipse by the voltage constraint to the circle
by the current constraint. The center is set by the parameters of the electric
machine [10-12]. As shown in Fig. 5.14, the permanent magnet AC machine drive
system can be classified as a finite-speed drive system and an infinite speed drive
system whether the center of the ellipse is inside of the circle by the current constraint
or outside of the circle. In the case of the infinite-speed drive system where the center
of ellipse lies inside of the current constraint circle, the maximum speed is limited not
by the current and voltage constraints but only by the mechanical reasons such as
centrifugal forces or the stress in the bearing. However, in the case of the finite-speed
drive system, where the center of ellipse lies outside of the current constraint circle,
the voltage constraint limits the maximum operating speed even if there is no
mechanical reason to limit the speed. In Fig. 5.14, the voltage and current constraints
of the permanent magnet AC machine with the trajectory of current for MTPA
operation for both infinite- and finite-speed drive systems neglecting the stator
resistance voltage drop are shown. In Fig. 5.14a, for the case of IPMSM, the trajectory
of the current for MTPA operation is shown. In the figure, the center of the ellipse is
outside of the circle satisfying (5.61), and as described previously, the maximum
speed is limited by the ellipse from the voltage constraint. For MTPA operation, up to
the speed wyy, the current moves on the curve by “OA” and above w; the current
moves on the boundary of the current constraint circle, which is the curve “AB”.
Above a certain speed, w3y, there is no more common area of the ellipse and the circle,
and the machine cannot be operated above that speed. In Fig. 5.14b, the trajectory of
the current for the infinite-speed drive system is shown. In the figure, the center of the
ellipse is inside of the circle satisfying (5.62) and the maximum speed is not limited by
electrical constraints. For MTPA operation, up to the speed w;;, the current moves on
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Figure 5.14 Operating regions according to the parameters of the permanent magnet AC machines.
(a) IPMSM (Finite-speed drive system). (b) IPMSM (infinite-speed drive system). (c) SMPMSM
(finite-speed drive system). (d) SMPMSM (infinite-speed drive system).

the curve by “OA.” Also, above wj; the current moves on the boundary of the current
constraint circle, which is the curve “AB” like the case of the finite-speed drive
system. However, above w,; the current moves not on the boundary of the current
constraint circle but on the curve for maximum torque per voltage (MTPV) operation,
which is the curve “BC” unlike the case of the finite-speed drive system. By following
the curve, up to infinite speed the machine can operate if there are no mechanical
problems to limit the operating speed.

if > Ll max (5.61)
)Lf < Lalsmax (562)

In Fig. 5.14c, for the case of an SMPMSM, the trajectory of the current is shown.
In the figure, the center of the voltage constraint circle is outside of the current
constraint circle satisfying (5.63), and the maximum speed is limited by the voltage
constraint. For MTPA operation, up to the speed ws, the current moves along the
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q axis represented as “OA” in the figure. And above wys the current moves on the
boundary of the current constraint circle, which is the curve “AB”. Above a certain
speed, w3y, there is no more common area of both circles, and the machine cannot be
operated above that speed. In Fig. 5.14d, the trajectory of the current for the infinite-
speed drive system is shown. In the figure, the center of the voltage constraint circle is
inside of the current constraint circle satisfying (5.64) and the maximum speed is not
limited by electrical constraints. For MTPA operation, up to the speed wy;, the current
moves the ¢ axis, “OA”. Also, above w; the current moves on the boundary of the
current constraint circle, which is the curve “AB”, like the case of finite-speed drive
system. However, above w,; the current moves not on the boundary of the current
constraint circle, but on the line parallel to ¢ axis for maximum torque per voltage
(MTPV) operation, which is the line “BC”, unlike the case of the finite-speed drive
system. By following the line, up to infinite speed the machine can operate if there are
no mechanical limitations.

;Lf > Lolg max (563)
Iy < Lylymax (5.64)

In the case of an SMPMSM, the flux linkage by the magnet is usually much larger than
the flux linkage by the stator current. So, (5.63) holds in the most case of SMPMSM
operation unless ;. 1S larger than the several times of the rated current of
SMPMSM.

The speed up to which the machine is operated in the MTPA mode is called the
base speed, w,. In Fig. 5.14, it is represented as w1y and wy;. Up to the base speed, the
speed region is called the constant torque region, and above the base speed the region
is called the flux weakening region. In the infinite-speed drive system, the speed where
only voltage constraint limits the operating speed is called the critical speed, w.. After
neglecting the stator resistance voltage drop, the base speed, the maximum possible
operating speed in the finite-speed drive system, and the critical speed in the infinite-
speed drive system can be derived for both an SMPMSM and an IPMSM
as (5.65)—(5.70).

At the base speed, in the case of SMPMSM, both circles by the constraints meet
on the ¢ axis. In the case of an IPMSM, the ellipse meets the circle along the MTPA
line at wp. And it can be presented as (5.65) and (5.66), respectively.

VS X
®pSMPMSM = % (5.65)
A‘f + (lesmax)
Vs max
= (5.66)

WpIPMSM — 3
o 2
\/(Ldlilsl + /If) (quqsl)

where

. lf \//Lf+8 L Ld Ixzmdx . »
list = 4(Lq Ld) and lqu - :l:\/ smax  Lds1
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In the finite-speed drive system, the maximum speed is the speed where the
ellipse and the circle meet at one point in the current plane. Above the speed, there is
no common point or area of the ellipse and the circle. The maximum speed can be
derived as (5.67) and (5.68) for an SMPMSM and an IPMSM, respectively.

meax
Wmax,SMPMSM = 35— 5.67
s /Lf_LS[S max ( )
where Ar > Lyl max.
Vsmax
@max, IPMSM = 57— 5.68
e lf_LdIs max ( )

where Ar > Lglymax.

In the infinite-speed drive system, the critical speed is the speed where only
voltage constraint limits the operating speed. Under the condition of the maximum
torque with both voltage and current constraints until at the speed, w., and above that
speed where only voltage constraint works, the critical speed can be derived as (5.69)
and (5.70) for an SMPMSM and an IPMSM, respectively.

V.
@ SMPMSM = —_— — (5.69)
(LSIS max) _if

where Ar < Lylgmax.

In the case of an IPMSM, the critical speed can not be easily derived
analytically. The speed can be obtained by solving (5.70) under the condition
of maximum torque per voltage (MTPV) operation such as
(B3 13 (1 + ) (i + 1) = 0

Vszmax _ T \2 2(712 a2
I = (L + )" + L (I~ (5.70)
@ 1PMSM
The solution can be found numerically by solving (5.70) and MTPV condition
simultaneously.

From (5.67) and (5.68), it can be seen that if the center of ellipse is lies on the
circle, then the system is the infinite-speed drive system with only one flux weakening
region, while in general the infinite-speed drive system has two flux weakening
regions. In the flux weakening region I, both voltage and current constraints apply to
the drive system. In flux weakening region II, only voltage constraint applies. The
base speed, the maximum speed, and the critical speed can be represented by the
parameters of the machine as derived previously. But, because of the variation of
parameters mentioned in Section 2.9, the specified speeds vary according to the
operating conditions.
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5.4.3 Flux Weakening Control of Permanent Magnet
Synchronous NMachine

If the current reference is outside of the possible operating area shown in Fig. 5.13 or
Fig. 5.14, then actual current cannot follow the current reference. Hence, the drive
systemis outof control. By a proper flux weakening method, the current reference can be
set to achieve maximum available torque under the voltage and current constraints. In
this section, several flux weakening methods are introduced with its merits and demerits.

5.4.3.1 Flux Weakening Control with Feed-Forward Compensation
[13,14]

To weaken the flux, the feed-forward compensation technique can be implemented
based on the steady-state voltage equation of the machine. The torque command is
limited within the available maximum value at that operating speed. With the limited
torque command, the optimal current reference in the rotor reference d—¢q frame is
calculated considering voltage and current constraints from the steady-state voltage
equations in (5.53) and (5.54). As mentioned before, the voltage constraint is decided
by DC link voltage and the PWM method. In Fig. 5.15, a control block diagram of this
flux weakening method is shown. In this method, because the voltage is decided under
the steady-state operating condition, the voltage margin for the regulation of the current
should be considered. The method can be easily implemented with the nominal
machine parameters, and it is simple because of no gains to set for the flux weakening
control. But the performance would be degraded with the variation of the parameters
because the compensation is done in the open loop manner. Also, if the speed and
torque varys rapidly and if the current varies suddenly, then the performance would be
poor because of the deficiency of the voltage margin for the current regulation.

5.4.3.2 Flux Weakening Control with Feedback Compensation [15]

As shown in Fig. 5.16, this flux weakening method is keeping the output voltage of the
current regulator within the voltage constraint by feedback of the output voltage to the
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Voltage Vd

Figure 5.15 Flux weakening method using feed-forward compensation.
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Figure 5.16 Flux weakening method by feedback of the output voltage.

flux weakening regulator. The input to the flux weakening regulator is the difference
between the output of the current regulator and the available maximum voltage,
Vs.max- The output of the flux weakening regulator is d-axis current to adjust the flux
level of the electric machine. Because of the feedback of the output voltage of the
current regulator, this method is robust to the variation of the parameters according to
the operating conditions. However, because the output of the current regulator
includes not only the term to cancel the current error but also the term to decouple
the back EMF and the cross-coupling voltage in rotor reference frame as mentioned in
Section 4.2.5, the parameter variations affect the performance of the current regulator,
which is a part of the flux weakening control. Also, the performance of the flux
weakening regulator is affected by the parameter variations through the current
regulator. Moreover, the gain setting of the flux weakening controller, Gy,(s), in
Fig. 5.16 is not straightforward and the gains should be set by trial and error. The
bandwidth of the flux weakening control loop should be low enough to prevent
the interference with the current control loop. Hence, if the speed varies rapidly, the
performance of flux weakening control is degraded severely, and the current of the
machine, especially the d-axis current, may reveal oscillatory responses.

5.4.3.3 Flux Weakening Method Including Nonlinear Modulation
Region

The above two flux weakening methods are formulated under the assumption that the
output of the current regulator can be synthesized exactly by a PWM inverter.
Therefore, the voltages are limited in the inscribed circle of a hexagon of voltage
plane, which is V;/+/3 in the case of space vector PWM as described at Sec-
tion 5.4.1.1. Actually, the voltage is furthermore limited to consider the control
margin of the current and the dead time effect of the inverter as (5.50). In some
application field such as an electric/hybrid vehicle, the torque of the electric machine
should be maximized to get maximum acceleration under varying DC link voltage
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from the battery. In this case, overmodulation is inevitable and PWM is extended to
nonlinear modulation region, where the output voltage includes low-order harmonics.
The fundamental component of output voltage in the nonlinear modulation region can
be maximized at the cost of low-order harmonic currents, and the available maximum
torque increases [16]. But in this region the flux weakening control method is
complicated due to the nonlinearity of PWM.

The stator flux linkage of the permanent magnet AC machine is given by the sum
of the flux of the magnet and the current in the stator windings. Because there is no
rotor circuit, the stator flux linkage is instantaneously decided by the current in the
stator windings. Exploiting that, the flux weakening control can be incorporated with
the anti-wind-up controller of the current regulator [17]. Unlike the previous flux
weakening method based on the feedback compensation, which modifies the current
reference according to the voltage error, the input of the anti-wind-up controller can be
used directly to modify the current reference. And in this method, not only linear
modulation region but also nonlinear modulation region, approximately up to the six-
step operation region, can be used to regulate the current. Hence the available
maximum torque or the maximum operating speed could be extended by at least
10% in the flux weakening region, where the voltage constraints limit the torque.
Furthermore, in this method, there is no need to set voltage margin for the current
regulation and for the nonlinear effects of the inverter such as dead time effects and
voltage drop of switching devices, and the available voltage of the inverter can be
maximally exploited by the flux weakening control loop itself.

InFig. 5.17, a control block diagram of the flux weakening method incorporating
an anti-wind-up controller is shown for SMPMSM [17]. In the figure, the d-axis
current is modified according to the voltage error in the g-axis, which was originally
the input of the anti-wind-up controller in Figs. 4.18 and 4.19. The g-axis current is
also modified to keep the total current within the maximum current, Iy, with the
consideration of the modified d-axis current reference. The cutoff frequency, w,, of
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Figure 5.17 Control block diagram of a flux weakening method incorporating an anti-wind-up
controller for a surface-mounted permanent magnet synchronous machine (SMPMSM).
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the first-order low-pass filter in the block diagram can be set as (5.71) if PI gains of the
current regulators are given by (4.23).

(5.71)

W, =

alla

The « in the figure is a gain deciding the level of flux weakening to resolve the
deficiency of the voltage in the ¢ axis. If « is getting large, the flux is weakened more
intensively and current is better regulated but the voltage utilization factor defined
by (5.72) would be less. Hence, the available maximum torque or the maximum
operating speed would decrease.

Va v

N . qs
Voltage utilization factor = Ty
“Va
s

(5.72)

The second-order band-pass filter can be considered as the cascade connection of
the first-order low-pass filter and the first-order high-pass filter as (5.73), and the cutoff
frequency of the filters may be set differently, but for easy tuning the cutoff frequency
of both filters can be set as (5.71). When the machine is operated in the steady state at
the flux weakening region, the output of the second-order band-pass filter is always
zero and it does not affect to the operation of the machine. However, in the transient
state, especially the machine is running as a generator, the band-pass filter improves
the control performance remarkably.

Wer, S
S+ we S+ wey

(5.73)

The flux weakening method for SMPMSM in Fig. 5.17 can be modified as
Fig. 5.18 to accommodate the flux weakening control of IPMSM, where g-axis current
should also be adjusted according to d-axis voltage error [18].

Like the SMPMSM case, the voltage errors, AV, , AV,;S, in the d—¢ axis, which
were originally the input of anti-wind-up controller, fed to the first-order low-pass
filters, LPFd and LPFq. But, unlike the SMPMSM case, the cutoff frequency of the
filters should be set separately as (5.74) and (5.75) even if the bandwidths of the

current regulator of d—g axis are identical to wp,,.

weg = Ki/Kpa (5.74)
wey = Ki/Kp, (5.75)
where K, and K, are given by (5.76) and (5.77) as mentioned in Section 4.2.5.
K,q = Lywp, (5.76)
Kyy = Lywpy, (5.77)

The reference of the stator flux linkage is modified according to the voltage
errors. The d—g current references come from the three-dimensional look-up table,
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which is prepared through the off-line test of an IPMSM. In the table, the optimal set of
d—q current according to the given flux linkage reference and torque command is
prepared for MTPA operation or for flux weakening control. wyyjc., in Fig. 5.18 is the
gain deciding the level of flux weakening to resolve the deficiency of the voltage, like
a in Fig. 5.17. But, unlike «, as wyyqon increases, the voltage utilization factor
increases and the current regulation is getting worse. Usually, wy.,, can be set as a
certain speed between base speed and the maximum speed or it can simply be set as a
variable gain such as the motor speed, w,. If w, is used as wyyjcon, there is no need to
tune w01, but the voltage utilization factor would vary according to the speed. In this
case, at higher operating speed, the system would be operated like in the quasi six-step
operation mode.

5.4.4 Flux Weakening Control of Induction Machine [7]

5.4.4.1 Voltage Equations

At the given voltage and current constraints, an inequality satisfied by torque
component current, i;;, and the flux component current, if;, for an induction machine
can be derived as follows, similarly to the case of a PMSM. In the synchronously
rotating reference frame, the stator voltage can be represented in terms of the stator
current and rotor flux linkage as (5.78) and (5.79) under the assumption of the vector
control based on the rotor flux linkage orientation.

iy | Ly i, .
V =R, — —w,oLi¢ 5.78
i+ Tat L oar e (5.78)

dig L Lo
Vs = Rlgg +oLs—~ a’t L /Id, + w,oLyif, (5.79)

In the equations, the term due to the flux variation can be neglected under the
assumption of relatively slow variation of the flux linkage. Also, the term due to the
variation of the current can be neglected with the assumption of slow enough current
variation or under the steady-state operation. Furthermore, the voltage drop due to the
stator resistance can be neglected at higher operating speed, where the flux weakening
occurs.

With above assumptions, the stator voltage equation in (5.78) and (5.79) can be
approximated as (5.80) and (5.81).

Vi ® —w.0Lgil, (5.80)
e* Lm e* o
Vs R — [ e o + 0T LG (5.81)
r

where the rotor flux linkage reference can be set as (5.82) under the assumption of the
slow enough variation of the flux linkage compared to the rotor time constant.

25 = L% (5.82)

ds
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Then, (5.81) can be further approximated as
Ve & wLLgil (5.83)
By substituting (5.80) and (5.83) to the voltage constraint in (5.51), the following
inequality can be obtained, which is the interior of an ellipse in the synchronous
reference current plane. Also, the possible operating point of d—¢ current of the
induction machine should lie in the common part of (5.52) and (5.84), which is the

cross section of the ellipse and the circle.

% 2 o\ 2 2
(@eaLisy) + (weLaiy)” < V3

ds s max

(5.84)

5.4.4.2 Optimal Current to Maximize Torque

Under the assumption of the slow enough variation of the rotor flux linkage and the
precise vector control, the current maximizing the torque of the induction machine,
which is represented as (5.85), can be derived from the constraints given by (5.52)
and (5.84). Like the case of PMSM drive system, the size of the ellipse by the voltage
constraint decreases as the operating speed increases as shown in Fig. 5.19.

3PLy* g o
e :EETerslqs (585)
The current constraint in (5.52) can be depicted as a circle in the current plane as
shown in Fig. 5.20. And the possible operating region is the shaded area in Fig. 5.21,
which is the cross section of the ellipse and the circle. And the torque is depicted as a
reciprocal proportion curve in the current plane as shown in Fig. 5.21.

Lo
> ld.r

0 <0, <0,
Figure 5.19 Ellipses at different
operating speed.




264 Chapter 5 Vector Control [1 and 2]

» e
iy Las

S max smax

smax
Figure 5.20 Current constraint circle.

5.4.4.3 Constant Torque Region (w. < w;)

If d-axis current for the maximum torque, which is the current at the crossing point of
the ellipse and the circle, is larger than the rated value of d-axis current of the induction
machine, then the d-axis current reference should be set as the rated value to prevent
the magnetic saturation of the induction machine. That is the case of point A in
Fig. 5.22, where the torque, T,; may be obtained by f; |, butitis larger than i} , . and
it would result in the severe saturation of the magnetic circuit of the machine. In this
case, i, should be set as i, as (5.86) and the operating point should be B in the
figure generating torque, ;. Also, the maximum available torque is decided only by
the maximum g-axis current, which is given by the current constraint as (5.87 ), and
the maximum torque is always the same as 7, in this region. Hence, the region is
called the constant torque region.

.o

lis = ifls_rate (586)

i{j:v = V lgmax_iZ?_;‘ate (587)

m

PL} .
2

dsbgs
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Figure 5.21 Voltage constraint ellipse, current constraint
circle, and constant torque locus.
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The rotor flux linkage reference can be derived as (5.88) from (5.82). As the speed
increases and the size of the ellipse decreases, the constant torque region ends when
the d-axis current at the crossing point of the ellipse and the circle coincides with
the rated d-axis current, i . The angular frequency where the constant torque
operation region ends is defined as the base frequency, wp, and it can be deduced
as (5.89).

re* e o -
Adr = Adr_rate = L’"lfls = Lmlft(\'_mre (588)
where 2, ... is the rated rotor flux linkage and the unit is Wb-t.

V. 2
wp = | L2,<(LS)T“) ; (5.89)
2 ‘;r_rate # + (O'les max)

Unlike a synchronous machine, because of the slip angular frequency of the induction
machine, the operating speed of the induction machine at the base frequency is not the
base frequency, w;. To find the operating speed, the slip angular frequency should be
subtracted or added from w; according to the operation modes of the induction
machine, which are motoring mode or generating mode.

5.4.4.4 Flux Weakening Region I (wp,. <., < @)

This operation region starts from the base speed, wj, and ends at w,, above which there
is no more crossing point between the ellipse and the circle. In this region the d-axis
current reference is always smaller than the rated d-axis current as shown in Fig. 5.23.
The d-axis current to maximize the torque can be derived as (5.90) from the crossing
point of the ellipse and the circle, and the g axis is simply derived as (5.91) from the
current constraint.
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Figure 5.23 Flux weakening region L.

2
- (Vw_> ~ (O Lolsmar)’ (5.90)
l; = .
s L2—(oL,)?

i =\ P~ (i)’ (5.91)

Also, the rotor flux linkage reference can be obtained as (5.92) from (5.90).

2
%) — (O'Lx[s max)2
2
Lg — (U'Ls)

)‘;f = Lmls_t =Ly ( (592)

5.4.4.5 Flux Weakening Region Il (w.>w,)

If the operating frequency of the induction machine further increases from the flux
weakening region I and the ellipse shrinks furthermore, then the ellipse would be
included in the circle as shown in Fig. 5.24. Hence, there is no more crossing point
between the ellipse and the circle. In this case, the torque is limited only by the voltage
constraint. This operating region is referred to as flux weakening region II. And it is
sometimes called the characteristic region of the induction machine. The frequency,
w1, where the flux weakening region II starts, can be derived as (5.93) from the fact
that at that frequency the circle meets the ellipse at single point.

2 2
wr = /L) Vomax (5.93)
2 (LSO'LS) IS max
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Figure 5.24 Flux weakening region II.

In this region, the reference current to maximize the torque can be represented in
terms of the maximum voltage and the machine parameters as (5.94) and (5.95),
which is the contact point of the torque curve and the ellipse as shown in Fig. 5.24.

ot Vismax

i = 5.94
ds \/§we Ls ( )
0% Vimax
i=—— 5.95
T\ 2w.0L ( )
The rotor flux linkage reference at the point can be obtained as (5.96).
ok o L V X
2y = Ll = —=" (5.96)

\/i(l)eLs

5.4.5 Flux Regulator of Induction Machine

The flux weakening control method described in Section 5.4.4 is based on the
assumption of slow enough variation of the rotor flux holding (5.82). However, if
the acceleration or deceleration rate is high and the flux variation is fast, then the flux
of the induction machine should be controlled instantaneously by (5.19). In this case
for the reasonable performance of the flux regulation, the flux regulator should
be incorporated in the control loop of the induction machine. At the rapid variation of
the speed, if the flux is too small, then the available maximum torque cannot be
obtained. However, if the flux is too much, then the current cannot be regulated due to
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Figure 5.25 Flux regulator of an induction machine.

the deficiency of the voltage. A proportional and integral (PI) flux regulator can solve
these problems with a proper flux weakening regulator.

If the machine is controlled in vector control mode precisely, the dynamics of
rotor flux linkage can be represented as (5.97). From (5.97), it can be seen that by
adjusting the d-axis current the rotor flux linkage can be regulated. Also, a simple PI
regulator can be employed to control the rotor flux linkage as shown in Fig. 5.25. For
reasonable performance of the flux regulation the bandwidth of the current regulator
should be high enough compared to that of the flux regulator—for example, at least
five times high. Furthermore, in this case the current regulator loop can be assumed to
be an ideal one as its transfer function be unity.

di, Ln. R
;td' = R =T (5.97)

The transfer function between the flux reference and the actual flux can be derived as

)“;r(s) _ R"Lﬁ (KPSJ'_Ki) (5.98)
WG(s) S+ K (14 LyK,)s + R 2 K; '

where K, is a proportional gain of the regulator and K;, is an integral gain. If the
proportional and integral gains are set as (5.99) and (5.100), respectively, then the
transfer function in (5.98) can be simplified as (5.101).

Lr W,
S e S 5.
P Lm Rr ( 99)
K =2 (5.100)
Ly,
)Lé’
o) __oc (5.101)
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It can be seen from (5.101) that the transfer function of the flux regulator is that of
the first-order low-pass filter and its cutoff frequency is w., which is the bandwidth of
the flux regulator. Hence after setting the bandwidth of the flux regulator, the gains are
easily decided and the flux can be regulated without any overshoot even in the case of
step change of the flux reference. Because the output of the flux regulator is also
limited due to the maximum d-axis current, the anti-wind-up controller, mentioned in
Section 4.2.4, should be incorporated in this flux regulator too. The performance of the
flux regulator can be enhanced by adding the dotted part in Fig. 5.25 to the regulation
loop. With this added block, the flux can be set as desired without any time delay if
there is no parameter error and no time delay in the signal processing in the regulation
loop. Even if there are delays and parameter errors, the performance of the flux
regulation loop can be improved conspicuously with this feed-forwarding term shown
as the dotted part in Fig. 5.25.

PROBLEMS

1. An SMPMSM with the following parameters is running in vector control mode. At = O's,
the direction of the magnetic axis of the rotor flux linkage coincides with that of magnetic
axis of “a” phase winding. The speed varies according to the pattern in Fig. P5.1. Answer
the following questions.

SMPMSM parameters

Rated voltage : 208 V (line-to-line voltage rms)
Rated current : 11.8 A (phase current rms)
Rated power : 5 Hp

Number of poles : 4

R, =0423Q

Ly =4.76 mH

Ay =0.422V/(rad/s)

The total inertia, Jy; + 7, of the drive system is 0.03 kgm?, and the total friction coefficient,
By + 1, of the drive system is 0.04 N-m/(rad/s). The internal connection of stator winding
is assumed to be a Y connection.

r/min 1
1200

0.1 t

~ v

Figure P5.1 Speed pattern.
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(1) Calculate the torque to achieve the given speed variation according to time 7, and plot
the torque of an SMPMSM together with the speed as shown in Fig. P5.1.

(2) Represent “a” phase current in terms of time ¢.

2. Aninduction machine with the following parameters is controlled in the rotor flux linkage-
oriented vector control mode.

Rated power : 3 Hp

Rated line-to-line rms voltage : 220V
Rated frequency : 60 Hz

Number of poles : 4

R, =0435Q, X;;=0.754Q,
Xn=2613Q, X, =0.754Q,

R, =0.816Q

The impedances are evaluated at the rated frequency.

The total inertia, Jy; 1 1, of the drive system is 1.0 kgmz, and the total friction coefficient,
By 4 1, of the drive system is 0.1 N—m/(rad/s). The internal connection of stator winding is
assumed to be a Y connection.

The torque component current has been zero and the flux component current has been set to
keep the rotor flux linkage as 0.45 V/(rad/s). The drive system has been in the steady state.
Att = 0s, the torque command varies in step manner to 20 N-m. Plot the “a” phase current
for 0-0.5s. The current regulator can be assumed as ideal, which means that the transfer
function of the current regulation loop is unity. At ¢ = Os, the direction of the rotor flux
linkage coincides with that of the magnetic axis of “a” phase winding.

3. The SMPMSM in problem 1 is controlled in the vector control mode. The maximum
current of the inverter is 300% of the rated current of the SMPMSM, and the maximum
voltage of the inverter is the same as the peak value of rated voltage of the SMPMSM, which
is % times of the rated line-to-line rms voltage of the SMPMSM. The current regulator can
be assumed to be ideal, which means that the transfer function of the current regulation loop
is unity.

(1) Calculate the base speed, wp, in r/min.

(2) In the flux weakening control, calculate maximum operation speed (r/min) where the
drive system operates within the current constraints without any load torque. In this
calculation, the friction of the drive system can be neglected, that is, By, = 0.

(3) In flux weakening control, calculate the maximum operating speed (r/min) where the
drive system operates within the current constraints providing rated torque of
SMPMSM. At this operating point, calculate the power factor of SMPMSM at the
terminal of SMPMSM.

4. When an induction machine is controlled in stator flux linkage-oriented vector control
mode, represent torque, stator flux linkage reference, and slip angular speed in terms of
given variables and machine parameters in the following format. In the stator flux linkage
oriented vector control, the g-axis stator flux linkage is controlled as null, which is
Jgs = 0.

A T, = f(}vf,s, i;s)
@ A= 8t 0)

B3) wy=h (),;S, i, i;s)
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Figure P5.2  Speed pattern.

(4) Describe merits and demerits of the stator flux linkage-oriented vector control
compared to those of the rotor flux linkage-oriented vector control.

When an eight pole SMPMSM is driven externally at constant speed 1800 r/min by a prime
mover, the measured line-to-line rms voltage is 180 V and the waveform is sinusoidal. At
this operation, no current flows in the SMPMSM. The same SMPMSM is now controlled
under the vector control mode. The speed of the SMPMSM is regulated according to the
speed pattern in Fig. P5.2. Represent the “a” -phase current in terms of parameters of the
SMPMSM according to the time, 7. Along with speed pattern in Fig. P5.2, plot torque and
the d—q axes current i:}s and ;. The total inertia, Jy; 4 1, of the drive system is 0.01 kg m2,
and the total friction coefficient, By 1, of the drive system is 0.1 N-m/(rad/s). The current
regulator can be assumed to be ideal, which means that the transfer function of the current
regulation loop is unity. At ¢ = Os, the direction of the magnetic axis of the permanent

@,

magnet flux linkage coincides with that of the magnetic axis of an “a”-phase winding.
(1) Plot torque, T,.

(2) Plot current i’

.
s and i

(3) Represent rotor position, 6,, in terms of time, 7.

(4) Plot “a”-phase current in terms of time, z.

A four-pole induction machine with the following parameters is driven by an inverter. The
rotor flux linkage is 0.4 Wb-t and the running speed is 1200 r/min, providing 20-N-m torque
to the load. The drive system including the induction machine is in the steady state. The
inverter is operated in six-step mode, which means no PWM. Find the average DC link
current, <iy- >, of the invereter and average capacitor voltage, <V, >, in Fig. P5.3 by
using the following procedures. The harmonics of the current and voltage due to six-step
operation can be neglected, and inductor and capacitor at DC link are ideal. The DC source
voltage, V;, is constant.

R, =04Q, Ly=Ly,=2mH, L,=70mH, R, =08Q
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050 L=2 mH

i
—dcy /\/\/\/ W Induction

Machine

+ + 1 Six-
- v V. mc Step
Inverter

Figure P5.3 Induction machine drive system by a six-step voltage source inverter.

(1) Find the stator current, i, and I,> at a synchronous reference frame for a period of the
fundamental frequency in the steady state.

(2) Find the slip angular frequency, wy, and the angular speed of rotating MMF of the
machine in electrical angle.

(3) Calculate input power to the machine neglecting the iron loss and the stray loss.

4) Find <V,.>, <iz>,Vy.

The induction machine in problem 2 is controlled in the rotor flux linkage-oriented vector
control mode by a PWM inverter with an ideal current regulation loop. The machine is
running in the steady state at 1200 1/min and i), = 6 A. The torque of the machine is zero.
At 1 =0s, i increases linearly with the slew rate, 5000 A/s. And the machine is
controlled in the vector control mode continuously. For 0-0.002 s, calculate the line-to-
line voltage between the “a” and “b” phase of the machine by using the following
procedures. At ¢ = 0's, the direction of the rotor flux linkage coincides with that of the
magnetic axis of the “b”-phase winding. Because of a large enough inertia of the drive
system, the speed of the induction machine can be assumed to be constant at 1200 r/min for
0-0.002 s. The harmonics in the currents and voltages by the inverter can be neglected.

(1) Find the slip angular frequency, wy, and the angular speed of rotor flux linkage of the
machine in electrical angle for 0-0.002 s.

(2) Find the stator voltage, Vg and Vg, at synchronously rotating reference frame for
0-0.002s.

(3) Find the stator voltage, V; and Vy, at stationary reference frame for 0-0.002s.

(4) Find the line-to-line voltage between the “a” and “b” phase, V,;, of the machine for
0-0.002s.

A four-pole induction machine with following parameters is controlled in the rotor flux
linkage-oriented vector control mode by a PWM inverter with an ideal current regulation
loop. The machine is running in the steady state, i, = 7 A. The frequency of the stator
current is 55 Hz. At t = 0 s, when the direction of the rotor flux linkage coincides with that
of the magnetic axis of the “a”’-phase winding, the input contactor of the machine is opened
as shown in Fig. P5.4. After = 0, find the line-to-line voltage between the “a” and “b”
phase of the machine by using the following procedures. The current to the machine is

immediately zero after the opening of the contactor.

Ry=055Q, R, =036Q
Liy=18mH, L,=18mH
L, = 59 mH, (inertia of motor itself) Jy = 0.04 kg-m?
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Figure P5.4 Figure P5.4 vector control of induction machine by a current-regulated PWM inverter.

The rated power of the induction machine is 5 Hp, and the inertia of the load is nine times the
machineinertia, Jj;. And the friction coefficient, By  ;, of the drive systemis 0.1 N-m/(rad/s).

(1) Justafter the opening of the contactor, find the rotor angular speed, w,(0 ), and the d—¢
axis stator flux linkage, 4;(0™) and 47, (0™), in the rotor reference frame.

(2) Find the rotor angular speed, w,(7), ¢>07, in electric angle.

(3) Find 2,(1),t>0".

(4) Find the “a” phase voltage, V,, (1), t>07.

(5) Find the “b” phase voltage, Vj,(2), >07.

(6) Find line-to-line voltage, V5 (1), ¢>0".

A four-pole SMPMSM with following parameters is driven by an inverter in vector control
mode according to given speed pattern shown in Fig. P5.5. The friction and load torque of
the drive system can be neglected. Find the “a”-phase current, i, and g-axis voltage at the
rotor reference frame, V, through following procedures. At £ = Os, the direction of the
magnetic axis of the permanent magnet coincides with that of the magnetic axis of the “a”-
phase winding. The current regulator can be assumed to be ideal, which means that the
transfer function of the current regulation loop is unity.

SMPMSM Parameters

Rated Power : 200 W
Number of Poles : 8

R, =0.65Q

L, =235mH

A =0.061 V/(rad/s)

r/min 4

1000 [ g

0.1 04 05 t

Figure P5.5 Speed pattern.
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10.

11.

The total inertia, Jj ; 1, of the drive system is 1.29 x 1073 kg—mz. The internal connection
of stator winding is assumed to be a Y connection. The harmonics in the currents and
voltages by the inverter can be neglected.

(1) Plot the torque of the SMPMSM along with the speed pattern from O to 0.5s.

(2) Derive the expression of g-axis stator current, i{’p, at rotor reference frame from O to

0.5s in terms of the speed of the SMPMSM and its parameters.

«,%

(3) Derive the expression of an “a” -phase stator current, i, from 0 to 0.5 s in terms of the
speed of the SMPMSM and its parameters.

(4) Derive the expression of the g-axis phase voltage, V!, at the rotor reference frame from

qs’
0 to 0.5s in terms of the speed of the SMPMSM and its parameters.

The induction machine in problem 2 is controlled in the indirect vector control mode.
During the operation, the rotor resistance increases by two times due to the temperature rise
of the rotor bar of the squirrel cage rotor. The torque command to the machine is
10 N-m, lfl3 = 6 A, and the machine is running in the steady state. The current regulator
can be assumed to be ideal, which means that the transfer function of the current regulation
loop is unity. The rotor resistance set to the vector controller, k,., 18 0.36 Q, but the real rotor
resistance is R, = 0.72 Q. Find the following values. All other parameters except the rotor
resistance in the vector controller are matched to the real parameters.

(1) Magnitude of air-gap flux linkage, 12| = /2%, + A%

qm*

(2) Magnitude of rotor flux linkage, I/ = 4/ /l;% + 2.
(3) Actual g-axisrotor flux linkage at synchronously rotating reference frame, /1274, with the
parameter error in the rotor resistance.

(4) Actual torque of the induction machine with the parameter error in the rotor resistance.

Derive the condition of the vector control for a double cage rotor induction machine based
on the equivalent circuit in Fig. P5.6 through following procedures [19].

The flux linkages and torque of a double-cage rotor induction machine are given by the
following equations.

Stator flux linkage : Zg,; = (L + Lis)igys + Linig,

The first cage rotor flux linkage : Ag,; = Ly (if,qs, +if,q,.> + Liig,,

The second cage rotor flux linkage : g, = Ly, (ifqu + if’,qr> + Luig,, + Loig,
3P Ly

Torque of the machine : T, = Egmlm< 1 -i;qs)

where Im(e) means the imaginary part of the complex number (o).

i N . e
R, N _ L, L, { st ‘J’r"] L, wail_;_zl dg2
+— VYV C
e Lo
l(h]s J0, }\‘([q.s R
¢ 2
qus Lm
e
Tl dq2

Figure P5.6 The d—¢ equivalent circuit of a double-cage rotor induction machine.
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Answer the following questions under the assumption of the steady-state operation, and the
g-axis rotor flux linkage at the first cage is controlled as zero, like /lfl'l =0.

(1) Derive wy in terms of 4, Ry, gt
(2) Derive wy in terms of 4,, Ro, g
(3) Under the assumption that A, = L,,i% and 45, ~ A3, , derive the relationship between
Igy and i
(4) Derive wgy in terms of the machine parameters, i, and if;s.
12. Aneight-pole SMPMSM with an equivalent circuit at the rotor reference frame is driven by
the position sensorless control (Fig P5.7). Answer the following questions.
(1) Derive Zyand; in terms of Vj, Vo, iy, and 7.
(2) Atacertain instant, if; = 0A, ipy =10 A, 2. = 0.06 Wb-t, and ),fﬂ. = —0.0573 Wb-t.
Find the rotor position, 6,, at that instant.

(3) In the case of part 2, calculate V) and Vé;y At that instant, the speed of the SMPMSM
was 600 r/min.

(4) From the answers of parts 1 and 2, discuss the expected problems of the position
sensorless control where the rotor position is estimated from V7, V;;Y, iy, and Iy
especially when the machine starts or runs at extremely low speed.

L, =02mH, L, =2mH

Figure P5.7 Equivalent circuit of an SMPMSM at a rotor reference frame.

13. A synchronous reluctance machine (SynRM) with the following parameters is controlled in
the vector control mode achieving maximum torque per ampere (MTPA) operation.

Ry=0232Q, L;=43mH, L,=35mH

Total inertia of the drive sytem : Jy, ; = 0.026 kg-m?

Four-pole, rated frequency : 60 Hz

Rated line-to-line rms voltage : 170 V

Rated Power : 5 Hp

Total friction coefficient of the drive sytem : By 4, = 0.1 N-m/(rad/s)
Ly = Lys + Ly, Lq = L+ Lmq

The current controller shown in Fig. 4.18 is incorporated to the control loop to regulate
the current of the SynRM. The current regulator is implemented at the rotor reference
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14.

frame, and it is assumed that the position of rotor is identified instantaneously. The back
EMF of the SynRM is canceled out by the feed-forward voltage of the current controller.
The zero of PI regulator cancels out the pole of the SynRM. The parameters for setting of
gains of PI regulator and back EMF decoupling are the same as the actual parameters of
SynRM. The current regulation bandwidth is set as 500 Hz. It is assumed that the PWM
inverter is ideal, and the output of the current regulator is directly applied to the SynRM, but
the outputs of the d—¢ axis current regulator including feed-forward terms are limited within
% V at the d—q axis of the rotor reference frame independently, which means that there is
no need to consider the hexagon boundary of the voltage of the PWM inverter. Hence, the
voltage boundary can be assumed to be a perfect square whose length of one side is % Vat
the d—g axis of the rotor reference frame voltage plane.

(1) Find proportional gain, K,,, and integral gain, K;.
(2) If torque command, T, is given as follows, plot torque command, actual torque, and

speed of the SynRM in 1/min simultaneously according to the time from zero to 0.5 s.

Also plot iqs, Iy, iy, Iy, and iy according to the time from 0s to 0.5s.

0s<tr<0.1s 20N-m
Torque Command : 7, [ 0.1s<tr<0.3s —20N-m
035<t<0.5s 5N-m

(3) Compare the vector control of the SynRM with the vector control of an induction
machine with regard to the control of the magnitude of flux linkage.

A four-pole induction machine with the following parameters is controlled in the rotor flux-
oriented direct vector control mode.

Rated power : 5 Hp,

Rated line to line rms voltage : 220V,

Rated phase rms current : 12 A,

Rated frequency : 60 Hz.

Rated speed : 1739 r/min.

R;=055Q, R, =036Q, Lis=18mH, L, =18mH, L, =>59mH
Interia of the induction machine : Jy; = 0.02 kg-m?

Intertia of total drive system : Jy, ; = 0.04 kg-m?

The friction and load torque can be neglected from t=0s to 1s. From t=1s, the
load torque comes from friction, and the friction coefficient of the drive system, By,
is 10 N-m/(rad/s). The rotor flux linkage reference is shown in Fig. P5.8a The control block
diagram including complex vector current regulator is shown in Fig. P5.8b The current
regulator is implemented at the synchronous reference frame, and it is assumed that the
position of rotor flux linkage is identified instantaneously. In the current regulator, the back
EMF of induction machine is canceled out by the feed-forward voltage of the regulator. The
zero of Pl regulator cancels out the pole of the induction machine. At first, it is assumed that
the parameters for setting of gains of PI regulator and back EMF decoupling are the same as
the actual parameters of the induction machine. The current regulation bandwidth is set as
500 Hz. Itis assumed that the PWM inverter is ideal and the output of the current regulator is
directly applied to the induction machine, but the output of the regulator including feed-
forward terms is limited within the boundary of the hexagon, where the length of one side of
the hexagon is 200 V. The torque command of the induction machine is as follows. Active
damping resistance, R,cive, in the current regulator can be simply set as 10 times the stator
resistance.
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Figure P5.8a Rotor flux linkage reference.
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Figure P5.8b Control block diagram of induction machine with direct vector control.

0<r<05s 0ON-m
05s<t<0.7s 20N-m
0.7s<t<09s —20N-m
09s<tr<15s 20N-m

«
Torque command : 7,

(1) Find current regulator gains, K,,, K;, and K,,, with the consideration of active damping
resistance.
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(2) Under the assumption that the phase voltage and the phase current can be measured
ideally and that the parameters of the induction machine is accurately known and they
are constant regardless of the operating conditions, plot torque command, actual

o - . Iy ) * . .
torque, i, i, i, 1%, Ar, 2, and the speed in r/min from O to 1.55s.

(3) Assume that the phase voltage and the phase current can be measured ideally but that
the parameters of the induction machine for regulator setting have the following
errors:

Lw=11L,, Ly,=12L, L, =12L, R,=0.8R,, R.=0.R,

where ‘*’ means the value used to set the gains and decoupling terms of the current
regulator and vector controller. Plot torque command, actual torque,

el Py - Py " ~e¥® . .
125, z“;, z;_g, i, Ar, Ay, and the speed in r/min from Os to 1.5s.

(4) In addition to the parameter errors in part 3, the measured phase voltage and phase
current have the following errors. In the measurement, only “a”-and “b”-phase
voltage and current are measured, and “c”-phase voltage and current are calculated as

follows:
;cs - _(;as + ;bs)7 ‘A/(rs = _(‘A/as + ‘A/bs)

where the hat (*) denotes the measured value for the current regulator and the vector
controller. In the measurement of the phase current, there is white noise, 7;(¢), whose
rms magnitude is 4% of rated rms phase current. The sampling frequency of the white
noise is 100 ps and also the measured current has offset, Iy, Whose magnitude is
1% of rated rms phase current. And the measured current can be represented as
follows:

Eus = l4s + 77;‘([) + Lofset
ips = Ips + 7),‘([) + Loffset

In the measurement of the phase voltage, there is white noise, 7,(¢), whose rms
magnitude is 1% of rated rms phase voltage. The sampling frequency of the white
noise is 100 ps, also, the measured voltage has offset, Vger, Whose magnitude is
0.5% of rated rms phase voltage. And the measured voltage can be represented as

follows:
Yus = Vs +1,(1) + Voftset
Vbs = Vbs + nv([) + Vol'l'sel
Plot torque command, actual torque, if;:, i, Iogs Tggs Ars 2%, and the speed in r/min

from Os to 1.5s.
(5) Through the results from parts 2, 3, and 4, discuss the problem of the direct vector
control of the induction machine.

15. Using the indirect vector control shown in Fig. P5.9, repeat problem 14. Parts 1-4. In the
case of part 2, it is assumed that the speed measurement is ideal. In the case of parts 3 and 4,
the measured speed, w,,, includes the white noise, 1,,(¢), whose rms magnitude is 1 r/min
and the sampling time of the noise is 100 us. Also, the noise has offset, wg.;, whose
magnitude is 0.01 r/min. And the measured speed can be represented as follows:

Wpy = Wpm + nw(t) + Woffset
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Figure P5.9 Control block diagram of indirect vector control of induction machine.

In problem 14, a flux regulator with the flux estimator is incorporated as shown in
Fig. P5.10. The bandwidth of the flux regulator is 10 Hz. The maximum value of the flux
component current is limited to the magnitude of the rated current of induction machine.

(1) Find the gains, K, and K;, of the flux regulator.

(2) Repeat problem 14, parts 2—4. The measured speed in the flux estimator is the same one
in the measured speed in problem 15. Use the flux estimator in Fig. 5.12 at this problem.

(3) Compare the results of this problem with the results of problem 14, parts 2—4, with
regard to flux regulation and torque control accuracy.

The induction machine given in problem 14 is controlled in the rotor flux-oriented indirect
vector control mode. The control loop and condition for the vector control is the same as the
loop and the condition in problem 15, part 2. The speed of the induction machine is
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Figure P5.10 Control block diagram of flux regulator and estimator.

controlled by a PI speed regulator. The bandwidth of the speed regulator is 40 Hz and the
speed command is as follows. The output of the regulator is limited within +150 N-m.
The load torque and friction of the drive system can be neglected. The total inertia, Jy + 1., of
the drive system is 0.15 kgm?. The rotor flux linkage reference is 0.4 Wb-t up to base speed,
and above the base speed the machine is controlled to provide maximum torque within the
voltage and current constraints, which are

o300
Smax \/g

« (0s<t<03s Or/min
@m\ 03s<t 6000r/min

V,  Lmax = 1-6\/§1rated,rms

(1) Find the gains of the speed regulator, K, and K;.

0%

(2) Plot torque command, actual torque, ig, ifg, ogs Ty 21y 180y Limaxs |Végsl, Vmax,
and speed in r/min from Os utill the speed reaches 6000 r/min.

The synchronous reluctance machine (SynRM) in Fig. 3.11 and Fig. 3.12 in Section 3.3.4 is
driven in MTPA mode. The magnetic saturation of the SynRM can be neglected.

(1) Derive the relationship between i, and 7.

(2) Under the constraints Vy = / V(’,j + Vgi < Vimax and iy = l:h + ’;zv < Iimax, plot the
capability curve of the SynRM in the first quadrant of the torque—speed plane. If the
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operating region of SynRM is classified as the constant torque region where only
current constraint applies, then both (a) the flux weakening region I where both current
and voltage constraints apply and (b) the flux weakening region II where only voltage
constraint applies represent (a) the speed wp,se Where the flux weakening region I starts
and (b) the speed w; where the flux weakening region II starts in terms of the
parameters of the SynRM and the constraints, Vi, and I,y In this derivation the
voltage drop by the stator resistance can be neglected. At each flux weakening region,
represent a pair i, and i, where the maximum torque occurs, in terms of the speed, w,,
in electrical angle, the parameters of the SynRM, and the constraints, Viy.x and Iy .

19. An 11-kW, 6-pole IPMSM with following parameters is controlled in the vector control
mode. The maximum phase voltage, Vimax, is 170 V and the maximum phase current, /max,
is 60 A. Plot four-quadrant capability curve in the torque—speed plane with given current
and voltage constraints by using the following procedures. In the following questions, the
voltage drop at the stator resistance can be neglected.

R,=0.109Q, L;=36mH, L,=45mH, i =0.2595Wb-t

(1) Find maximum torque in the region where only current constraint applies.

(2) What is the maximum speed (r/min) where the torque found at part 1 can be
maintained?

(3) At 5000 r/min, find the maximum torque while keeping the constraints.

(4) Find the maximum operating speed in r/min while keeping the constraints. In this
calculation, load torque and the friction torque can be neglected.

20. Derive (5.65) and (5.69) in Section 5.4.2.2.
21. Derive (5.94) and (5.96) in Section 5.4.4.5.
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Chapter 6

Position/Speed Sensorless
Control of AC Machines

V/F control for the variable-speed control of AC machines described in

Section 2.17.2 has been widely used because of its merits such as no need of accurate
machine parameters and no requirement of position/speed sensors. But the
performance of the drive system is poor, especially at the start or at the low-speed
operation. Moreover, the instantaneous torque regulation by V/F control is almost
impossible, and its application is limited to mainly fan and pump drives, where
accurate speed and torque control is not a concern. In the case of V/F control with the
synchronous machine, the machine can be easily out of synchronization because of
no rotor position information, while the vector control of AC machines as described
in Chapter 5 can provide instantaneous torque controllability even at zero speed.
However, to implement the vector control including zero speed, not only accurate
machine parameters but also the position sensor is inevitable [1].

The position/speed sensors described in Section 4.3.1 may result in many
practical problems such as complexity of hardware, difficulties in application to
hostile environment, increased cost, reduced reliability due to cables and sensor
itself, difficulties of mechanical attachment of sensor to the electric machine,
increased axial length of the machine, and electromagnetic noise interference. To
solve or lessen these problems, for the past 40 years, lots of studies about sensorless
control of AC machines have been done [2]. In the 1970s, most studies were based
on the steady-state equivalent circuit, mentioned in Chapter 2, and the torque and
speed control performance had been limited. And the performance is slightly better
than the performance of conventional V/F control drive [3, 4]. In the 1980s, after
the development of self-commutated power semiconductors and power electronics
technology, the sensorless control algorithm appeared, whose performance is
comparable to the performance of sensored AC machine drive system above a certain
speed. These algorithms are based on stator voltage and rotor current model of AC
machines, but still the performance at the low-speed operation region is poor [5—7]. In
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the 1990s, modern control theory such as adaptive control, state feedback control, and
nonlinear control are applied to sensorless control of AC machine and the perfor-
mance of sensorless control had been remarkably improved and the AC machine drive
system employing the above control theories had been commercialized.

In conventional sensorless control algorithms, the rotor position or the rotor flux
linkage position has been estimated based on the stator voltage equation of the AC
machine [8—13], based on the reference model of the AC machine [9—11], based on the
state estimator [14-25], or based on modern control theory such as Kalman filtering,
nonlinear feedback, and intelligent control [26-34]. In these algorithms, it should be
noted that the accuracy of voltage/current measurement and that of AC machine
parameters are critical to the performance of sensorless drive [35-39]. The parameters
of AC machines vary according to operating conditions as discussed in Sections 2.9
and 2.12. Hence, the conventional sensorless control algorithm cannot provide
satisfactory performance in overall operating conditions. In particular, because the
voltage to an AC machine decreases as the speed decreases, the performance of
the sensorless control degrades rapidly at low speed. And at zero speed and/or at zero
frequency operation, an AC machine cannot run in sensorless operation maintaining
torque controllability.

In Fig. 6.1, the operating region of a vector-controlled induction machine drive
system is shown. If the vector control is implemented ideally, then the instantaneous
torque control would be possible in overall speed range where a physical limit such
as voltage and current limits allows. However, even if position/speed sensor is
employed, the torque control performance at extremely low speed would be unsat-
isfactory due to the limited resolution of the position/speed sensor itself. Furthermore,
if a sensorless control algorithm is used, then the satisfactory operating region is
further shrunk. In particular, in the case of regenerative operation of the induction

Torque T

Speed

|
|:| Region 1 : Operating region of ideal vector controlled AC machine
|:| Region 2 : Unstable operating region of synchronous AC machine
with a low-resolution encoder

Region 3: Unstable operating region of induction machine
with a low-resolution encoder

Figure 6.1 Operation region of a vector-controlled AC machine.
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machine, the possible operating region of the machine at positive rotational speed
is further reduced because of negative slip angular frequency. And the operating
region of the induction machines reveals asymmetry in the torque—speed plane, as
shown in Fig. 6.1.

Except for the sensitivity to machine parameters, most sensorless control
algorithms have two more critical problems as follows. At first, there is a problem due
to the integration operation. Usually, the integration operation is used to estimate
rotor speed itself or the flux linkage of the machine in the conventional sensorless
control algorithm. As mentioned before, the back EMF at low speed is quite low and
the integration process of the voltage is vulnerable to the offset of the measured
signals. Even with several proposed methods to circumvent this offset problem, it is
still very difficult to get reasonable torque control performance at extremely low
operating frequency including zero frequency [7, 28]. And next, there is always a
mismatch between the reference input voltage, which is used for sensorless control,
and the real voltage to the AC machine due to nonlinearity of the drive system itself
such as the dead time, voltage drop of switching devices, and stray components of the
inverter and the AC machine itself. In particular, the dead time, which is used to
prevent an arm short of the inverter, affects severely the mismatch of the voltages as
mentioned in Section 7.1. In the range from several-kilowatt to several-hundred-
kilowatt IGBT-based inverters, the dead time is several microseconds. If the switching
frequency is a few kilohertz, then voltage error due to the dead time alone would be a
few percentages of the rated voltage of the AC machine. Hence, if the machine is
controlled under a few percentages of the rated speed, then voltage error itself is
comparable to the voltage applied to the machine. Hence, the voltage information for
sensorless control is useless. With some dead time compensation techniques, the
problem can be lessened but cannot be totally removed. The direct measurement of the
voltage to the machine may be a solution to the dead time problem, but that results in
additional hardware and cost [29].

To escape the above problems inherently, the sensorless control algorithms
based on nonideality of the AC machine itself such as eccentricity of rotor, slot
harmonics, and electromagnetic unbalance are proposed. But these methods need
considerably long calculation time to extract the rotor frequency component from
the nonideality, and the signal-to-noise ratio is poor. Hence, the bandwidth of the
control loop is too low to be used in most industrial applications. Furthermore, the
knowledge about the AC machine such as number of rotor and stator slot or shape
of slot is required to apply these algorithms, but that information is not readily
accessible [39, 40].

Recently, a novel idea has been proposed for sensorless control of an AC
machine, which is based on the magnetic saliency of an AC machine [41-48]. By
injecting some signals to an AC machine, the variation of inductance according to the
rotor flux position can be measured. From the variation, the position of the rotor flux
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linkage or rotor position itself can be estimated [49-63, 66—70]. This idea can solve
the inherent problem of the conventional sensorless control algorithm based on back
EMF of an AC machine. And with the idea, not only speed and torque control of the
AC machine but also position control of the AC machine would be possible [60, 61].In
the case of the interior permanent magnet synchronous machine or salient rotor
machine, because of inherent saliency the rotor position can be easily identified from
the variation of the inductance. Also, the position of the rotor flux linkage of the
induction machine and the rotor position of the surface-mounted permanent magnet
synchronous machine, where there is no saliency on the rotor, can be identified by
injecting proper signals by occurring local magnetic saliency in AC machines [58, 62,
63, 68]. In this chapter, several sensorless control algorithms, which have been used in
the industry, are introduced and discussed.

6.1 SENSORLESS CONTROL OF INDUCTION MACHINE

With the specification such as speed control accuracy; £0.5%, torque control
accuracy; +5%, speed regulation bandwidth; 60 rad/s, minimum controllable speed;
5% of rated speed, several induction machine drive systems employing the position
and speed sensorless control with the general purpose inverter have been on the
market. With these specifications, in the most of the application, the sensorless drive
of induction machine can match to the load requirement. In this section, two
sensorless control algorithms which can meet above specifications are introduced.

6.1.1 Model Reference Adaptive System (NVIRAS) [7]

6.1.1.1 Estimation of Rotor Flux Linkage

The stator voltage and the flux linkage of an induction machine can be described
as (6.1)—(6.3) in the complex vector form in the stationary d—q reference frame.

d,
Vi=Ril+ 2N (6.1)
A = Li! + L (6.2)
S = Ll + L, (6.3)

where R; stands for the stator winding resistance, L, stands for the stator self-
inductance, L, stands for the rotor self-inductance, and L,, stands for the mutual
inductance.
From (6.3), rotor current can be expressed as
N —Lyi;



6.1 Sensorless Control of Induction Machine 287

By substituting (6.4) into (6.2), the stator flux linkage can be deduced as

" B—Lyi L L2\. L .
XL L e (L P =T ey (69)

where oL, = LS—Lﬁ1 /L, and it is called the stator transient inductance.
By substituting (6.5) to (6.1), the stator voltage can be expressed in terms of the
stator current and rotor flux linkage as

d (L
Vi=Rij+ - (L—’” 2 +aLsi;§> (6.6)

From (6.6), the rotor flux linkage can be deduced as

ﬁ“(
r Lm
where X; represents the estimated value of the rotor flux linkage, A;.

If the rotor flux linkage is estimated by (6.7), then even with small offset
included in the measured voltage and current the estimated flux linkage would
diverge as time passes. To circumvent this problem, a high-pass filter (HPF) can be
applied to (6.7). Because of the cascade connection of integrator and HPF, the rotor

flux linkage can be approximated as a low-pass filtering of the rotor voltage,
7= (V= (Ry+ oLys)iy).

t
L (Vi=R,i) dr—aLJj) (6.7)

o T L T, L

1
= — | < (Vi—R) —oLiis | = Vi—(Ry+0Ls)i) (6.8
"+ T, (S( s sls) o sls> 1+TCSLm( s (Ry+ o SS)IS) (6.3)

where T, is the inverse of the cutoff frequency of HPF, w.—thatis, T, = 1/w.—and
s denotes Laplace operator.

In this case, with constant voltage offset (Vj_o =Vi,+ ngs_()) and with
constant current offset (i , = i, +Jiy, , ), the steady-state error of the estimated

rotor flux linkage due to the offsets can be deduced as

~s ~8 T, L A% il
lim A (f) = lim sA’_(s) = lim (s—o " (2s0 g to
t—oo s—0 - s—0 1+T.sL,, s N

LV s s
=T, L (VS =R ) (6.9)

It can be seen from (6.9) that with smaller T, the offsets result in less error in the
estimation of the flux linkage. Also, from (6.9), if there is no HPF, which means
T, = oo, then the flux linkage would diverge even with very small offsets. Because the
phase error and magnitude characteristics of HPF can be described as (6.10)
and (6.11), respectively, and the phase error would decrease as the operating
frequency increases and/or 7, of HPF increases. Also, as the operating frequency
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A *

6 — mEs "
A el >
7\.6* > dr 1+ TCS
dr
L T, *y 2
VS r N C > N
! +_T L, 1+T.s + 4 k’
R,
X
. LoLT.s
lx ! L771 (1 + TCS)

Figure 6.2 Block diagram of estimator of rotor flux linkage of induction machine.

increases and/or T, of HPF increases, the magnitude approaches to unity.

6= tan_l <ﬁ) (610)
c wg

T.w,

1+ (Tew,)*

Hence, T, should be set as large as possible to reduce estimation error but small
enough to keep the estimator from diverging due to the offsets. With this HPF, the
performance of sensorless drive in the operation at above a few percentage of rated
speed can be improved. Further improvement of the flux estimator is possible with
augment of reference of the rotor flux linkage as given by (6.12), which is shown in
Fig. 6.2 as a block diagram. With this modification, the starting performance may be
improved. But still the torque controllability at lower operating frequency than the
cutoff frequency of HPF cannot be improved.

Magnitude = ‘ (6.11)

LT L
No= o (Vim R+ oL +

N
A 6.12
i Ts™ (6.12)

where N5 = 25, + 25 = 15 cosB, + /¢, sinb,, and 6, is the estimated angle of rotor
flux linkage.

From (6.12), it can be seen that under the assumption of correct estimated
angle and perfect match between A} and A = £ {1 (VS —R,i!)—oL,i} }, the error due

to HPF is ideally compensated. That can be easily understood by (6.13) and (6.14).

L /1 .
Ny = L, (E (Vi—=R,i) —O'le‘s> (6.13)

where X . is the estimated rotor flux linkage by the stator voltage model only.

r_vm
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Then, (6.12) can be rewritten as

~ T:S A8 1 K
N=—"< X\ )\ 14
¥ 1 + TCS r_vim + 1 + TCS r (6 )

From (6.14), if A
frequency range.

The blocks inside of the dotted line in Fig. 6.2 can be implemented using analog
hardware to reduce offset and delay due to A/D conversion and digital signal
processing.

 wm €quals Xi , then there is no error due to HPF in the overall

6.1.1.2 Calculation of Rotor Flux Linkage Angle

To implement the estimator in Fig. 6.2, the control angle, 99, which is used for
coordinate transformation, should be calculated. In Fig. 6.3, 6. is the angle used in the
estimator and 0 is the angle of the rotor flux lmkage For sensorless control, it should
be controlled that 0, tracks 0 In Fig. 6.3, v" is the angle between the stator current
complex space vector, i and the d axis of estimated synchronous reference frame 0%
is the angle between estlmated rotor flux linkage and the stator current vector. Z “isthe
g-axis component current of the stator current, which is defined as the synchronous
reference frame on which the estimator is based. The g-axis component current can be

expressed as
ity = [i]sin y" (6.15)

In Fig. 6.3, i stands for the g-axis component current of the stator current defined at
the estlmated rotor flux axis. And it can be expressed as

log = |i¢|sin y (6.16)

To match both angles, 6, and (9:, v" should match . From (6.15) and (6.16) it
means that zqs should match to 7.

N
e * 7\‘1’ Ge .
Lys 4 d‘axis
R Figure 6.3 Estimated rotor flux
o gg linkages and relationship between
e

> d’axis  ngles.
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Equation (6.16) can be rewritten in terms of d—¢ components of the stator current

and estimated rotor flux linkage at a stationary reference frame as (6.20) by using the
following procedures.

o= [i}|siny = |i§|sin((y+9:) —é:) =il (sin(y—i—é:)cos@):—cos(y—Hi)sinéZ)

(6.17)
Also,
‘12](:05()/—&-9?) =i
. (6.18)
fsin(+5) =1,
where
3
cos (06) = dr
s \2 a5 \2
(%a) + (i)
s (6.19)
L A
sin(@e) = Lid
a5\ 2 a5\ 2
(%) + (i)
By substituting (6.18) and (6.19) into (6.17), (6.20) can be obtained.
B =i
l.es _ qs”dr tds”qr ( 620)

() + ()

InFig. 6.4, ablock diagram is shown to calculate the control angle from the estimated
rotor flux linkage and the stator current in the stationary reference frame. From the
difference between 1;’; and 7, the estimated rotor speed is obtained through a
proportional and integral (PI) regulator. The synchronous speed is calculated by
addition of estimated slip speed, @, and the estimated rotor speed. Then, the control
angle, 6., is derived by integrating the synchronous speed. In these calculations, the

Ja—

qs ée
> > PI — f—_—>

+
+
[

s As s As .
A lq,\' ﬂ’(lr s /lqr lq.\- ~

A
~ ~ sl
— JAr+ ﬂj{f

Figure 6.4 Calculation of control angle, 0,.
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estimated slip speed can be deduced as (6.21), which comes from slip relationship of
indirect vector control of the induction machine as discussed in Section 5.2.2.1.

1Ly

5 et gs

(6.21)
Tr Agy

bel =
where 7, is the estimated rotor time constant, L, / R,.

6.1.2 Adaptive Speed Observer (ASO) [22]

6.1.2.1 State Equation of an Induction Machine

If the rotor current equation in (6.4) expressed in terms of the stator current and the
rotor flux linkage is substituted into the rotor voltage equation in (6.22), the rotor
voltage equation can be expressed in terms of the stator current and the rotor flux
linkage as (6.23).

X3 d s s
0=Ri + E)\‘r—]wrkr (6.22)
1.y Ln, d. :
0=R/|—N——1 — N —jw,\] 6.23
(Lr r Lr l_}) + dt r ](1) ¥ ( )

From (6.23), the time differentiation of the rotor flux linkage can be represented
in terms of stator current and rotor flux linkage itself as
d L
— N =R, - —)\‘ N 6.24
di L L e (6.24)

By substituting (6.4) into (6.2), the stator flux linkage can be represented in terms
of the stator current and rotor flux linkage as

L
N = Li' +L,i{ = Li’ + L, ( L - )&)
L2 m s m s

By substituting (6.25) into (6.1), the stator voltage can be expressed in terms of
the stator current and rotor flux linkage as

d d L, d
Vi =R+ —\ =R, L, — NS
T oLyt g
d.. L,(. L,
=R +0L,— s gk i+ — (R L_ ——)\Y—&—]w,)\S)

U d T L .
= R3,+R< 1) 1+0'Ld1X—R L—;)\Y (L—”')]w,)\ﬁ (6.26)
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Equation (6.26) can be rewritten in the form of a differential equation regarding
the stator current as

2
Ly,
s N— m

—=— il d
dt’ oL, st oL, " oL,

1
jw, N+ —V? 6.27
J Wy r+0_LS N ( )

By the leakage factor, o, defined as (6.28), and the rotor time constant given
by (6.29), the coefficients of the two differential equations, (6.24) and (6.27), can be
rewritten as (6.30), (6.31), and (6.32).

L
o=1--m (6.28)
L,L,
L
TV = R—: (6.29)

2 L2 R,
{Rs "(lzn)} m 1
’AT R, R, (1-0)2 R, (lI-0o
s Ly, L, 5 ( )T, s ( ) (6.30)

ol ol o ol o ol o1,

Ly
(R’L_f) _ me_: _ Lmrlr _ L, 1
ol, oL, oL, oL,

(6.31)

L R
R"=L,—=" (6.32)
L L

By the coefficients, the differential equation regarding two states, stator current and
rotor flux linkage, can be expressed as (6.33) and (6.34).

d . Rg' ( 1 —0') . Lm 1 Lm . 1
oS _ X .5 AS_ rA‘Y + VS 6.33
a's {O'LS o1, }lS oLL.t, " o Ler]w "ol * (633)
d L 1
—N = — N+ jw, N 6.34
dt ! Tr IA Ty ’ ]w’ ' ( )

Equations (6.33) and (6.34) can be represented in state space equation as (6.35)
and (6.36) if the state vector, X, the stator current vector, iy, and the rotor flux linkage
vector, A,, is expressed in vector form as (6.36).

d | i A Ap || i B,
— | P = : V, = AX+BV; 6.35
dt |:Ar:| [AZI An|IN] T Lo TRV (6.35)

i, =CX
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X=[i, & 2 2] (6.36)

qs qr
where, iy =[& " and N =[4 4]

R, (l-o0)
oL o1,

I=an.l

L, 1
A = o d b = anl+a
2= <Tr> wrJ a2l +ajnJ

L
Ay = %I = a1

r

r

1
Ay = — <T>I+er =al+apJ

B, = 1 I=05H1
oL
C=[1 0]

In the above matrix equations, we have

=0

Also, the elements in the matrix are as follows.

R, (1-0) L, 1 1 1
anp = — + ) any = =T,
ol o1, ollL, 7. ¢ 7,
a LITI 1 w
12 = — = ——w
i oL,L, r I
Ly 1 B b 1 oL,
ap) =—, i =——", dp = Wy, 1= y C=—F—
T}' Tr O-L\ Lﬂl

Through the state observer based on the state equation in (6.35), the rotating
speed of the induction machine can be estimated.
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6.1.2.2 State Observer

The closed-loop stator observer to estimate both the stator current and rotor flux
linkage can be deduced as

d - N A
where the hat (") stands for the estimated value and G means an observer gain matrix
represented as

T
G = g &£ g3 g4:| (638)
& & & &
Equation (6.37) can be expressed elementwise as
s oS
Lds ar 0 ar2 _&i12 Las bl 0
d | s 0 aun ann  amn || s 0 by |V
E s - P R + s
Ay a0 am —am | | 4, 0 0|V
};r 0 an am axn j;r 0 0
81 —82
E'S s
& & s la
+ N (6.39)
e
84 83

From (6.35) and (6.37), the dynamics of the state error can be deduced as

%(x_f{) = (AX-AX) +G (i)

%e — (AX—(A +AA)X) + GC(X-X) (6.40)

= (A +GC)e—AAX

0 —AwJ/c
0 Aw,J
Aw, = @&,—w,. If a Lyapunov function is defined as (6.41), then the differentiation
of the function V regarding time, ¢, can be calculated as

where e =X-X, AA=A-A= { L,

}, C=[I 0], c=%%L and

V=ele+(o,—0)/y (6.41)

where vy is a positive real number.
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do d; gd d
EV—Ee efe Ee—&—Z(wr—wr)Ewr/'y

=e"{(A+GC)" +(A+GC)}e— X AATe —eTA AX + 2Aw,.%(br/'y
S AS d
—e’{(A+ GC)" 4+ (A+GC) }e—2Aw, (e[ds/lq,, - eiqsid,.) /c+2Aw, Ed),‘/'y

(6.42)

s
as " lgse
The adaptive law can be set as (6.43) by nullifying the sum of the second and the

third terms on the right-hand side of (6.42).

~s
B .
where e, = i, —i,, and e;;; = i

aS ~S

d . Y(eidx/lqr - eiqsidr>

5= - (6.43)
If (6.43) holds and the gain matrix, G, is set in order that the first term on the right-hand
side of (6.42) is nonpositive, then the differentiation of Lyapunov function, V, is
always nonpositive. This means that the state error would decrease and that the
estimated states track the real states. Because the speed of the induction machine may
vary rapidly, instead of the integral controller by (6.43) the speed can be estimated
through a PI regulator as (6.44) to increase convergence speed of the observer.

o =K, (e,»dsi‘q,feiqsﬁ‘d,) + KiJ (e,»dsi‘q,feiqsi‘d,) dt (6.44)

6.1.2.3 Gain Matrix, G

The induction machine itself is a stable system, and its all poles lie in the left half-
plane of the Laplace domain. And, the poles of overall system can be set as
proportional to the poles of the induction machine. To simplify the description of
equations the stator equation can be represented in complex form as

%X - AX+BVS+G(iS —is) (6.45)
) T
where X= [l; X;}

s A8
L= 1y +]qu
oS A8 A
)\r = }"dr +]/“qr
.5 s -
ls - lds +]lqs

Vi = Vas +7Vys
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The poles of the system including the observer can be found by solving the
following characteristic equation of the system.

N s—(am +g1+jg2)  —(an2+jann)
det [sl— (A + GC)} = det —0 (6.46)
—(Uy21 + 83 +Jjga) s—(@r2 +Jjan2)

where det[s] means the determinant of the matrix [o].
By using the relationships as a2, = —ca12, apy = —cdjz, the characteristics
equation in (6.46) can be deduced as

2 —{ (@11 + ayan + g1) + (@i + 82) Ys—(ar12 + jana)
x{ca+cg1+am+g3+j(cg+g4)} =0 (6.47)

The characteristic equation of the induction machine can be obtained simply
making all elements of gain matrix be zero (g; = g» = g3 = g4 = 0), anditis givenin

s —{(@11 + Q22) +jama }s — (@ra + jana) (camn + am) = 0. (6.48)

From (6.48) the poles of the overall system including the observer, which are
proportional to the poles of the induction machine itself, can be easily calculated by
solving (6.49).

S —k{ (@1 + @2) + jama }s — kK (@2 + jana) (¢l + @1) = 0 (6.49)

where k is a proportional constant. The elements of the gain matrix can be obtained by
comparing the coefficients of (6.47) and (6.49). And the elements can be expressed as
following equations:

g1 = (k—=1)(an + arn) (6.50)
g = (k—1)ai (6.51)

g3 = (KP=1)(carm + arar)—cgr = (K2 =1)(capi + am)—c(k=1) (@1 + an)
(6.52)

84 = —C8g2 = —C(k—l)&,‘zz (653)

By employing the above adaptive speed observer, the reasonable performance of
torque/speed control without speed/position sensor can be obtained down to the



6.2 Sensorless Control of Surface-Mounted 297

operating speed, which is 2-3% of the rated speed in the case of power rating less than
a few tens of kilowatts. To get better performance at lower operating speed, the real-
time machine parameter adaptation and the direct measurement of the machine
terminal voltage can be incorporated into the sensorless control algorithm.

6.2 SENSORLESS CONTROL OF SURFACE-MOUNTED
PERMANENT MAGNET SYNCHRONOUS MACHINE
(SMPMSM)

Many sensorless control algorithms for an SMPMSM had been developed and applied
in the industry. In this section, a simple but robust algorithm is introduced, which
exploits d-axis current error to estimate the rotor angle. In Fig. 6.5, a block diagram of
the sensorless control algorithm is shown [64]. This method also relies on the back
EMF and the machine model, and torque control at the zero frequency is impossible.
Also, the control performance at low speed is directly affected by the accuracy of
the machine parameters and that of voltage and current measurement. Hence, the
separate starting algorithm is required to start the machine smoothly from the zero
speed. In this section, an open-loop-type starting algorithm is augmented to the
sensorless control algorithm.

InFig. 6.5, feed-forwarding terms, V), 7 and Vgs_ > can be represented as (6.54)
and (6.55).

Vi g = Ryl — Lo, il (6.54)
Vie g = Roing + L@ + o,y (6.55)

where w, is the rotor angular speed in electrical degree and Ly = L,,, + L. In the
equations, the hat (*) means the estimated value of the machine parameters, the speed,
or angle.

SMPMSM

o, + Spoed | s+ + Ve
oy~ Q"1
Controller _ Pr Q

L

tas = 0

Sensorless Angle and Speed Estimator

Figure 6.5 Block diagram of sensorless control of an SMPMSM.
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If the transient state is neglected, the voltage equations at estimated rotor
reference frame can be described as (6.56) and (6.57).
0 = Riiys— oLy + 2y Sin Oy (6.56)

V;S = R_Yi;S + w,Lsily + w4 COS Ory (6.57)
where 6,,, stands for the angle error definded by
Gerr = ér_er (658)

where 0, stands for real rotor angle and 6, for estimated rotor angle.

With the angle error, 6,,,, the voltage error at the estimated d axis can be deduced
as (6.59) under the assumption of the negligible errors for estimated machine
parameters and speed such as ks ~ Ry, ix ~ L;, and @, = w,. In the case of an
SMPMSM control, for MTPA operation the d-axis current is usually controlled as
zero and the error in the stator resistance, R, does not affect the control performance,
whereas the error in the synchronous inductance, L;, does. However, L; of an
SMPMSM is almost constant regardless of the operating condition because of the
equivalent large air gap of the machine due to the surface-mounted permanent
magnet. Hence, the error voltage in (6.59) is robust to operating conditions.

Vcris_error = Ré(l:is_l:;;) —wyLs (l(r]v_l:;;) + w")‘f sin Ber, (659)

If the currents at d—q axes is well-regulated and 6., is small enough, then the
output voltage of PI regulator, which is the d-axis current regulator, can be approxi-
mated as

zrls_fb ~ Vc?s_ error ~ w"jff sin 6@"’ ~ w”/lfec"‘r (660)

Based on (6.60), the angle error can be obtained after dividing the output of PI
regulator by the estimated speed, @,, and permanent magnet flux linkage, 4. The error
can be used as an input to the angle controller, which is implemented as a PI regulator.
The output of the angle controller can be the estimated rotor speed; also, the integral of
the speed is the estimated rotor angle, and it is used for vector control of an SMPMSM.
The PI regulator controls its output to keep the error, which is the input of the PI
regulator, at zero. With this sensorless control algorithm, an SMPMSM can be driven
without any position/speed sensor above a few percent of the rated speed. The speed
regulation bandwidth can be extended to a couple of tens rad/s. Also, even if there are
some errors in the estimated rotor speed and the flux linkage, the angle regulator track
the rotor angle with reasonable accuracy. However, because of the limited dynamics
of the angle regulator, if the rotor angle varies too rapidly, the regulator would fail. As
mentioned before, for the starting, a rotating current vector, whose magnitude is fixed
as Inmax, 1s applied to the machine through the current regulator shown in Fig. 6.6. The
speed of the rotating vector can vary as shown in Fig. 6.7. In the figure, for period I the

*

current vector rotates at constant speed, w, ,,..; and after the rotor flux linkage is

synchronized to the rotating current vector, the rotating speed of the current vector

increases in the period II. If the rotor speed is above the threshold speed, . , ., then
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Figure 6.6 Block diagram of current regulator for starting and initial acceleration of an SMPMSM.

r_thres

r_start

Figure 6.7 Variation of reference speed of the rotating
t current vector for the starting of an SMPMSM.

the sensorless control algorithm may be engaged in period I1I, where the magnitude of
back EMF is large enough to identify the rotor position. During periods I and II, if
sudden impact load is applied to SMPMSM, the rotor can be stalled. And the machine
could be out of control.

To incorporate the flux weakening control, the d-axis current reference should be
regulated as a negative value. Then the control block diagram in Fig. 6.5 should be
modified properly.

6.3 SENSORLESS CONTROL OF INTERIOR PERMANENT
MAGNET SYNCHRONOUS MACHINE (IPMSM) [65]

For sensorless control of IPMSM, both d- and g-axis currents should be regulated to
achieve maximum torque per ampere (MTPA) operation. Like sensorless control of an
SMPMSM, there have been many methods for sensorless control of an IPMSM. One
of them is shown in Fig. 6.8, where a closed loop observer is used for the estimation of
the rotor position.
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Figure 6.8 Block diagram of the sensorless control of an IPMSM.

In the figure,

1 L
— 0 0o X
Ly Ly
1 o ];/ _
b o L L
L, L,

By setting the stator current in estimated rotor reference frame as a state variable,
the state-space equation of an IPMSM, whose equivalent circuit is in Fig. 3.10, can
be deduced as

R, /L, 1
‘ o | — O ., 0
d l:is d d Lis d Vds
% . = . + . + _ wrif (661)
lgs _oka R [ 0 L LVes L,
L, L, L,

where /; is the rotor flux linkage by the permanent magnet.
If the angle error defined as (6.58) is small enough, then the state equation
in (6.61) can be rewritten in terms of the angle error as

R L 1 J
‘ = i PP Pl — L sinf,
d [ s d d | [ g d Vas d
il |7 o w||lo " 1w J
gs _Ortd B | L lys 0 — gs O 050,
L, L, L, L,

(6.62)
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If the voltage due to the angle error is set as the new state variable as (6.63) and
if the new state is augmented to (6.62), then a closed-loop observer including
the augmented state can be described as (6.64) with an observer gain

811 812
matrix, G = g1 &2
831 832
841 842
e, — @, 74Sn0 1y
= | o= T (6.63)
€, — A0SO,y
[ R el 1 0 ]
le Ld Ld Ld Zis
Ar S ~ r
ﬁ g | _erd _& 0 i lqs
dt & L, L, L, &
Ar AT
& | 0 0 0 O |
L O 0 0 0
_1 -
— 0
La g &n
. . AF
0 1 Vs 821 &» Iy 14
+ i . . (6.64)
1 Vqs 831 832 i;s_l'qs
0 0 841 842
L0 0]

If all poles of the observer are located at the fixed position on the negative real axis
regardless of the rotating speed of an IPMSM as (6.65), then the characteriastic
equation of the state equation (6.64) can deduced as (6.66). And the observer gain
matrix, G, can be found as (6.67).

W12 =~ (gd + gf,—l), W34 = 0 (gq + gg—l) (6.65)

where @4, 0y, {4, and {, are design variables.

(2 + 2 geas + 02) (2 + 20,5+ 02,) =0 (6.66)
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R, w,Ly
— I:_ + ngwm' I:
811 812 d d
821 822 w,l:d fes
G= i i + 2040 (6.67)
g1 &3 4 4
841 842 w%dI:d 0
i 0 w%qu |
The estimated rotor speed, ®,, can be calculated from
R . o a2 +\2 5
oy = s1gn(—eq> (@) + (eq) e (6.68)

where sign (—E{I) is a signum function, whose value is either 1 or—I according to the
sign of —¢}.

As seen from (6.63), the augumented state, e;,q, includes the information
regarding angle error, and the angle error can be calculated from (6.69). And this
angle error could be used directly to compensate the estimated rotor angle.

e
6., = arctan —‘r’
€

But to enhance immunity against the measurement noise, as with the case of
the sensorless control of SMPMSM, the angle can be obtained indiretly from the
integration of the output of a PI regulator, whose input is 6,,, in (6.69). In Fig. 6.8, this
method is shown together with the closed-loop observer. As seen from (6.63), like an
SMPMSM, the magnitude of the error voltage, e’;lq, decreases as the speed decreases
even at the constant angle error. At zero speed, there is no information regarding angle
error in the observer. However, unlike SMPMSM, in the case of an IPMSM the initial
rotor position can be identified exploiting the difference of inductance according to the
rotor position. By using this inherent phenomenon of IPMSM, an IPMSM can be
easily started and can be accelerated slowly up to a certain speed, where the sensorless
control algorithm based on back EMF could work [66].

(6.69)

6.4 SENSORLESS CONTROL EMPLOYING
HIGH-FREQUENCY SIGNAL INJECTION

The sensorless control methods based on back EMF cannot work at zero frequency,
where there is no back EMF. However, by injecting signals to an AC machine, the
magnetic saliency according to the rotor position and/or the rotor flux linkage can be
detected. And the detected saliency can be used to identify the rotor position. To
enhance the control bandwidth, the injected signal should be high enough, but low
enough to be manipulated through PWM inverter and its associated controller. The
magnetic saliency according to the rotor position is inherently available in the case of
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a salient rotor AC machine such as IPMSM, synchronous reluctance machine
(SynRM), and wound rotor salient synchronous machine, while the induction
machine and the SMPMSM have no magnetic saliency. However, an induction
machine that has the closed rotor slot or semi-closed rotor slot reveals the magnetic
saliency according to the rotor flux linkage due to the local magnetic saturation. And
some of the SMPMSM, also, reveals the magnetic saliency according to the rotor
position, where the flux linkage of the permanent magnet directs.

The injected signal can be classified as a voltage signal or a current signal as
shown in Fig. 6.9. In Fig. 6.9a, a control block diagram to inject a high-frequency
voltage signal to an AC machine is shown. In the figure, the injected voltage signal is
added to the output of the current regulator. For current regulation the measured
current is filtered out through a low-pass filter (LPF) to remove the high-frequency
component due to the injected voltage. For identification of rotor position or rotor flux

|
| v Injection of High- :
: dgsh Frequency Volage |
o T > !
o ¥ |
i Current ! | !
dgs1 RUH'EFII | | pwMm
+ X o ! | Inverter
ator | 1
— \ !
! I
! I
or \
|
1 dgsl : . |
—J6, 1
1) € I
«—0 ] Signal \ To————._ I
é Processing
_r &
- Estimator
(a)
T,
| ldqxh | ngh-FreqFlency
L | Current Signal
_____ )
)
| : v |
t | A
: ! C;ef;eu'; N I | pwMm
- > r +—>
i J + K ator : e : Inverter
- |
! |
! I
i i '
dgs : 1
A T I
Q, - ' I
— Signal [ —— |
A Processing
) gr & BPF
= Estimator
(b)

Figure 6.9 Block diagram of sensorless control of an AC machine employing high-frequency signal
injection. (a) Voltage signal injection. (b) Current signal injection.
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linkage position, the high-frequency components of the current are extracted through
a band-pass filter (BPF). In Fig. 6.9b, a control block diagram to inject a high-
frequency current signal to an AC machine is shown. Here the high-frequency signal is
added to the current reference of the current regulator. For the injection of the high-
frequency current signal, the regulation bandwidth of the current regulator should be
much higher than the frequency of the injected signal. And it results in burden to
hardware and software design of the drive system. Hence, usually the voltage signal
injection is preferred.

The high-frequency signal can be classified as a rotating one and a fluctuating
one. The former rotates on the stationary reference frame with the frequency of the
injected signal. The latter fluctuates on the estimated d or ¢ axis of an AC machine.
Though each injection method has its own merits and shortcomings, the fluctuating
signal injection is more advantageous in robustness to the measurement noise and
multiple saliencies of AC machine [67]. In the case of the fluctuating signal injection,
the axis where the signal is injected can be chosen arbitrarily. However, injecting the
signal to the estimated d axis of the rotor reference frame in the case of a synchronous
machine or estimated d axis of synchronous reference frame in the case of an
induction machine is preferable in the viewpoint of reducing losses and torque ripples
from the injected signal.

6.4.1 Inherently Salient Rotor Machine [60,61,66]

The voltage equation of both the SynRM and the IPMSM described in Sections 3.3.4
and 3.3.3.2 can be written as

Vi = Ryl —w, 20+ p(Laiy + A) (6.70)

Vi, = Ryiy,+ 025+ p (L) (6.71)

In the case of the SynRM, because of no permanent magnet, A,= 0 in (6.70).

If the high-frequency signal injection for sensorless control is done at a low-speed
region, the voltages in above equations due to the rotation of the machine can be
neglected. And if the high-frequency signal is sinusoidal and the equivalent circuit of
an AC machine is in the steady state in the viewpoint of the injected signal, the
impedances at the high frequency on the d and ¢ axis of the rotor reference frame can
be approximated as

y

Zgy = fhh = \/R%, + (opLa)’ (6.72)
Vah

Zg~ =\ JR2,+ (onLgn)’ (6.73)

L qh

where Ry, = Rs‘w:w,,’ Ly = Ld|w:w,, at the d axis, Ry, = Rs|w:wh’
the ¢ axis and wy, is the angular frequency of the injected signal.

th = Lf]|w:w/, at
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Figure 6.10 High-frequency impedance of a six-pole, 11-kW IPMSM at various injection frequencies
(fh = wp,/21) according to the injected angle oriented to the rotor angle with no load.

From (6.72) and (6.73), if the signal is injected to arbitrary angle, 6, of the d—g
axis of the rotor reference frame when the rotor position is 6,, then the high-frequency
impedance at the angle, 8, can be described as

Zh(e) = Zha — %th COS 2(0,‘—0) (6.74)

where Z;,, stands for the average value of the d—¢g impedance; that is, Z;, = M

and Z;,, stands for the difference of the impedance, Z;, = Z,,—Zy,.

In Fig. 6.10, the impedance at the injected high-frequency signal according to the
rotor position of a six-pole, 11-kW IPMSM is shown. As the frequency increases,
the impedance difference increases. The average impedance, Z;,, decreases as the
magnitude of the fundamental frequency component of the stator current of an
IPMSM increases, while the difference, Z;,, increases as the current at the d axis
increases. This comes from the saturation of the magnetic circuit of the IPMSM. At
the rotor reference frame, the magnitude of the high-frequency impedance is
minimum at the d or —d axes. However, in the case of the SynRM, the impedance
is maximum at the ¢ or —q axis. For the SynRM, there is no differentiation in the d and
—d axis because of no permanent magnet. In the IPMSM in Fig. 3.9 or SMPMSM in
Fig. 3.7, where the flux of the magnet is directed to the d axis, the impedance at the d
axis is smaller than that at the —d axis because of the local magnetic saturation by the
flux from the permanent magnet. And, thanks to this local saturation, the  and —d axes
can be differentiated using the hysterisis phenomenon [66].

6.4.2 AC Machine with Nonsalient Rotor

6.4.2.1 Induction Machine [58, 59, 68, 69]

The rotor of the induction machine is symmetry to the rotating axis, and there is no
variation of the stator impedance according to the rotor position. However, in a closed
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R, jw,0oL, R, jo,0L,

Figure 6.11 High-frequency equivalent circuit at a synchronous reference frame.

slot rotor or a semi-closed slot rotor, there are the leakage impedance variations
according to the rotor flux linkage because of the local magnetic saturation of the
leakage inductance path due to the high-frequency rotor flux linkage from the injected
signal. With the vector control of the induction machine oriented to the rotor
flux linkage, the stator voltage equation can be described as (6.75) as derived in
Section 4.2.5.2.

I? di¢ L L
Ve = | Ry+ R, 22 | i% + 0L, —% —w,0Lyi’ —R, —2 )¢, —w, —2 )¢
d. s r d. s e st ¥ di r
s L’% s dt qs L% r Lr qr
(6.75)
Lz dl(ev Lm Lm
Ve = | Ry+ R, 2| i€, +0Ls— 4 w,0Lsi + 0, — 25 —R, — 1S
qb L% qA dt A Lr T L% q}’

If the stator frequency, w,, is small enough, (6.75) can be approximated as (6.76)
at the injected high frequency. If the fluctuating signal is injected to the d-axis of the
rotor reference frame, the equivalent circuit of the induction machine at the frame can
be simplified as the circuit in Fig. 6.11 at the high frequency.

L . ) . )
o = | Rs +RrL_Iél +jwpoLy | i, = (Ran +jonLan )iy, (6.76)
;sh ~ (RS +jwha-LS)iZsh = (R‘]h +jth‘1h)iZs/1
where Ry, = (Rs +R, LFZ) lo—w,s Rgh = Rs|,—y,» and Lay = oLy, at the d axis,

and Ly, = oL at the ¢ axis.

w=w),

By the skin effect due to the injected high-frequency signal, the rotor resistance at
the injected frequency could be several times the magnitude of the rotor resistance at
nominal frequency of the induction machine. Also, by the skin effect, the transient
stator leakage inductance, oLy, at high frequency is considerably smaller than that at
nominal frequency. And, if the signal is injected to the d axis, then d axis resistance in

Fig. 6.11 is larger than ¢ axis resistance as

Ran > Ry (6.77)
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Figure 6.12 Conceptual diagram of the path of the main flux and the leakage flux in the case of two-pole
induction machine.

However, even if there is some difference between Ry, and Ry, still the
impedance difference mainly comes from the difference between leakage induc-
tance, Ly, and Ly;. The difference between Ly, and Ly, occurs due to the local
saturation of the leakage flux path of the induction machine as shown in Fig. 6.12,
and it is mainly affected by the main flux linkage. From the figure, it can be seen that
the high-frequency signal injected to the d axis, where the main flux lies, results in
more severe saturation due to the main flux. The physical location of windings and
its associated main flux linkage is perpendicular. However, the leakage flux path lies
on the neighborhood of the winding. Hence, the d axis high-frequency signal results
in local magnetic saturation on the ¢ axis of the synchronous reference frame as
shown in Fig. 6.12, while the ¢ axis high-frequency signal results in local magnetic
saturation on the d axis of the synchronous reference frame. These saturation effects
result in the difference of the leakage inductance of the d and the ¢ axes. And
because (6.78), the high-frequency inductance, which mainly comes from the
leakage inductance, at the d axis is larger than that at the ¢ axis if the high-
frequency signal is injected to the d axis, where the main flux linkage lies. The main
flux linkage along the rotor position is shown in Fig. 6.13, where the leakage
inductance due to the high-frequency signal at the d axis is larger than that at the
q axis. Hence, the difference between Ly, and L, reveals the information of the rotor
flux position.

L, > th (6.78)
And, the high-frequency impedance at d axis is larger than that at the ¢ axis as

Zan > Zgh (6.79)
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Figure 6.13 Distribution of the main flux linkage and the variation of leakage inductance due to the
high-frequency signal.

The high-frequency impedance according to the angle where the high-frequency
fluctuating signal is injected can be represented as

Zy(0) = Zp, +% Zyy cos2(0.—6) (6.80)

In Fig. 6.14, the variation of the high-frequency impedance of a 3.7-kW, 220-V,
four-pole, closed rotor slot, induction machine with no load is shown according to
the difference between the rotor angle when rotor flux linkage lies and the angle where
the high-frequency fluctuating signal is injected. In the figure, Vp stands for the peak
value of the injected high-frequency voltage signal.

40
——Vp=30[V]
~B-Vp =40 [V]
—&—Vp=50[V]
= Vp =60 [V]
—=Vp =

s Vp =70 [V]

10 1 1 1

90 45 0 45 90

(6,9) [deg.]

Figure 6.14 Variation of high-frequency impedance of a 3.7-kW, 220-V, four-pole, closed rotor
slot, induction machine at various injection voltage magnitudes (Vp) according to the injected angle
oriented to the rotor flux linkage angle with no load. Injection of 550-Hz, fluctuating, sinusoidal
signal.
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6.4.2.2 Surface-Mounted Permanent Magnet Synchronous Machine
(SMPMSM) [62, 63, 70]

Like the induction machine, an SMPMSM has no saliency in the rotor. And at the
operating frequency, there is no impedance variation due to rotor flux linkage position.
However, according to the structure of the machine, with the high-frequency signal
injection some SMPMSMs reveal saliency according to the rotor position, where the
magnet flux linkage is directed. In Fig. 6.15, the variation of high-frequency
impedance of an 11-kW, concentrated winding, eight-pole SMPMSM with the
injection of fluctuating sinusoidal signal whose frequency is between 400-Hz and
850-Hz is shown. By exploiting this impedance variation, the estimation of rotor
position and speed/position control can be done with a proper control algorithm. It can
be seen from Fig. 6.15 that the impedance increases as the injection frequency
increases. So, it can be concluded that the impedance mainly comes from the
inductance. And when the injection angle oriented from rotor position, 8,—80, equals
zero, the magnitude of the impedance is maximum. And when 6,—6 equals 90° or
—90°, it is minimum. And it can be said that the high-frequency impedance is
maximum at d axis, where the magnet flux linkage is directed. And, at g or —¢ axis,
the impedance is minimum. The physical reason why the largest impedance is at the d
axis can be understood like the case of an induction machine described in the previous
section. In the case of an SMPMSM, main flux comes from the permanent magnet. If
the large current flows in the stator because of torque component current, then the
direction of the main flux differs with the flux from the magnet because the main flux
linkage is the sum of the magnet flux and the flux by the winding current. Hence, this
difference between the position of the main flux linkage and the rotor position should
be considered in the sensorless control of an SMPMSM.

45
2850 [Hz]
3.5t
7, 3 (_/X// =700 [Hz]
[l
28, =550 [Hz]
2 ;_J/l/.
L =400 [Hz]
L — |
1 L L L
-90 -60 -30 0 30 60 90

@r —0) [deg.]

Figigure 6.15 Variation of high-frequency impedance of an 11-kW, eight-pole SMPMSM at various
injection frequencies (f;,) with no load according to the injected angle oriented to the rotor angle with
no load.
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6.4.2.3 Estimation of Position of Rotor Flux Linkage/Rotor Position

Though there are many signal processing methods to estimate rotor flux linkage of the
induction machine or the rotor position of the synchronous machine using the high-
frequency impedance difference due to the injected fluctuating high-frequency
sinusoidal signal, two typical methods are introduced in this section.

1. A measurement axis can be set, which offsets by 45° with the estimated
d—q axis where vector control and signal injection is done. By the signal
processing of the current at the measurement axis the position can be
estimated [58, 59, 66].

2. The high-frequency component current at the g axis of the estimated d—gq axis,
where vector control and signal injection is done, is used for the estimation of
the position [51, 62, 63].

These two methods are basically the same. But because of the difference in the
implementations, they reveal some differences in control performance. For a salient
rotor machine such as IPMSM and SynRM, the former would be better. For the
machine with no saliency on the rotor such as an SMPMSM and an induction machine,
the latter is preferable because of its simplicity of the implementation. In Fig. 6.16a,
the control block diagram of the former method is shown. And in Fig. 6.16b, the
relationship between the measurement axis and control axis is displayed. In
Fig. 6.16c¢, a signal processing block diagram of an extractor to get the error signal,
which is proportional to angle error, 6, = 6,—8,, from the current in the measurement
d—q axis is shown. In the control block diagram, a band-pass filter (BPF) is used to get
the injected high-frequency component current. And the current is used to drive the
extractor, which reveals the angle error between the estimated rotor angle (estimated

PWM
Inverter

Current
Regulator

A 4

A

LPF —J0, le i
€ dgs
&)r
9 Correcti ¢ Signal (é )
orrection ignal P _j _r B
6, Controller Extractor [~ BPF [« e r
e T ______
@

Figure 6.16 Sensorless control method employing a measurement axis with a high-frequency
fluctuating signal injection to the estimated d axis. (a) Control block diagram. (b) Relationship between
control axis and measurement axis. (¢c) Error signal extractor. (d) Correction controller.
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Figure 6.16 (Continued)

angle of rotor flux linkage) and real rotor position (real angle of rotor flux linkage),
based on the impedance difference. The correction controller may be a bang bang-
type regulator, a PI regulator, or a PID regulator, and it generates the estimated
position and speed. In Fig. 6.16d, a PI type regulator is used as a correction controller.
The output of the PI regulator is the estimated rotor speed, and the position can be
calculated through the integration of the estimated speed.

If the high-frequency fluctuating signal given by (6.81) is injected to d axis of the
estimated rotor reference frame, then the current in the measurement axis can be
described as (6.82) and (6.83) [62].

v, coswht] (6.81)

Vdgshi = |: 0
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V Ra, +R Ru—Run . -
lgsh = — L 1t Ry + hgh sin <20,. E) cos wyt
' \/Ew%thth 2 2 4
L L Lag,—L -
—wj i F Ll 4 22k Gin ZBV—E sin wpt (6.82)
2 2 4
V R R Ra—R -
lgsh = — L ant Ron _ Ran—Xon 51 <20, + n) cos wyt
4 \/zw%thth 2 2 4
L h L{ h L _L( h . ~ .
_wh< i ; ah dh2 7 Gin <20, + g))yn wnpt (6.83)

It can be seen from (6.82) and (6.83) that the angle error information comes from
the difference of the impedance. The error signal extractor in Fig. 6.16c calculates the
difference of the magnitude of d—¢ axis current at the measurement axis. If there is
no angle error, which means 6, = 0, then the difference would be zero. From
Fig. 6.16c¢, (6.82), and (6.83), the output of the extractor can be deduced as (6.84).
In Fig. 6.16 and (6.84), LPF stands for low-pass filter, and it filters out the higher-
frequency components from the measured current.

2
— |m
&€= |ldsh -

Tm

lqsh

— {LPF (i}, cos wpt) } + {LPF (i, sin wpt) }

2 2
~{LpF (i cos wnt) } —{LPF (i, sin wpr) }

2

2t { 2(RugAR + 0} LingAL)~ V2 ((AR)” + (@)AL)* ) 0528, } sin2,
4w%thth{( AR + 05 Ly AL) V2 (AR)? + (@3AL)* ) cos sin

(6.84)

where

Ray + Ry Ran—Ryn
Ryg =~ 000 AR =TTty o=

Lap + Ly Lap—Lg
—an T AL — =44t
2 ’ 2 ’

2 ’ 2
(6.85)
In (6.84), the value inside the curly brackets is independent of the angle error
and its polarity is decided by AR or AL. Hence, by regulating the output of the error
signal from the extractor as null, the rotor position can be tracked. In Fig. 6.16d a
regulator to track the position is shown. If the output of the extractor is approxi-
mated as (6.86), then the transfer function between the real rotor position and the
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estimated position can be deduced as (6.87) with the correction controller. From
the frequency response of the transfer function it can be seen that the angle can be
tracked in a low-frequency region very well, but there should be some error in a
higher-frequency region.

e=K',,sin20, ~ K., 0, (6.86)
KerrKPcorrS + Kerrchorr

6,
o= 6.87
er 52 + KerrKP(forrS + KerrKIcarr ( )

where
Koy = i 2(Rave AR + 07 Lo AL)— V2 ( (AR)? AL)*)cos 260
err — _m ( avg +wh avg )_ ( ) + (wh ) Ccos r
2 2
O e D ORI v
2 LapLyp LapLyn

The test results of the sensorless control with typical AC machines are shown in
Figs. 6.17-6.22. For an IPMSM, which has inherent rotor saliency, the speed control
performance at low speed including zero speed is shown in Figs. 6.17 and 6.18. The
high-frequency impedance characteristics of the machine under test are shown in
Fig. 6.10. In Fig. 6.17, the speed command varies from 0 r/min to 50 r/min and back
to O r/min in step manner. It can be seen that the estimated speed well matches the
measured speed, which is used only for monitoring purpose, and that the speed
response is comparable to that of the low-resolution sensored vector control system.
In Fig. 6.18, the disturbance torque rejection performance is shown with zero speed
reference. In this test, the rated torque of an IPMSM is applied in step manner.
Except for a short time interval where the load is engaged or disengaged, the speed is
well maintained as the commanded null speed. In Figs. 6.19 and 6.20, the sensorless
position control results are shown. In Fig. 6.19, the response of the position control

100

| |

[
A 100 P
A
S N

7 Figure 6.17 Sensorless speed
[N-m] 1 control of an IPMSM with speed
0 10 reference changes from Or/min to

Time [s] 501/min and back to O r/min.
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CH1=5V CH2=5V : CH3 : 500 ms/div
DCi1:1 DC1:1 © (500 mis/div)
Measured . . : ‘ : NORM:; 2kS/! .
s;::ze 200 [(r/min)/div] " : : 0 r/min
Estimated . .
Speed 200 [(r/min)/div] 0 r/min
PP SRS S bt bt i ettt
Measured 4 [rad/div]
Position
Measured .
Torque 60 [N-m/div]

“Time 0.5 [/div]

Figure 6.18 Sensorless speed control of an IPMSM with 100% step load torque disturbances at zero
speed reference.

with 100% step load torque disturbance is displayed with zero position command. In
Fig. 6.20, with 100% load torque, the position response is shown according to the
step change of the position reference from—n rad to n rad and back to—r rad. In these
figures, it can be seen that except for a short transient time interval the position error

CHi=8V : CH2=5V : CH3=5V & CH4=5V : 500 me/dv
DCI:4  ©  DCi: © DCE1 ©DC :(500 ms/div)
Measured ; ; A :

~ NORM: 2kS/s

Speed  400[(1/min)div] 0 r/min

Estimated 4 ((/miny/div]
Speed

0 r/min

Measured
Position

4 [rad/div] 0 rad

Measured

Torque 60 [N-m/div] 0 N-m

Time 0.5 [s/div]

Figure 6.19 Sensorless position control of an IPMSM with 100% step load torque disturbances at zero
position reference.
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is maintained at less than 0.1 rad. For an SynRM, similar test results can be
obtained [60].

For a four-pole, 220-V, closed-slot rotor, 11-kW induction machine with no
inherent saliency, the test results of sensorless speed control employing the high-
frequency fluctuating signal injection method are shown in Figs. 6.21 and 6.22. The
magnitude of the injected voltage, V., is 50 Vand the injected frequency, f;,, is 550 Hz.
In Fig. 6.21, the speed control performance with 100% load torque at zero speed
reference is demonstrated. In this operating speed, the back EMF method cannot work
because of too small back EMF and parameter errors. Even with the high-frequency
injection method, there are considerable speed ripples due to the dead time and
measurement error of the inverter. But, at least, the speed of the induction machine is
under control. In Fig. 6.22, the sensorless speed control performance against 100%

CH1-=5V CH2:=5V CHa=5V CHa=5v 2s/div
d DG 1:1 pGi 11 DG 11 R B ; fps/divy
Measure . . : : i ; A - NP Es Rk s )
Speed 30 [(t/min)/div] o Wy q'ﬁt{u | 0 r/min
Estimated . [l , i, M ' L1 |
Speed 50 [(t/min)/div] “-‘ [0 01T oMt | M Ll i KR AR 0 r/min
{ UL RIS |
Estimated . i 5
Estimated . : : .
Torque 60 [N-m/div] | forelo g 0 N-m

Time 2 [s/div]

Figure 6.21 Sensorless speed control of a squirrel cage induction machine with 100% load torque at
zero speed reference.
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CH1:=5vV : CH2=8V : CH3=5V : CH4=5 : 2s/div
DC:1:1 : DCi1:1 : DCH:1 : 1 L (2s/div)
Measured o : : : i : : NORM: 5005/s .
Speed 100 [(r/min)/div] e v 0 r/min
Estimated . .
Speed 100 [(r/min)/div] 0 r/min
Estimated . " 0 rad
Flux Position 4 [rad/div] ra
Estimated .
Torque 60 [N-m/div] =1 0 N-m

Time 2 [sec/div]

Figure 6.22 Sensorless speed control of a squirrel cage induction machine against 100% load torque
disturbances at zero speed reference.

load torque disturbances is shown. At connecting and disconnecting load, though
there is relatively large speed variation, in the steady state the speed is well-regulated
according to the speed command, which is O r/min in this test.

The sensorless control method employing the high-frequency signal injection
can be applied at zero frequency, where back EMF signal is unavailable. And it is
also robust to the AC machine parameter variations compared to the sensorless
control based on the machine model. Furthermore, the method can be implemented
without any modification of the hardware of the drive system. However, the
sensorless control method can be applied only if there is saliency in impedance
characteristics inherently or induced by the injected signal. In some AC machines
such as an open-slot rotor induction machine and an SMPMSM with no magnetic
saturation, the method cannot be applied because of nonsaliency characteristics.
Also, for the injection of the high-frequency signal, there should be extra voltages to
synthesize the high-frequency sinusoidal voltage through a PWM inverter. Hence,
the method cannot be used in higher operating speed, where back EMF is quite large
and comparable to maximum available voltage from the inverter, and all available
voltage should be used to regulate the fundamental current. Furthermore, the extra
signal results in extra losses and acoustic noise and vibration of the drive system. To
mitigate these shortcomings, the method based on high-frequency signal injection
can be applied only in the low-speed region, where back EMF is too small to get the
satisfactory performance of sensorless control based on back EMF and the AC
machine model. In another speed region, the sensorless control described in
Sections 6.1, 6.2, and 6.3 can be used successfully [59, 60, 62]. The saliency of
the high-frequency impedance could be affected by the saturation not only from the



Problems 317

main flux linkage—that is, the flux linkage by the permanent magnet in the case of
the machine with the strong permanent magnet and by the main excitation current in
the case of the induction machine—but also from the stator current for torque
generation or for flux weakening. Hence, the accuracy of the angle tracking might
be degraded with the increase of the magnitude of the stator current. For better
performance, the distortion of the high-frequency impedance characteristics
according to the operating conditions should be carefully considered [59, 62].

PROBLEMS

1. Explain why in the sensorless control of the induction machine based on the equivalent
circuit described in Section 3.2, the rotating speed of the rotor of the machine, w,, cannot
be estimated when the synchronous speed of the machine is null as w, = 0 even if the
parameters of the induction machine are perfectly known.

2. In problem 14 of Chapter 5, the estimator of the angle of the rotor flux linkage has been
changed to the block shown in Fig. 6.4, while other control blocks in Fig. P5.8b are the
same.

(1) Repeat parts 1 to 4 of problem 14 in Chapter 5.
(2) Describe the expected difficulties of the estimation of the flux linkage, A:‘ when the
stator frequency of the induction machine is very low as w, ~ 0.

3. Inthe problem 14 of Chapter 5, the estimator of the angle of the rotor flux linkage has been
changed to the estimator described in Section 6.1.2, while other control blocks in Fig. P5.8b
are the same. In (6.49), k has been set as 1.5. And the angle is directly calculated by the
following equation from the estimated rotor flux linkage, A

~s
= arctan (f”)
*q

(1) Repeat from parts 1 to 4 of problem 14 in Chapter 5.

(2) Describe the expected difficulties of the estimation of the flux linkage, ZLY, when the
stator frequency of the induction machine is very low as w, ~ 0.

4. An eight-pole SMPMSM with the following parameters is driven by an inverter in
sensorless vector control mode using the sensorless control method in Fig. 6.5. The
current regulator can be assumed to be an ideal one, which means that the transfer function
of the regulator is unity. The bandwidth of the speed regulator has been set as 30 rad/s under
the assumption of the ideal estimation of the rotor speed and the system parameters. And
the speed regulator is a PI-type described in Section 4.3.4.1. The inertia of load is two times
of that of the machine itself From =0 to 1s, the SMPMSM starts using the method in
Fig. 6.6 and 6.7, where w; = 10r/min and w, = 150 r/min.

The duration of period I is 0.3 s, and that of period II, 0.7 s.

r_start r_thres —

Rated power: 11 kW, Rated speed: 1500 r/min, Rated current: 58.6 A(rms)
Equivalent circuit parameters: R, = 0.0217Q, L, =0.7mH, /; = 0.1473 Wb-t

Inertia of the machine itself: J; = 0.0281 kg-m?
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(1) If the speed reference, wfm, and the load torque, 7}, are as listed below, then, plot speed
reference, actual speed, actual torque, the d—q axis current, ily , I With their references,
and error between estimated rotor position and actual position along with time from 0
to 5s. It is assumed that the PWM inverter is ideal and the output of the current
regulator is directly applied to the SMPMSM without any delay or distortion. The exact
parameters of the SMPMSM have been known to the controller. And all control is done
in an analog domain.

0s<t<2s0ON-m
0s <t < 1s(Starting)

i 25 <t <25560N-m
. 1s <t<3s500r/min
,, = 1 25s<t<4s0ON-m

3s <t <5s50r/min
. 4s<t<45s60N-m
3s <t <5s—50r/min
458<t<5s0N-m

(2) Repeat part 1 under the assumption that the phase voltage and the phase current can be
measured ideally, but the parameters of the SMPMSM for the controller setting have
errors as follows.

R, =009R,, L;=009L,, 5 =0.95%

(3) Repeat part 1. In here, in addition to the parameter errors in part 2, the measured phase
voltage and phase current have following errors. In the measurement, only “a”-
and “b”-phase voltage and current are measured and “c”’-phase voltage and current are
calculated as follows.

?(‘s = - (;.ax + ;bs)u Vm = _(Vm + Vbs)

where the hat (A) denotes the measured value for the current regulator and the vector
controller.

In the measurement of the phase current, there is white noise, 7,(#), whose rms
magnitude is 4% of rated rms phase current. The sampling frequency of the white
noise is 100 us and also the measured current has offset, Iy, Whose magnitude is 1%
of rated rms current. Also, the measured current can be represented as follows.

;ax = ias + 7][(1) + Ioffset
;bs - ibs + ni(t) + Ioffset

In the measurement of the phase voltage, there is white noise, 1, (¢), whose rms
magnitude is 3 V. The sampling frequency of the white noise is 100 us and also the
measured voltage has offset, Vorer, whose magnitude is 0.5 V. Also, the measured
voltage can be represented as follows.

Vas = Vus + nv(t) + Voffset
Vbs = Vs +1,(1) + Vottset

5. An eight-pole IPMSM with following parameters is driven by an inverter in sensorless
vector control mode using the sensorless control method in Fig. 6.8. The current regulator
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can be assumed to be ideal one, which means that the transfer function of the regulator is
unity. The bandwidth of the speed regulator has been set as 30 rad/s under the assumption of
the ideal estimation of the rotor speed and the system parameters. And the speed regulator is
a PI-type described in Section 4.3.4.1. The inertia of load is two times that of the machine
itself. At £ = 0, the rotor position of the IPMSM has been known to the sensorless controller,
which means @)r =6,=0.

To achieve maximum torque per ampere (MTPA), the current i and i should be
properly controlled [71]. It can be assumed that the parameters of an [IPMSM are constant
regardless of the operating condition.

Rated power: 11 kW, Rated speed : 1750 r/min, Rated current : 39.5 A (rms)
Equivalent circuit parameters: Ry = 0.109 Q, L; =3.6mH, L, =4.5mH,

Ap = 0.2595 Wb-t

Inertia of IPMSM itself: Jy = 0.0281 kg-m?

s

(1) If the speed reference, w,,,, and the load torque, T, are as listed below, then plot
speed reference, actual speed, actual torque, the d-q axis current, iJ;, and Iy With their
references, and error between estimated rotor position and actual rotor position along
with time from 0 to 5 s. Itis assumed that the PWM inverter is ideal and the output of the
current regulator is directly applied to the IPMSM without any delay or distortion. The
exact parameters of the IPMSM have been known to the controller. And all control is
done in analog domain.

0s<rt<ls ON-m

0s<t<2s 500r/min Is<t<25s 60N-m
w:fm: 2s<t<3s 50 r/min T, =< 25s<t<4s ON-m
3s<t<5s —50r/min 4s<t<45s 60N-m

458<t<5s ON-m

(2) Repeat part 1 under the assumption that the phase voltage and the phase current can be
measured ideally, but the parameters of the IPMSM for the controller setting have errors
as follows.

Ry=09R,, L;=09L;,,  L,=08L, I =095

(3) Repeat part 1. Here, in addition to the parameter errors in part 2, the measured phase
voltage and phase current have the following errors. In the measurement, only “a”- and
“b”-phase voltage and current are measured and “c” -phase voltage and current are
calculated as follows.

;(rs - _(;as + ?bs)v V{rs = _(‘A/as + Vbs)
where the hat (*) denotes the measured value for the current regulator and the vector

controller.

In the measurement of the phase current, there is white noise, 7,(¢), whose rms
magnitude is 4% of rated rms phase current. The sampling frequency of the white noise is
100 ws and also the measured current has offset, L., whose magnitude is 1% of rated rms
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current. Also, the measured current can be represented as follows.

;as - ias + 771'(’) + Ioffset
;bs = ibs + 7}[([) +10ffset

In the measurement of the phase voltage, there is white noise, 17,(¢), whose rms
magnitude is 3 V. The sampling frequency of the white noise is 100 us; also, the measured
voltage has offset, Vigrser, Whose magnitude is 0.5 V. Also, the measured voltage can be
represented as follows.

Vas =Vu+ 1]‘,([) + Votset

Vbs = Vbs + nv(t) + Voffset

6. In a sensorless control method using the high-frequency fluctuating voltage signal
injection to the estimated d axis as described in Section 6.4.2.2, derive the high-frequency
component current at the ¢ axis of the estimated d—q axis in terms of SMPMSM parameters
and angle error under the assumption of small enough angle error. The injected high-
frequency signal is represented as (6.81) [62].

7. Based on (6.86) and control block diagram in Fig. 6.16d, derive the transfer func-
tion, (6.87). If the gains of the correction controller are set to get 200-rad/s bandwidth
of the transfer function in (6.87) with K, = 1, calculate gains. Here the damping
coefficient of the transfer function is unity. In this condition, show the Bode plot of the
transfer function. If (6.86) is modified to consider time delay, 7, in the signal processing
as & = K,,,0,¢7 145 where K,y is unity and Ty is 2 ms, derive the transfer function in terms
of K., Tq4, and gains of the correction controller. Show the Bode plot of the modified
transfer function with the same gains in the previous case , no time delay. From the Bode
plot, find out the bandwidth of the modified transfer function.
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Chapter 7

Practical Issues

In this chapter, several practical problems, which appear to implement the control
algorithms described in the previous chapters of this text, are addressed and the
possible solutions against the problems are introduced. At the first, to drive the electric
machines using the power converter mentioned from Sections 2.18.2 to 2.18.6,
because of the finite switching time of the power semiconductor switches and the
delays in the signal propagation, a dead time or a blanking time is inserted in the gating
signal of the switches. The dead time degrades the control performance of the electric
machine drive system, especially at low-speed operation. To lessen the problem due to
the dead time, some countermeasures are introduced in this chapter. And next,
because the performance of the regulator basically relies on the measurement of the
variables, the accurate measurement of the current is crucial to the high-performance
electric machine drive system. The offset and scale errors of the current sensors and
the delays in the measurement system is inevitable, but their negative effects to the
control performance of the drive system can be reduced by some tricks. Finally,
because of the digital implementation of the control algorithm, there are delays from
the sample and holder, the execution time of the algorithm, and PWM of the power
converter. The delays may severely limit the control performance of the drive system,
especially for higher control bandwidth system or for super-high-speed operation of
the electric machine. Some remedies to cope with the delays from the digital signal
processing are discussed in this chapter.

7.1 OUTPUT VOLTAGE DISTORTION DUE TO DEAD
TIME AND ITS COMPENSATION [1-3]

A power circuit of a three-phase voltage source PWM inverter with an IGBT
(insulated gate bipolar transistor) to drive an AC machine is shown in Fig. 7.1. The
output voltage of the inverter is decided by the complementary switching of the power
semiconductor switches in each phase. If, at each phase, the turning-on signal of the
upper switch of a phase is set as soon as the turning-on signal of the lower switch
disappears, then there may be shoot-through because of the signal transfer delay and
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Figure 7.1 Three—phase PWM inverter with an AC machine employing an IGBT as an active switching
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turn-on and turn-off time of the semiconductor switches. Hence, for a certain time
period, the gating signals of both upper and lower switches are maintained as turning
off. This time period is called the dead time or the blanking time. For the dead time, the
pole voltage of the inverter at the phase is decided by the polarity of the current flowing
at the phase. Also, the pole voltage is out of control for the dead time. Furthermore, the
output voltage to the AC machine and the current in the machine would be distorted.
The distortion of the current may result in torque ripples and acoustic noises in the
drive system. To compensate the voltage and current distortion, the phenomenon due
to the dead time should be clearly understood.

For the dead time, because of no turning-on signals to both switches at a phase of
three-phase inverter, the current cannot flow through the active switching devices,
which is the IGBT in Fig. 7.1. Only the current can flow through the upper diode or the
lower diode according to the polarity of the phase current. If the current flows to an AC
machine, which is defined as the positive direction of the current flow, then the lower
diode is turned on. However, for the negative direction of the current flow, the upper
diode is turned on. According to the direction of the current flow, the pole voltage,
which is defined as the voltage between the output terminal of a phase of inverter and
mid point of DC link noted as # in Fig. 7.1, can be defined. The voltage distortion due
to the dead time can be compensated by adjusting the timing of the gating signals for
the active switches in the inverter.

7.1.1 Compensation of Dead Time Effect

The basic principle of the compensation is adjusting the timing of the gating signal to
make the output pole voltage be the same as the commanded reference pole voltage by
considering the polarity of the current and the sequence of on and off signals. In
Fig. 7.2, the compensation method according to the polarity of the current is shown. In
Fig. 7.2a, since the current polarity is positive, the lower diode conducts for the dead
time. Hence, the pole voltage is decided solely by the gating signal of the upper switch.
Therefore, the gating signal of the upper switch can be set without considering the
dead time to synthesize the commanded reference pole voltage. And the dead time is
implemented by shrinking the turn-on interval of the lower switch by the dead time. If
the polarity is negative as shown in Fig. 7.2b, then the pole voltage is decided solely by
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Figure 7.2 Compensation of dead time effects according to current polarity and on—off sequence (i,
phase current before or after dead time; iy, current during dead time; 7 geqq, time interval of dead time; 7,
ideal switching time point; Ty, switching time point after dead time compensation; L, equivalent
inductance of an AC machine defined at the stator side; ep,.x, back EMF voltage of AC machine, + Gating:
Gating signal for upper switch, where logic “high” means turn-on. — Gating: Gating signal for lower
switch).

the gating signal of the lower switch. Therefore, the gating signal of the lower switch
can be set without considering the dead time to synthesize the commanded voltage. In
the figure, off sequence means that the current is commutated from upper switches to
lower switches whether the polarity of the current is positive or negative. And on
sequence is vice versa.
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The above description can be expressed as (7.1) and (7.2).
For positive polarity of the current

Off sequence = Tyo; = Torg
Onsequence = Ty = Torg—Tdeaa

(7.1)

For negative polarity of the current

Off sequence = Tsel = Torg _Tdeud

Onsequence = Ty = Torg (7.2)

If the propagation delay of the gating signal to all six active switches of the
inverter and the turn-off and the turn-on time of all switches are the same, the above
compensation method would work perfectly. But if there are imbalance in the
switching and signal propagation characteristics between the upper and lower
switches and imbalance between phases of the inverter, those imbalances should be
considered [1].

7.1.2 Zero Current Clamping (2CC) [2]

The voltage distortion due to the dead time is getting severe as the modulation index of
PWM decreases, which is that the magnitude of pole voltage decreases. In particular,
when the magnitude of the phase current is almost zero, then the current clamps to zero
due to the dead time effects even if there are some voltage command reference in that
phase. For the dead time, where both active switches in a phase are turned off, the
current can flow through a diode in the phase. If the current flows through the diode, the
inductive energy stored on the inductance of an AC machine is transferred to a DC link
and the magnitude of the phase current decreases. If the magnitude of the current
decreases to zero for the dead time, then the current can flow through neither the active
switches nor the diode in the phase during the dead time. In this situation, if the
modulation index is continuously small and the frequency of the output voltage is low,
then the magnitude of the current increases slightly in a consecutive switching period.
Hence, the current again reaches to zero for the dead time and it is kept as zero for the
dead time. This situation would be continued until the modulation index is high enough.
And for a while, the phase current clamped on zero. This zero current clamping
phenomenon results in low-order harmonics to phase current. To prevent this phenom-
enon, the voltage synthesization considering the dead time is required especially when
the magnitude of the current is near zero at switching of the power semiconductors.

7.1.3 Voltage Distortion due to Stray Capacitance
of Semiconductor Switches [3]

If the magnitude of the current is small enough, then for the dead time the voltage
across the power semiconductor switch varies slowly due to the stray capacitance
parallel to the switch. This slow variation of the voltage results in voltage distortion if
it is not compensated properly. This phenomenon occurs when the capacitance of the
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stray capacitor across the switch, Cy,, is larger than that the threshold value, C..., given
by the magnitude of the phase current, 7, the dead time, T.,4, and DC link voltage, V,
as (7.3). This phenomenon occurs regularly in a region where the current is small
enough to satisfy the inequality as Cy; > C.... To understand this phenomenon, the
pole voltage from an inverter where the active switching devices are MOSFETSs can be

investigated as follows.
CZL'L‘ = |l| M (73)

Ve

As shown in Fig. 7.3, if the polarity of the current is positive and the magnitude of
the current is small enough, to turn on the upper switch the lower switch should
be turned off at the first. In this situation, for the dead time the output current flows
through the lower diode. After the dead time period ends, the upper active switch is
turned on and the stray capacitance is charged by a DC link instantaneously. And there
is no distortion due to the stray capacitance in this switching situation. But, just after
the instant the gating signal of the upper switch is changed from logic “1” to logic “0”
to turn off the upper active switch, both the upper and lower active switches are
nonconducting for the dead time. At that instant if the polarity of the current is
positive, then the current should flow through the diode. However, because of the
reverse voltage across the lower diode due to the stray capacitors of both switches, the
current doesn’t flow through the diode. Instead, the current flows through the stray
capacitors across the switches, and if the phase current is constant for the dead time,
the voltage across the switches vary linearly from the DC link voltage, V, to zero for
the case of the lower switch. Hence the pole voltage varies from a half of DC link to a
negative half of DC link as shown in Fig. 7.4a. At another instant, if the gating signal of

_( M Cy
|_
Ya L+
2 _
Va L+ T n a «
- Vd _— +
2 - _‘ : C,
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Figure 7.3 One phase of a PWM inverter implemented by MOSFET switches (here, “A” phase is
assumed).
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Figure 7.4 Voltage distortion due to the stray capacitor for the dead time. (a) Voltage distortion when
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the lower switch is changed from logic “1” to logic “0” to turn off the lower active
switch and if the upper active switch is still nonconducting for the dead time, then the
pole voltage varies from a negative half of DC link to a positive half of DC link as
shown in Fig. 7.4b. The rate of the voltage variation is inversely proportional to the
capacitance of the stray capacitors of both switches and proportional to the magnitude
of the current. After the dead time, even though the pole voltage still varies linearly
toward a negative or a positive half of the DC link, if the active switch is turned on,
then the pole voltage jumps instantaneously to the negative half of the DC link as
Fig. 7.4c or to the positive half of the DC link as Fig. 7.4d. This voltage distortion
phenomenon during the dead time due to the stray capacitances of the power
semiconductors is becoming severe as the magnitude of the phase current is becoming
small.

In Figs. 7.4a and 7.4b, Ty, stands for the time for which the pole voltage varies
from a positive half of DC link to a negative half of DC link, and 7}, stands for the
time for which the pole voltage varies from a negative half of DC link to a positive half
of DC link. The average of the commanded reference pole voltage and the actual pole
voltage for a sampling period can be deduced as (7.4) and (7.5), respectively. To
nullify the voltage distortion due to the stray capacitors for the dead time in the
average sense, two average voltages in a switching period should be the same. If the
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turn-off and turn-on time of the switching devices are neglected, if the conduction
voltage of the devices are also neglected, and if the phase current is small enough but
its polarity is positive, then the same average voltage can be obtained simply by
advancing the turn-off timing point of the gating signal of the upper switch by the
compensation time, T,, as shown in Fig. 7.5.

" 1 Tmmp «
(Vi) == JO V(1) di (7.4)
samp
1 Tsamp
Var) == | ™ Vanlt) (7.5)
samp

If the polarity of the current is negative, the voltage distortion can be
compensated by simply advancing the turn-off timing point of the gating signal
of the lower switch by the compensation time, 7., as shown in Fig. 7.6. The
compensation time, 7., is a nonlinear function of the magnitude of the phase
current. It can be obtained through the experimental test or by solving (7.4) and (7.5)
considering the rate of the voltage variation for the dead time. The rate is decided by
the magnitude of the phase current and total capacitance of the stray capacitors in a
phase. If the current is almost zero, then the compensation time is the same with the
dead time itself as seen in Fig. 7.7.

7.1.4 Prediction of Switching Instant [4]

To compensate the voltage distortion due to the dead time, the polarity and the
magnitude of the phase current at the switching instant should be known to a PWM
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gating signal generator. However, because of the digital implementation of the control
algorithm and the generation of PWM gating signals in discrete manner, the current
is usually sampled at peak and/or valley of the carrier wave as described in
Section 4.2.3.2. At the peak or the valley of the carrier wave, the switching occurs
very rarely. And, there are differences between the sampled current and the current at
the switching instant of each phase. In particular, if the current magnitude is small
and the inductance of AC machine is small, then not only the magnitude but also
the polarity would be different between the sampled current and the current at the
switching instant. In this case the compensation of the voltage distortion based on
the sampled current makes the voltage distortion more severe. In a three-phase AC
machine drive system, for a period of fundamental current of an AC machine, the
three-phases current changes its polarity six times in total. And at each zero crossing
point, when the polarity changes, the magnitude of the current is very small and the
voltage distortion occurs. That results in torque ripples whose frequency is six times
the fundamental frequency. Hence, for accurate compensation, the current polarity
and the magnitude at the switching instant should be identified. The current at the
switching instant can be directly measured, or the current at that instant can be
predicted based on the sampled current and the parameters of the inverter and AC
machine. The direct measurement is robust to the parameter errors of the drive system,
but it needs an additional 12 times of the sampling of the current in a switching period.
And the 12 sampling instants should be synchronized to the gating signal of the

T

c

dead

Figure 7.7 Compensation time, 7.
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Figure 7.8 Gating signals from a three-phase symmetry space vector PWM and a-phase current
in a switching period.

corresponding switch. Also, it results in extra hardware burdens to the drive system.
The prediction of the current is sensitive to the parameter errors of the drive system,
but it can be implemented by the software without any extra hardware burden. In the
case of most AC machines, the inductance is large enough to assume that the current
varies linearly regarding to the time in a switching period. The typical current
waveform and the gating signals of three phases are shown in Fig. 7.8 under the
assumption of double sampling in a switching period as mentioned in Section 4.2.3.2.
The prediction process can be easily formulated through the following equations for
the case of an induction machine driven by a three-phase symmetry space vector
PWM inverter.

The current is sampled at the beginning of the sampling period, which is the peak
or valley of the triangular carrier wave in the case of doubling sampling. Because of
the digital execution delay of the current regulation algorithm, the current sampled at
tsp1 should be used to compensate the current at the switching instant 7,,,. In Fig. 7.8,
the current at 7,,; is totally different from the current at the switching instant at 7.
Hence, if the dead time compensation is done based on the current at 7,,;, then the
voltage distortion would be severe. To predict the current at Z,,, based on the sampled
current at f,,, the time difference between 7,,; and 4, should be calculated. As seen
from Fig. 7.8, the difference, which is noted as Ty, is the sum of the sampling period,
Tsump» and the gating time, T oz

The stator voltage equation of the induction machine at the synchronously
rotating reference frame can be written as (7.6) under the assumption of the rotor
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flux-oriented vector control described in Section 5.2.

. e  Lm .
V¢ = Ri% + oLpis + L—':q Phog—w oLl

. (7.6)
Ve, = Ryit, + 0Lepil + o, | oLgiG + f 25
.

where p is the differential operator, that s, d /dt. If the rotor flux is kept as constant as
Ag. = Linil,, then (7.6) can be simplified as follows:

Vi = Rl + a'LSpifZS—wga'Lsi;S (17)
Ve = Ry, + oLpic, + w.LyiS '

Usually, because the time difference, Ty, is much smaller than the stator transient
time constant, defined as 7, = o L;/R;, the current variation can be approximated as a
linear function of time. Then the variation of the current for the time difference can be
deduced as (7.8) under the assumption of ideal PWM of the inverter.

Ve =V, Ve =Vl
ifzs _ ( e m +l )/2 iZs — (itjsm + i;f) /2 (7.8)
pldY ( idy )/TWH pl;_g ~ ( ZSP em) /Tsw

where V;Y and V“ are the commanded reference d-q voltages, i) s and ig" are the
sampled d—q¢ currents at 7,7, I, andl are the predicted d-¢ Currents at tsw2- By
substituting (7.8) into (7.7), (7.9) can be obtained with the reference d—¢ voltages

instead of the actual d—q voltages.
ik 1 ad+bc —ab—bd | | i3 a —b VY
o | = 7 he an | T ol ] 79
qu a ¢ lqs —c da Vqs

—cd—ac  bc+ad
where a = R;/2 + 0 Ly/ T, b=—w,0L;/2,c= w.0Ls/2, andd = oL,/ Ty,—R,/2.
Because Ty, is small, and Ry, w.L; << oLg/Tj,. With this approximation, the
voltage equation (7.7) can be written as (7.10). Based on the voltage equation, the
predicted current can be calculated using (7.11).

Vi = Ri§) + oLy (i —iG)) | Tow—we o Ls127

) (7.10)
V:;s = R qs +(TL ( q em) /Tm +U)gL ldY
1211: 12’31 (Vs; —R; lfj??) TA‘w/ oL+ w.Ty, 12?7
(7.11)

l:;f = lglsn + (V;; *Rsi;’;n> Ty / O'Ls*wervwi;’;l
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After finding d—q currents at z,,,,, the a-phase current at ¢, can be calculated
through the reference frame transformation described in Section 3.1. With similar
process, the b- and c-phase currents at switching instant can be predicted, respectively.
The compensations of the voltage distortion due to the dead time, which are described
in the previous sections, can be done based on these predicted three-phase currents at
switching instants of each phase.

7.2 MEASUREMENT OF PHASE CURRENT

As mentioned in Section 4.2, for the high-performance control of the electric
machines and power converters, the current regulation is indispensable. Because
the regulation is done on the basis of the measured current, the accurate measurement
of the current is the utmost important task for the high-performance current
control [5]. Some basic principles of the current measurement are described in
Section 4.2.1 and some implementation issues are also discussed in Section 4.2.3.2.
However, for the practical AC machine drive system fed by a PWM inverter, due to
PWM, the phase current includes ripples inevitably. Because the most of the modern
AC machine drive system is controlled by digital microelectronics, the current should
be sampled at every sampling point and converted to digital value. To get the
corresponding digital value from the ripple-rich current, several signal processing
techniques can be used as discussed in Section 4.2.3.2. To achieve maximum
regulation bandwidth, the synchronized sampling with the PWM carrier is widely
used in the industry [6, 7]. Through this method, the current can be sampled twice per
switching period in the center of zero vectors if a three-phase symmetry space vector
PWM is used. However, even with this method, there are still some measurement
errors because of the hardware of the current sampling, namely, the current sensor
itself, the analog low-pass filter to cut off the measurement noise, and the analog-to-
digital converter. In particular, the time delays come from the analog filter, the
execution of the control algorithm, and the PWM, resulting in the cross-coupling of
the current dynamics at the d—q reference frame. And, the current regulation
performance would be degraded, and in the extreme case the current regulation loop
would be unstable [8]. Furthermore, because of the delay from the analog filter, the
ripples of the phase current would be included in the measured current. And the
regulation bandwidth cannot be extended as designed due to this ripple component.
In following sections, the practical issues regarding current measurement is addressed
in detail and the remedies to cope the above problems are discussed.

7.2.1 Modeling of Time Delay of Current Measurement
System [9]

A block diagram of a typical current measurement system for digitally controlled
electric machine drive system is shown in Fig. 7.9, where the sensor, analog low-pass
filter (LPF), and analog-to-digital converter (A/D) are depicted. The A/D and the
sensor itself have some time delay, but most of the time delay comes from the analog
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Line Currents
of Current —'\ Filter —'\ A/D —'\ Current
Electrical Sensor —\/ —‘/ Converter —‘/ Controller
Machine

G, (s) Gou(s)

Figure 7.9 Block diagram of current measurement system of digitally controlled drive system.

LPF. The delay varies according to the tolerance and aging of the analog components.
After neglecting this variation, the transfer function of the filter can be described
as (7.12) and the total delay of the measurement system can be modeled as (7.13).

B (2nf,)*
Gr(s) = e (7.12)
Ti=1+ ! tan”! (/1) (7.13)

27f, <1_ (f /f”) 2)

where Gy (s) is the transfer function of a typical second order LPF, 7, is the sum of the
delay due to the parts in the measurement system except LPF, f, stands for input
frequency to LPF, f, stands for the natural undamped frequency of LPF, and { stands
for damping coefficient of LPFE. If f, is small enough compared to f;, (7.13) can be
approximated as

{

Ti=1+ o, (7.14)

As mentioned in Section 4.2.3.2, if there is no delay between sampled current and
actual current, the sampled current at the peak or the valley of PWM would be the
average value of the sampling interval. However, as shown in Fig. 7.10, if there is
delay, then the sampled current is not the average value. For example, in Fig. 7.10, at
the sampling point the actual current, igs, is decreasing, but the sampled current, I{;,
which comes from the filtered current, iés, is larger than the actual current at the
sampling point, Igs. The difference depends on the slope of the current at the sampling
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point. The difference occurs at every sampling point. And the sampled current, which
is used in the digitally implemented current regulator, has a high-frequency ripple
component that is not present in the actual current. Due to the ripples, the bandwidth of
the current regulator would be limited and the actual current may include the ripple
components due to the feedback regulation.

In Fig. 7.11, with a three-phase symmetry space vector PWM the actual current
and the delayed current by the second-order LPF is shown through the computer
simulation at each sector of hexagon of space vector plane. In the figure, Sa, Sb, and Sc
stand for the switching function of each phase of three-phase PWM inverter in
Fig. 7.1. If the value of the switching function is 1, then the upper switch of the
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Ta(actual) Ta(actual) Ta(actual)
\ A "
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S
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Saf; ar a I — —— Sa——=
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Sc—T 471 Sclr i u Scb—]

Figure 7.11 Actual current and filtered current through computer simulation with switching functions
of a three-phase PWM inverter.
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corresponding phase is turned on and the lower switch is turned off. Otherwise, the
lower switch is turned on and upper switch is turned off.

The problem occurs because of the delay of the current measurement, and it can
be solved by simply delaying the sampling point by the time delay of the current
measurement system. In Fig. 7.12, the experimental result of the delayed sampling is
shown. As seen from the figure, the error can be reduced to one twentieth of the error
sampled at peak of the carrier. The proper value of delay, T,;, can be easily set by the
design parameters of LPF and other parts in the measurement system. However, it
should be noted that because of the delayed sampling the execution time of the current
regulation loop would increase by 7.

7.2.2 Offset and Scale Errors in Current
Measurement [10]

In the three-phase AC machine drive system shown in Fig. 7.1, usually two phase
currents are measured and the other phase current is calculated from the measured
current as (7.15) under the assumption that the instantaneous sum of three phase currents
is zero. In (7.15), the a- and b-phase currents are measured and the c-phase current is
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calculated based on the measured a- and b-phase currents.
leg = _(ias + ibs) (715)

If the current measurement system shown in Fig. 7.9 is used, then the digitally
converted current may have offset because of sensor, LPF, and A/D. The offset may be
different in each phase of the current measurement system. The offset is usually fixed
with the components in the current measurement system, but it may vary according to
noise, operating temperature, and aging. Also, the gains of each elements of the
measurement system vary, and the overall gain of one phase of the current measure-
ment system may differ from that of other phase. So, the scale from actual current to
the final digital value is different in each phase. In summary, each current measure-
ment system has different offset and different scale. These offset and scale differences
may result in current ripples and torque ripples of the drive system. In this section the
effects of these offset and scale differences with regard to AC machine drive system
are discussed and the methods to minimize the effects are introduced.

7.2.2.1 Offset

In the current measurement system shown in Fig. 7.9 and described as (7.15), if the
sum of all offsets of the components at each a and b phase is 6i,; and 815, respectively,
then the digitally converted current of all three phases, i;s_ap, ips_ap, and i.s_ap, can be
expressed as (7.16)—(7.18) in terms of the actual currents, i s and ipg.

iasAD = ias + 8ia.y (716)
Ibs_AD = lps + Olps (7.17)
i(fS_AD = _(ias_AD + ibs_AD) (718)

The above three-phase currents can be expressed in the synchronously rotating
reference d—¢ frame, whose rotating speed is w, as (7.19) and (7.20).

ifis_AD = if{x + 81;: (719)
i ap = 1%+ i (7.20)

If the offset has fixed DC value, then the offsets in the d—¢ reference frame can be
derived as (7.21) and (7.22).

2
= /B2, + Biudib, + B2, sin(wel +a) (7.21)
§i¢. = =\ [502. + SiyBipy 1 O7 2
lqs—ﬁ 12, 4 8iysOips + O cos(w,t + ) (7.22)

where a = tan~! ( LI )

Olgs + 28ips

It can be seen from (7.21) and (7.22) that the offset in the phase current
measurement results in AC component current ripple, whose frequency is the
synchronous frequency, w,. In the case of the vector-controlled induction machine
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drive system based on the rotor flux linkage, these offsets result in torque ripples. If the
synchronous speed, w,, is large enough compared to the inverse of the rotor time
constant, 7, = L,/R,, then the effects of the offset in the d axis can be neglected in the
viewpoint of the flux regulation. If the current regulation is perfect and the digitally
converted d—¢q currents well track their references like i;: =i 4p and 12; = i;x AD>
then the actual d—g-axis current can be represented as (7.23) and (7.24).

ifls = ifls_AD_aifls (723)
Iy = lgs ap—0lg (7.24)
And from the torque equation (5.21), the actual torque due to the offsets can be

deduced as
T, = T,—8T, = Krif,—Kr8i, (7.25)

where Ky = %g% Ay, and l;; is the reference of the g-axis components current, which

is the torque component current. The error in the torque can be derived as

2
5T = Kby, = Kr = VB2, + BiBiny + 82, cos(wet +a) (7.26)

As seen from (7.26), the torque includes the ripple component and this ripple
results in speed ripple in a speed-regulated drive system. If the speed of the induction
machine is regulated as constant and the bandwidth of the speed regulation loop is
low enough compared to the synchronous speed, w,, then there should be speed
ripple due to the torque ripple by (7.26). And in the system, by minimizing the speed
ripple whose frequency is w,, the offset of each phase can be nullified with the
adjustment of the offset of each phase of the current measurement system. In the
case of an SMPMSM drive system where the d-axis component current has no effect
to the torque generation, the torque ripple due to the offsets appears similarly
like (7.26). However, in the SMPMSM case, the frequency of the ripple is the
rotating speed of the rotor in electrical angle, w,. In the case of an IPMSM drive
system, where g-axis current and d-axis current are both used for the torque
generation to exploit reluctance torque, not only the speed ripple whose frequency
is w, but also that whose frequency is 2w, is minimized to nullify the offset of both
phases. However, if the d-axis current reference is set as zero, and then the frequency
spectrum of the speed ripple has mainly w, component. In this case, the speed ripple
whose frequency is w, can be minimized for offset adjustment. In the SynRM drive
system, not only w, component and but also 2w, component should be used to nullify
the offsets.

7.2.2.2 Scale

In the current measurement system shown in Fig. 7.9 and described as (7.15), if the
current regulation is ideal, then the digitally converted current can be described
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as (7.27) and (7.28) in the steady-state operation of the three-phase AC machine drive

system.
l'aSJqD = ICOS(G(; + (]5) (727)

ipsap = 1 cos(0,—3m + ¢) (7.28)

where / is the magnitude of the phase current, 6, is the instantaneous angle of the
synchronous reference frame defined as 6, = w,t, and ¢, is the angle between the
current vector and d axis of the reference frame. And it is assumed that because of
the orthogonality of the effects from offset and from scale error the two problems can
be handled separately. If the overall scale of the measurement system of each phase is
k, and kj, respectively, then the actual phase current can be expressed as (7.29)
and (7.30) considering scale errors.

1
fy = Icos(b. +¢) (7.29)
kq
Icos(0,—3
Ips = ol kb3n+¢) (7.30)

From (7.29), (7.30), and (3.4), if the current regulation is perfect and the digitally
converted d—¢q currents well track their references like ifg =i 4p and if; = Iy ap>
then the d—g-axis current error in complex vector form can be described as

e se e e . e e\ que qe
5ldq.\‘ - ldq‘\'_AD_lqu - (lq.\‘_AD_lqs) +J(lqs_AD_qu) - alds +J61q‘\'

- (g (8 o ) (o)
(5 oo () o
ol )}

where iy, 4, stands for the synchronous reference frame ¢-g-axis current in complex
vector form, which is used in the digitally implemented current regulator, while if,qs
stands for the actual d—¢q axis current flowing through an AC machine. Hence, in the
case of the vector-controlled induction machine drive system based on the rotor flux
linkage, the torque error can be described as (7.32) under the assumption that the
synchronous speed, w,, is large enough compared to the inverse of the rotor time
constant, 7, = L,/R,.

(7.31)

3PLE (e 3PLE [,
oT, = T -T. = EEL_" ( dslqs dslqs> ~ QEL_m (5 Lastys +8qu qu>
(7.32)

3P

=33 {Sldbl sin(¢) + 81,1 COS(Q”)}
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After substituting i, and Sif]s given by (7.31) into (7.32), it can be seen that
torque error has a DC component due to the scale error and 2w, frequency
component. If the scales of both phases are the same, then there is no AC component
torque ripple. Hence, under the constant speed control, at least the difference of the
scale of each current measurement system can be nullified by minimizing the speed
ripples, whose frequency is 2w,, with the adjustment of the scale of only one phase
of the current measurement system. With this scale adjustment, torque ripple due to
the scale difference can be removed. But, due to the scale error there are still
magnitude errors in the current regulation after this adjustment, though the scales of
both phases are the same. However, this DC components torque error can be rejected
by the integral term of the PI regulator in the speed-regulated AC machine drive
system. In an SMPMSM drive system, like the induction machine drive system, the
scale difference results in 2w, frequency component ripple torque. Hence by
minimizing 2w, frequency component speed ripple, the difference can be resolved.
In the case of an IPMSM drive system, by setting i;: = 0 for the scale adjustment
purpose, the scale difference can be adjusted by minimizing 2w, frequency
component speed ripples like the case of an SMPMSM. In an SynRM drive system,
not only the 2w, component and but also the 4w, component should be used to nullify
the difference of the scale.

For the offset and the scale adjustments, the speed ripple at a certain frequency is
used in the constant-speed AC machine drive system. To apply this technique, it
should be noted that the speed ripples resulting from other reasons, such as
eccentricity of the rotor, unbalance of rotating magnetic motive force (MMF), load
characteristics, and the dead time, should be decoupled to the ripples from offset and
scale error. The eccentricity and the load characteristics usually result in integer
multiples of the rotating frequency of the rotor. But the dead time results in six times
the synchronous speed, which is 6w, or 6w,. And the speed ripples due to the dead
time can be differentiated with ripples due to other reasons. However, if there are
differences in the actual dead time for each switch due to the difference of the
propagation delay of gating signals and turn-on and turn-off time of switches, then
speed ripples, whose frequency is the synchronous speed or two times of the
synchronous speed, may occur. Also in some drive systems, the speed ripple may
be too small for the adjustment of the offset and the scale difference because of the
large inertia. In these systems, the synchronous speed should be set low enough to
detect the speed ripples due to the offset and the scale difference. However, the
synchronous speed should be large enough compared to the inverse of the rotor
time constant in the case of an induction machine drive system. For the adjustments,
the bandwidth of the speed regulation loop should be low enough compared to the
frequency components of speed ripple to minimize. Otherwise, the speed regulator
responds to the speed ripples, and the speed ripple would be reduced at the cost of the
severe ripples in torque component current. In this case the output of the integral term
of a PI speed regulator can be used for the adjustments. The output of the integral term
of a PI regulator includes the frequency components due to the offset and the scale
difference. The detailed description of the parameter adjustment using regulator
output is in Appendix A, Section A.2.
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7.3 PROBLEMS DUE TO DIGITAL SIGNAL PROCESSING
OF CURRENT REGULATION LOOP

In most AC machine drive systems the control algorithms are executed digitally in a
microelectronics controller such as a digital signal processor (DSP) or a microcom-
puter. The current regulation loop, which is usually the innermost regulation loop in
the drive system, is also implemented and executed digitally. However, because of the
nature of the serial execution of the software, the digital execution delay is inevitable.
The delay is usually one sampling time to guarantee the maximum utilization of the
modulation index of PWM inverter. As mentioned in Section 4.2.3.2, because of
PWM, half of the sampling interval is further delayed in addition to the digital
execution delay [8]. Hence, a 1.5 sampling interval delay occurs in a digitally
controlled PWM inverter system. If the synchronous reference frame current regula-
tor discussed in Section 4.2.5 is employed for the current regulation of an AC
machine, the reference frame rotates for a 1.5 sampling interval, 1.57,,, and the
output voltage of the regulator has errors in the magnitude and angle. These errors can
be neglected when the synchronous speed, w,, is low enough compared to the
sampling frequency—for example, if w, < %Tifw. Otherwise, the errors may result
in the stability problem of the current regulation loop, and overcurrent fault
may occur. Furthermore, if the synchronous frequency of an AC machine f, = 5*
increases above one-twentieth of the sampling frequency, then in addition to the error
discussed in Section 7.3.1, the magnitude error in the sampled current occurs. Because
of this error, the magnitudes of the flux and the torque of the AC machine reveal the
differences with their reference values.

7.3.1 Modeling and Compensation of Current Regulation
Error due to Digital Delay [11]

In Fig. 7.13, a current regulator for a three-phase AC load described in Section 4.2.5
is depicted in the complex vector form. In the figure, a PI-type regulator with
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(T T T T T T T T T T T T T T T T T T T T - T T T T T \
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Figure 7.13 Block diagram of three-phase AC current regulator in complex vector form.
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Figure 7.14 Voltage reference in synchronous

and stationary reference frames

feed-forward decoupling terms is employed. From the stator voltage equation of the
induction machine in synchronous reference frame as (4.31), the feed-forward term
can be deduced as
L
Vigs_r = €igs = =7 O Ny (7.33)
-

where w;, = R, /L,—jw,, and for the induction machine, the resistance and inductance
of the load in Fig. 7.13 can be expressed as

2

L L.\’
L:LUELS—L—’:’, R:RS+(L—':1) R, (7.34)

In the case of an SMPMSM, the feed-forward term can be expressed as
Vigs—tr = €ugs = JOrly (7.35)

where /s is the flux linkage by the permanent magnet. Also, the resistance and
inductance of the load in Fig. 7.13 can be expressed as

L=L, R=R, (7.36)

As shown in Fig. 7.14, if the d axis of the synchronous reference frame is apart
from the d axis of the stationary reference frame by 6,, the reference voltage and
current at the synchronous reference frame can be expressed as (7.37) and (7.38) as
discussed in Section 3.1, respectively.

Vs = Vo™ (7.37)

dqs
et st —j0,
i = Tgs€ (7.38)

As shown in Fig. 7.15, if the current is sampled at the starting point of every
sampling interval, the current regulation algorithm is executed after the current
sampling, and the gating signals based on the results of the algorithm are updated at
the end of the sampling interval, then as mentioned in Section 4.2.3.2 there should be
delay between the current sampling and the execution of PWM based on the sampled
current by 1.5 sampling interval, 1.5T .
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The rotation of the synchronous reference frame during the sampling interval is
shown in Fig. 7.16 together with the outputs of the current regulator, V;;S. At the time
point, ¢, the current is sampled and the regulator algorithm is executed from time
point, 7 to time point 7+ Ty,y,. After then, the updated PWM signals are kept for
the next sampling period, which is from ¢+ Ty, to ¢+ 2Tsg,,. During algorithm
calculation and PWM, the synchronous reference frame rotates from 6, to
0¢ + 2T g4mpw, under the assumption of the constant synchronous speed, w.. Because
of this rotation, the output of the regulator, which is supposed to be applied to an AC
machine at 6,, is applied to the machine from 6, + Ty, t0 0, + 2T yp0,.. Hence,
the output of the regulator has error due to the rotation of the axis. The average voltage
applied to an AC machine from 0, + Tsupwe to 0, + 2Tg,,,w, can be deduced
as (7.39) from the original reference voltage, ij;y, after considering the rotation of
axis. The average voltage can be rewritten as (7.40) from (7.39).

” 1 2T samp .

<Vfiqsfdigital> = Ti JT ngsej(wer + 08>dT (739)
samp J Tyamp
5% j 1~5Tmm e 0@ *
(Vimdita ) = K (@, Toamy)e (5T 0y (7.40)
where
2 w0 T,
K(wm TSW”P) B weTsanﬂ) Sln( : 2\amp> (741)
¢ o 4
Vo (142T))

-
BENLTE (t+T)

Vags ()

d (t + 2T gamp) \mg

d®(t+ Tsamp)

a

>d, Figure 7.16 Rotation of synchronous
reference frame as time passes.
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Figure 7.17 Block diagram of the current regulator for a three-phase AC load with the compensation
of the error due to the digital control delay.

It can be seen from (7.40) and (7.41) that the voltage has magnitude error by
K (we, T_mmp) and phase angle error by 1.57,,,w.. These errors can be compensated
by multiplying the compensation function as (7.42) to the output of the regulator as
shown in Fig. 7.17.

I((a)e7 Tsa’11p)ej<l<5Tvan1[)we) (7.42)

If the synchronous frequency, f, = w,/(2n), is less than one-twentieth of the
sampling frequency, f; = 1/Tump, the magnitude error is less than 5%. And the
magnitude error may be neglected. However, the phase angle error is 27° even at
f. =f5/20. Because of this angle error, the current regulation performance would be
degraded conspicuously.

Experimental results of the induction machine drive system without and with
the compensation of the phase angle error are shown in Figs. 7.18, respectively.
As shown in Fig. 7.18a, when the ratio between the sampling frequency and
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Figure 7.18  Acceleration test of a 7.5-kw, four-pole, 220-V induction machine drive system without
and with the compensation of errors due to the digital delay (sampling interval: 400 us). From the top:
Speed of the machine, g-axis current, g-axis output of PI current regulator, d-axis output of PI current
regulator. (a) Without compensation block. (b) With compensation block.
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Figure 7.19 Response of current regulator to step change of reference. (From the top: g-axis current
reference, g-axis actual current, d-axis current reference, d-axis actual current.) (a) Without compensation
block. (b) With compensation block.

synchronous frequency is around 37, even at this large ratio, without the compen-
sation, the current regulation loop is unstable and overcurrent fault occurs.
However, with the compensation, as shown in Fig. 7.18b, the current is well-
regulated until the ratio is less than 25.

The current regulation performance to the step change of the reference can be also
improved with the compensation. It can be seen from Figs. 7.19a and 7.19b that with
the compensation the oscillations of the current are reduced remarkably. Even with
this compensation block, the current regulation loop could be unstable if the ratio is
getting smaller and less than 15. In this case the complex vector current regulator with
the active damping resistance, which is introduced in Section 4.2.5.4, could enhance
the stability of the regulation loop conspicuously [13]. By further decreasing the ratio
such as less than 12, the stability of the regulation loop could be lost again. Then, the
predictive current in (4.17) can be used for active damping, and the stability could be
recovered.

7.3.2 Error in Current Sampling [13]

If the ratio between sampling frequency and the output frequency is getting smaller,
even with the compensation of the delays discussed in Section 7.3.1 there are still
errors in the sampling of average current in the sampling period because of PWM and
discrete sampling of the current. At the computer simulation results of current
sampling system of a 65-kW, 20-pole, IPMSM drive system shown in Fig. 7.20, the
current is sampled at the peak and the valley of the carrier wave whose frequency is
5kHz. It can be seen that the sampled current at rotor reference d—g frame is far from
the average value for a sampling period, Tygp.

The sampled current and the instantaneous current can be displayed in rotor
reference d—q axis current plane as shown in Fig. 7.21. Again, it can be confirmed that
the sampled current is far from the average value of the trajectory of the instantaneous
current.
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Figure 7.20 Computer simulation results of current sampling system of an IPMSM machine drive
system (fyamp = 10 kHz, f, = 1/(w,/2n) = 1500Hz).
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The method to compensate the error can be derived as follows as with an example
of an IPMSM drive system, whose voltage equation is in (7.43) as mentioned Section
3.3.3.2. If there is delay in the angle by 1.5, then the average current for the
sampling period, which has no error for the period, can be calculated from the sampled
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current as (7.50) through the following procedures.

il L; —L, i
—Rs'[js]—F[ ¢ ’] ~d[,‘f] (7.43)
lqs Ly Lq dr qu
0 —w,-L i 0 0 2
+ AR I B |7
w, Ly 0 Lys w, 0 0

The rotor reference frame d—g-axis voltages, which have the angle displacement,
0, in a sampling period, can be expressed in terms of the reference voltages as

Vas
Vr

qs

143 cos § sin 6 %4 Vi -cos 64V,  -sin 6
= . L= . . (7.44)
Vs —sin 6 cos 0 Vs — Vs - sin 6+ V. -cos 0

The angle displacement, 6, has the trajectory as time passes as shown in Fig. 7.22.
The average voltage for a sampling period can be deduced in terms of the
displacement angles as

(Vi) i oV - do .

: (7.45)
(Viy | O=02) | orvr gp | (01—02)

Ve« (sin ) —sin (92)—ng - (cos 0;—cos 6,)

Vs - (cos 01—cos 0;) + V- (sin 6, —sin 6,)

If the sampling frequency, fyu,p is finite, then, as seen from Fig. 7.22 60, is always
larger than 6,. Also, the cross-coupling terms of the right-hand side of (7.45) can be
zero only if 6, = —6,. That means that in discrete time control the angle for reference
frame transformation should be in the center of the sampling interval. And 6, can be
set as (7.46) to nullify the cross-coupling terms under the assumption of the constant
rotor speed.

T,
0, =" . w, (7.46)

samp

Figure 7.22 Trajectory of angle displacement with time.
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The average voltage, (V) and <V;X>, with the average current, (i, ) and <ifls>,
for a sampling period can be deduced as (7.47) from (7.43).

] B AR A MM E

Also, the average voltage can be calculated as (7.48) from (7.45) under the
condition of 6, = —6,.

(7.47)

w, 0

Vi) 1T 0[S vaede] 1
<V1;s> 2- 01 fle V;S -db 2 01

V[’,Z - (sin 61 + sin 01)—V(']': - (cos 8;—cos 6;) __sin 6, Var;
Vs - (cos 61 —cos 01) + Vi - (sin 6 +sin 6,) | 6, Vi

(7.48)

From (7.46-7.48), the average current in a sampling period can be expressed as

[éiﬁji][&i <R ] [3))

(Vi)
- - Rx Wy Lq .
R+w?-Ls-L, |—o-Li Ry (7.49)

2 e T [Vi] [0 0] [4
Wy - Tsamp 2 Vqrv Wy O 0

Finally, the average current in (7.49) can be represented in terms of the sampled
current and parameters of IPMSM as

a f— . /" . r* . r* . .
<lds> = lds_\'amp ta Vas +a3 Vq.v +as - w, )~f

. . o o . 7.50
<l25> = b 'lds_samp—i_bz'vds+b3'vqs+b4'wr'/bf ( )

where the coefficients of terms in (7.50) can be expressed as follows under the
assumption of Ry << w, - Ly, Ry << w, - L.

1 1 1 1 1
o —, 61220,03: la— , A4 = la- —1
cos 6 w, Ly cos 6 w, Ly cos 64

1 1 1
by=a-——H+—, by=- - b3y=0, by=0
= cos 0, 2 w- L, <a cos6h>7 3 ’ 4

where o = sinf, /6.

From (7.50), the average current in a sampling period can be evaluated in real
time based on the sampled current and parameters of an IPMSM. Similarly, the
expressions of the average current in a sampling period for other AC machines can be
derived.

ay =




350 Chapter 7 Practical Issues

PROBLEMS

1. Intheinverter shownin Fig. 7.1, the gating signals of the upper switch and the lower switch
of each phase have the dead time by 3 ws as shown in Fig. P7.1a. The switching time of
IGBT and diode can be neglected. The exact time point of the pole voltage reference
transition is in the center of the dead time period as shown in the figure.

1Q 1 mH
—AN——T 0 —
Pole Voltage ke . “ _>A A iﬂ IR i
Reference LI 300V I:Xrtl\ir
o b
] — 3us
+ Gating ¢
#| @, =120 rad/
- Gating Vas =60V e
(a) ®)

Figure P7.1 Pole voltage reference and gating signals of upper and lower switches of one phase
of a PWM inverter. (a) PWM inverter with series R-L load.

As shown in Fig. P7.1b, the inverter supplies a 60-Hz, balanced three-phase voltage,
whose peak of a phase voltage is 60V, to R-L series load. The load is in Y connection and
R =1Q, L = 1 mH. The switching frequency of the PWM inverter is 10 kHz, and the DC
link voltage is a 300-V constant. The system is under the steady state. Answer the following
questions [12].

(1) If there was no dead time, calculate the magnitude of the fundamental component of a
phase current and the displacement power factor which is defined as the cosine value of
the angle between the fundamental frequency components of the phase voltage and the
phase current.

(2) Calculate the magnitude of the voltage error in the fundamental frequency component
of the phase voltage due to the dead time by 3 us.

(3) Calculate the peak of the fundamental frequency component of a phase voltage, and
find out the phase angle error of the phase voltage from the reference voltage due to the
dead time.

2. In the circuit shown in Fig. 7.3, the stray capacitance of each switch is 3nF and the
switching time of the active switches and diodes can be neglected. Also, the conduction
voltage drop of the semiconductor switches can be neglected. Answer the following
questions. In the circuit, Tgeaqg = 3 us, and V; = 300V.

When the phase current is a —2 A constant, the lower switch is turned off, which is
defined as time point zero (¢ = 0s).
(1) For t = 0-3 us, plot the pole voltage and the phase current together.

(2) Calculate compensation time, 7, to compensate the voltage distortion due to the stray
capacitors.

(3) Repeat parts 1 and 2 for the case where the phase current is a —0.5 A constant at
switching.
3. As shown in Fig. P7.2, to prevent aliasing phenomenon in digital sampling of the phase

current, a first-order low-pass filter (LPF), whose cutoff frequency is set as w,, has been
added in front of the current measurement system. The fundamental frequency of the phase
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Figure P7.2 Current measurement system with LPF to prevent the aliasing phenomenon.

current is w,, and the current is transformed to the value in the synchronous reference frame
as mentioned in Section 3.1 [8].

@

(2

3)

Derive the relationship between the synchronous reference frame current with no LPF
(i3, ig), and that with LPF (i, i), as the following equation. Derive

aiy,ap, dz, and ax.

l:fkf _ |4 a2 lfzs

I ar  axn | |
When o, = 10007 (rad/s), w, = 1207 (rad/s), the bandwidth of the synchronous
reference frame current regulator in Fig. 4.18 is set as wp, = 5007 (rad/s). Here,
active damping resistance, Ruciive, 1S Set as zero. At a given wy,,, calculate the attenuation

rate of the LPF at the synchronous reference frame, which is given by = laynl,
and calculate the magnitude of the cross-coupling term, |a12| = |az1|-

Lay |
|
l‘ Is W=wW,

Describe the effects of the cross-coupling terms, a;,, and a;, to the performance of the
vector control of an AC machine drive system.

A three-phase PWM inverter, shown in Fig. 7.1, supplies voltages to a series-connected R-L
load. The three-phase symmetry space vector PWM is used to generate gating signals of the
inverter. The load is connected in Y. And, R = 1 Q, L = 1mH, DC link voltage is a 300-V
constant, and the switching frequency is 5 kHz. The reference of the each phase voltage is
given as follows.

V.. =100 cos(200mz) [V]

. 2
vy = 100 cos 20071:—?’r V]

. 2
V', = 100 cos | 2007 + ?” v]

All switches of the inverter can be assumed as ideal ones. Hence, their switching time and
conduction voltage can be neglected.
By computer simulation for # = 0-20 ms answer the following questions.

@

Plot the instantaneous a-phase current and its sampled one if the current is sampled at
the peak and valley of a PWM carrier.
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(2) Plot the instantaneous a-phase current and its sampled one if the current is sampled at
the peak and valley of PWM carrier through an LPF as shown in Fig. P7.3.

Ly (200007)? -
5% +400007zs +(200007)"

Figure P7.3  Second-order low-pass filter (LPF).

(3) Plot the instantaneous a-phase current and its sampled one if the filtered current, iy, is
sampled with delay by 7,;, which is calculated from (7.14), from the peak and valley of
a PWM carrier. In (7.14), 7; can be neglected.

5. In the current regulator shown in Fig. 7.13, L = 5 mH and R = 0.5 Q. And the bandwidth
of the regulator is set as 100 Hz. The gains of PI controller are calculated as discussed in
Section 4.2.5. Here, R,ciive = 0 Q and the current regulator is implemented in discrete form
and its sampling period, T, is 300 us. And, there is 1.57,,, delay .by the digital signal
processing and PWM [11].

(1) By computer simulation without compensation of the delay, calculate the poles of the
transfer function between the synchronous reference current and the actual current,
i%,/1%,, when @, = 607 and 6007, respectively.

(2) If the output voltage of the current regulator has been modified to compensate the
voltage error due to the delay as shown in following equation, then repeat part 1.

v 2 Sin(“’eZTrr)ez‘usm). ey

dqs w, T dqs

(3) By comparing the results obtained from parts 1 and 2, discuss the effects of the time
delay to the performance of the current regulation loop of an AC machine drive
system.

6. (1) Derive (7.21), (7.22), and (7.26) [10].

(2) Derive (7.31) and (7.32).

(3) The drive system given in problem 14 in Chapter 5 is used for speed control of the
induction machine. The bandwidth of the speed regulator is set as 20 Hz. And the speed
command is given as follows. The speed regulator is PI type and the output of the
regulator, which is the torque command, is limited within £150% of the rated torque of
the induction machine. The friction of the machine and load can be neglected. The
parameters of the induction machine are the same as the ones in problem 14 in Chapter 5
except for the total inertia. The total inertia, Jy 41, is four times the inertia of the
machine itself. The gains of the speed regulator are set as described in Section 4.3.4.1.

t=0-1s, o, = 0(r/min)

t>1s, o, = 600(r/min)

rm

In the measurement of the phase current, there is white noise, 7,(¢), whose rms magnitude is
4% of the rated rms phase current. Only, a- and b-phase currents are measured and c-phase
current is calculated using the measured currents. The sampling frequency of the white noise is
100us and also the measured currents have offset, 6i,; and 6ip,, Wwhose magnitude is 1% of rated
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rms current. And a- and b-phase current measurement system had 1% scale difference. Hence,
the measured current can be represented as follows.

lasAD = las + Sias + ni(t)
ins_ap = (ips + 8ips +1;(1))/0.99

(a) Fort=0-5 s, plot 7, (N-m), T,(N-m), zg’; (A), 4 (A), Is(A) 155(A), 15 4p(A),igs ap(A),
2 (Wb-t), 15, (Wb-t) and w,,,(r/min).

(b) For t=3-5s, plot the magnitude of the frequency spectrum of T, (N-m), T,(N-m),
ig (A), 155 (), igy(A), igy(A), 1G_up(A),igy ap(A), g (W-t), 25 (Wb-1) and wpy(r/min)
using fast fourier transform (FFT).

REFERENCES

1. J. W. Choi et al. Inverter output voltage synthesis using novel dead time compensation, /EEE trans.
Power Electron., Vol. 11, No. 2, March 1996, pp. 221-227.

2. J.S.Kimetal. Analysis and compensation of voltage distortion by zero current clamping in voltage-fed
PWM inverter, Conference Record of IPEC-Yokohama, 1995, pp. 265-270.

3. Y. Murai et al. PWM Strategy for high frequency carrier inverters eliminating current-clamps during
switching dead-time, Conference Record of IEEE Industry Applications Society Annual Meeting, 1992,
pp. 317-322.

4. H.M. Ryu et al. Compensation of voltage distortion in PWM-VSI by prediction of stator currents at
switching point, in I[EE-Japan-D, Domestic Conference, conference record, Vol. 3, 1999, pp. 87-90.

5. T. M. Rowan et al. A new synchronous current regulator and an analysis of current-regulated PWM
inverters, IEEE Trans. Ind. Appl., Vol. 22, 1986, pp. 678-690.

6. Y. Yamamoto et al. Digital current control method of induction motor using synchronous current
detection with PWM signals, Trans. IEE-Japan, Vol. 112-D, No. 7, 1992, pp. 613—622 (in Japanese).

7. V. Blasko et al. Sampling of discontinuous voltage and current signals in electrical drives—A system
approach, IEEE Trans. Ind. Appl., Vol. 34, No. 5, September/October 1998, pp. 1123-1130.

8. R.B. Sepe et al. Implementation of discrete-time field-oriented current control, [EEE Trans. Ind. Appl.,
Vol. 30, No. 3, 1994, pp. 723-727.

9. S. H. Song et al. Current measurements in digitally controlled AC drives, IEEE Ind. Appl. Mag.,
July/August 2000, pp. 51-62.

10. D. W. Chung et al. Analysis and compensation of current measurement error in vector-controlled AC
motor drives, IEEE Trans. Ind. Appl., Vol. 34, No. 2, 1998, pp. 340-345.

11. B. H. Bae et al. A compensation method for time delay of full digital synchronous frame current
regulator of PWM ac drives, in Conference Record of the 2001 IEEE Industry Applications Society
Annual Meeting, Vol. 3, 2001, pp. 1708-1714.

12. Y. Murai et al. Waveform distortion and correction circuit for PWM inverters with switching lag-times,
IEEE Trans. Ind. Appl., Vol. 23, No. 5, September/October 1987, pp. 881-886.

13. 1. S. Yim et al. Modified current control schemes for high-performance permanent-magnet AC drives
with low sampling to operating frequency ratio, IEEE Trans. Ind. Appl., Vol. 45, No. 2, March/April
2009, pp. 763-771.



Appendix A

Measurement and Estimation
of Parameters of Electric
Machinery

To apply the control algorithms in this text to the control of the electric machines
and power converters, the parameters of the electric machinery should be identified
for setting of gains of the regulators, limiting values of limiters of the controller,
reference and feed-forwarding values to the regulator, and so on. The parameters of an
electric machine may be known by the locked rotor test or by the no-load test.
However, because the parameters from the tests are not from the actual operating
condition of the machine, as mentioned in Section 2.9 and 2.12 the parameters
may differ widely from the parameters in the real operating condition. The parameters
of the electric machinery including power converters may be calculated or estimated
from the design data or from the performance test data of the manufacturer, but
these data are not easily available in the application field. In this appendix, several
practical methods to identify the parameters of the electric machines and drive
system are introduced. Most of them do not require any special measurement tool, but
relies on the controller of the drive system itself.

A.1 PARAMETER ESTIMATION

In this section, several methods to identify the parameters of electric machines based
on the extra tests or name plate data of the machinery are introduced. Though the
method based on an extra test provides reasonably accurate parameters, the methods
may need some tools to apply the test signals or special setup for the test. Hence, it is
difficult to be used generally in the industry site. The parameter estimation from the
name plate data is easy and straightforward. However, the estimated parameters are

Control of Electric Machine Drive Systems, by Seung-Ki Sul
Copyright © 2011 the Institute of Electrical and Electronics Engineers, Inc.
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only effective at the rated operating condition. Furthermore, they may have consid-
erable errors due to manufacturing tolerance.

A.1.1 DC Machine

A.1.1.1 Armature Winding Resistance, R,

The armature resistance of a small DC machine can be easily measured by a
resistance meter. In this case, to reduce measurement error the armature winding
resistance can be measured at several different positions with slow rotation of the
rotor. However, the error due to contact resistance of the brush and the commutator
cannot be avoided. In the medium- or large-size DC machine, the winding resistance
is small and the effect of contact resistance is considerable. In this case, by flow of a
constant current to a DC machine using a drive system of DC machine, the armature
winding resistance can be calculated by dividing the terminal voltage by the
magnitude of the current. In this test the rotor of the machine can rotate slowly
to reduce the error due to the contact resistance. But the rotational speed should be
low enough in order to prevent back EMF from affecting to the measurement of
the resistance.

A.1.1.2 Armature Inductance, L,

The armature inductance can be identified by the response of the armature current
with the step change of the armature voltage as shown in Fig. A.1. In this test, the
field current should be set as the actual operating condition of DC machine. After
the slope of the armature current at the instant of the step change is measured,
the inductance can be calculated by dividing the magnitude of the step voltage by the
slope of the current. Because the inductance varies according to the magnitude of the
armature current, i,,, the test should be done at several values of i,, within the rated
value of the armature current. With this test, the variation of the inductance
according to the armature current can be also known.

V. Ry,
1% Vo 1= ™
astep iu — l.an + astep

Ra
i{l
(7
t
1 ao Lu — ‘/astep
tan(0)

Figure A.1 Estimation of armature inductance by step voltage input.



356 Appendix A Measurement and Estimation of Parameters of Electric Machinery

A.1.1.3 Field Winding Resistance, Ry

The resistance of the field winding can be easily measured by a resistance meter in the
case of an under-several-tens of-kilowatts DC machine whose rated voltage of field
circuit is around several hundreds volts. For larger machines or lower field voltage
machines, the resistance can be calculated by measuring the terminal voltage of the
field winding with the constant field current.

A.1.1.4 Field Winding Inductance, Ly

The field winding inductance can be identified like the case of the armature
inductance. Because the field inductance varies widely according to the magnitude
of the field current, the inductance should be evaluated at several values of the field
current within the rated value of the field current. With this test, the magnetic
saturation characteristics of the field circuit can be identified.

A.1.1.5 Torque Constant, K= K+\¢

In MKS unit system, as seen from (2.19) and (2.20), K, is the same with K7. Hence,
identifying the torque constant, K = K, /s, means to identify the back EMF constant.
The back EMF constant can be estimated by measuring the voltage of the armature
terminal in the rotation of the rotor by an external prime mover. In this test, to reduce
the error due to the brush and the commutator, the rotational speed could be more than
half of the rated speed. By measuring the voltage at several different speeds, the
accuracy of the estimation of back EMF constant can be enhanced. Because the field
flux linkage, if, varies nonlinearly according to the field current, if torque constant, K,
is identified at several different field currents, then the nonlinearity of the flux linkage
can be also identified. To apply this method to above-several-tens-of-kilowatts
machines, rotating the machine is not easy.

Another method to identify torque constant, even without any test, is using the
data of the name plate. Usually, in the name plate, there are data regarding rated
speed, rated power, rated armature voltage, rated armature current, rated field
voltage, and rated field current. If the resistance of the armature winding is known
as R,, then torque constant can be easily estimated with the following simple
calculation. For an above-several-tens-of-kilowatts machine, where the armature
winding copper loss is relatively small compared to the rated power, even without
knowing R,, the torque constant can be identified within the reasonable error
bound. It should be noted that in this method the estimated torque constant is
the value at the rated operating condition. From (2.10), if the rated values in the
name plate are substituted, then back EMF constant at rated operating condition
can be estimated. If the resistance of the armature winding is unknown, the rated
armature voltage can be used as a back EMF at a rated operating condition. By
substituting the voltage to (2.9), the back EMF constant, K(= Kexlf), can be
guessed. The value from this process can be named as K;. Also, the torque
constant at the rated operating condition can be obtained from the rated power,
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the rated speed, and the rated current. The rated torque can be calculated by
dividing the rated power by the rated speed. The rated torque can be substituted to
(2.11) along with the rated armature current, and then the torque constant can be
obtained. The value from this process can be called K;. The torque constant from
the former process, K, is always larger than the constant from the latter process
like K; > K5. The reason for this is the following. In the latter process, because the
rated power is the power from the shaft of the machine, the friction and windage
loss should be added to the rated power to calculate the exact torque constant of
the machine itself. And the real torque constant would be a little bit larger than K5.
Also, in the calculation of K, the voltage drop in the commutator and the brush is
neglected. If the voltage drop is considered as in (2.3), then the real back EMF
constant would be a little bit smaller than K;. Hence, the constant, K, can be set as
the average of K; and K,, as K ~ (K| + K3)/2.

A.1.2 Estimation of Parameters of Induction Machine

A.1.2.1 Rated Value of Rotor Flux Linkage, A,

The stator voltage equation for rotor flux-oriented vector-controlled induction
machine can be described as (A.1) as discussed in Section 4.2.5.2.

L di% . Ly .,
Vie= | Rs+ R, i i +oLi—> I w@crLSl;J—R,L—%/I;r
(A.1)
7€
Ve = RS—&-R,L—’277 +0'Ldl—+wg0'de +w,L 2
qs L% dt s L, r

. 2
Because o-LSl;s — (L _ﬂ> < d/) — (& nx)idr L[\JFLZ; AE << )d), we

Ly Ly
have LL’“ ~1 and w, =w, at no load. At rated operatmg speed, we have

(R +R, LZ) Iy << @y % 4. Hence, the g-axis voltage in (A.1) can be approximated
as (A.2) at near rated operating speed with no load:

Ve~ 0 = 0, (A2)

In this operating condition, we have V5 < V.

isVy=4/ Vf,; + ng ~ V- Therefore, from the rated voltage and rated frequency of

the induction machine, which are easily obtained from the name plate of the machine,
the rated flux can be calculated. The approximated value of the rated flux linkage can
be obtained simply by dividing the peak of the rated phase voltage by the rated angular
frequency, w,, of the machine. For accurate setting of the flux linkage, the voltage
drop by the stator winding resistance and stator transient reactance as

And the peak of the phase voltage

(\/ R2|L|* + (weO'Ls)2|Isz), where |Ij| is the peak of the rated phase current, can
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be subtracted from the peak of the phase voltage. Furthermore, after subtraction, the
voltage can be divided not by the rated angular frequency but by w,(L,,/L,) for more
accurate flux linkage. For example, the approximated value of the rated rotor flux
linkage can be obtained by (2220) /(60 2 * 1) = 0.4765 Wb-t in the case of a line-
to-line three-phase 220-Vrms, 60-Hz induction machine because w,(L,,/L,) ~ w,
and also because there are no data regarding L,, and L,.

A.1.2.2 Stator Transient Inductance, oL, [2]

The stator transient inductance of the induction machine can be defined and
approximated as

2
oL; = L,— L ~ L+ Ly (A.3)

L
As mentioned in Section 2.12, the transient inductance varies with the magnitude
and the frequency of the current flowing through the inductance. Because the transient
inductance is used for the calculation of the rotor flux linkage as (A.4), the accurate
estimation of the inductance at the operating condition of the induction machine is
crucial to the performance of the rotor flux-oriented direct vector control and to that of

the flux weakening control.
s _Lr o5 "

j‘dqr = L—m (/qus_a-LSldqs) (A4)
If oL, is not accurately reflected in the estimation of the rotor flux linkage, the
torque of the induction machine reveals an oscillatory response; in the extreme case,
overcurrent fault may occur. In the flux weakening control, for setting of
the frequencies where the flux weakening region I or II begins as mentioned in
Section 5.4.4, the value of the transient inductance is crucial. The transient

as

Figure A.2 Short pulse voltage and its
> associated current to induction machine to
estimate stator transient inductance.
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Figure A.3 Current path of an induction machine when high-frequency current is injected to the stator.

inductance can be estimated by applying a short voltage pulse to the induction
machine through a PWM inverter as shown in Fig. A.2. Then, the current would flow
as shown in Fig. A.3. In this test, the phase voltage equation can be derived as
. dius
Vu.\‘ - (Rs + Rr)las + (LIX + Llr) W
diys (A:3)

dt

~ (Ry+ R, )iy + oLy

If the width of the voltage pulse is small enough compared to the stator time
constant defined as 7, = o L;/ (R, + R,), most of the voltage would be applied to the
stator transient inductance and (A.5) can be approximated as

dis
V, ~ocL,— A.6
as OLg dr ( )
Hence, the transient inductance, oLy, can be estimated by
h—1
O-LX == Vud N (A7)

The voltage to the machine, V,,, is decided by the switching function of the
inverter and the DC link voltage, V,;. When the switching functions are
Se=1,8,=0, and S, = 0, the voltage of the “a” phase is 2V,;/3. The duration of
the voltage pulse, #,—1;, should be set so that the peak of “a”-phase current, i, is
around a rated value. With this pulse voltage, the current shaped as shown in Fig. A.2
would flow. However, because of the skin effect due to the shape of the current, the
estimated inductance by (A.7) is smaller than the actual inductance at normal
operating condition. Furthermore, the transient inductance may be affected by the
rotor current, and the value would decrease as the rotor current increases because of
the saturation of rotor leakage flux linkage as mentioned in Section 2.12.2.

Another method to estimate the transient inductance is using a high-frequency
component of the stator current. If the high-frequency current, whose angular
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frequency, wy, is high enough compared to the inverse of the rotor time constant,
7, = L, /R, is injected to the stator of the induction machine, then the high-frequency
component current flows not through the mutual inductance branch but through the
leakage inductances as shown in Fig. A.3.

By exploiting this phenomenon to estimate the transient inductance, the small
high-frequency current is added to the d-axis reference current of the synchronous
reference frame of the induction machine under test. The frequency of the current
should be small enough to be regulated well with the current regulator but high
enough compared to the inverse of the rotor time constant. If the rotor flux linkage
is constant, then the d-axis current can be deduced as (A.8). The magnitude of the
high-frequency current can be set as several tens percentages of the rated d-axis
current [3].

i;S = lq +?;S = I; + Isinwpt (A.8)

where [ is the flux component current to set the rated rotor flux linkage in the vector
control of the induction machine. The high-frequency component of output of the
current regulator can be described as

e

Vi = (Ry+ R, i + on(Lis + Ly ) hcoswyt (A.9)
From (A.9), we can derive (A.10).

, 1 4+ cos2wpt

(V;s_(RS +RV);2:)2 = w%(l‘ls +L1V)2Ih 2 (AIO)

By applying low-pass filter to (A.10), the DC component of the left-hand term can
be used to estimate the transient inductance as

OLPF[(Vyy—(Rs+ R)ig)’]
@il

oLy~ (Lis+Ly) = \/ (A.11)

Here, if the rotor resistance is unknown, the sum of both resistances can be
approximated as R; + R, ~ 2R, for the estimation of the inductance. This method is
simple to implement with the current-regulated PWM inverter. Also, the signal
processing is quite easy. However, if the frequency of the injected high-frequency
current is too high, then because of the skin effect the estimated inductance is
smaller than the real value. This method can be used with the normal operation of
the induction machine where the rotor current flows, and the variation of the
inductance with the rotor current can be identified. Also, the variation of
the transient inductance according to the magnitude of the rotor flux linkage can
be considered with this method by adjusting the DC component of (A.8), which is
the flux component current in the rotor flux-oriented vector-controlled induction
machine drive system. This variation of the inductance can be used for accurate
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setting of the frequencies where the flux weakening region I or II begins as
mentioned in Section 5.4.4.

A.1.2.3 Mutual Inductance, L,

The mutual inductance of the induction machine can be easily identified if no-load
operation is possible. In this case, by simply the measuring the phase current and the
phase voltage, the sum of the stator leakage reactance and the mutual reactance can
be obtained by dividing the voltage by the current. Then the mutual inductance can
be approximated by dividing the sum by the operating frequency, w,, under the
assumption that the stator leakage inductance is much smaller than the mutual
inductance. In this no-load test, the operating frequency should be near the rated
value to reduce error due to the resistance voltage drop of the stator winding. The
mutual inductance of the induction machine varies according to the magnitude of the
rotor flux linkage decided by the magnitude of the d-axis current of the synchronous
reference frame. If the mutual inductance is not correct, then there should be slip
frequency error in the case of indirect vector control system. If the flux linkage
varies for the flux weakening control as mentioned in Section 5.4.4, then the
variation of the mutual inductance should be identified to set the reference rotor flux
linkage as seen from (5.89), (5.92), and (5.96).

A.2 PARAMETER ESTIMATION OF ELECTRIC MACHINES
USING REGULATORS OF DRIVE SYSTEM [4]

The parameter estimation methods described in the previous section can estimate
parameters of the electric machines. However, the parameters are estimated through
extra tests or signals. And the operating condition for the test is quite different with the
normal operating condition of the machine. Hence, if the parameters vary according
to the operating conditions, the estimated values may be far different from the values
in the real operating condition. However, in this section, the parameters of the electric
machinery are estimated by the inherent information of the regulators of the system.
And the estimated ones are the values at the normal operating conditions. Further-
more, this estimation method does not need any extra tool or setup for the test. And itis
compatible to the existing hardware of the drive system and can be applied only by
modification of the software. Also, this method may be used as on-line tuning of the
parameters against the parameter variation according to the operating condition.

A.2.1 Feedback Control System

A typical single-input and single-output feedback control system can be described as a
block diagram shown in Fig. A.4. In the figure, r(s) is the reference input, y(s) is the
output, and v(s), d(s), and n(s) stand for system uncertainty, disturbance, and sensor
noise, respectively. In the figure, if the controlled plant is depicted as P(s) and the
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v(s) d(s)

r(s) 4 €,(s) u,(s) + 2 u(s) +AF )

O Cs) >0 P(s)

T+

47(S)

Figure A.4 Block diagram of typical single-input and single-output feedback control system.

controller is represented as C(s), then the transfer function between the reference
input and the output can be derived as

_COP) P() 1
6 = ewpm OO Teere YOt Trewem ¢
(A.12)

In (A.12), the first term on the right-hand side means the effect of the reference
input and noise with regard to the output. The second term means the effect of
the uncertainty of the system to the output. And the last term means that of disturbance
to the output. The error between the reference input and the output, e, (s), can be
represented as the sum of terms driven by r(s), v(s), d(s), and n(s) as

1 P(s)

:W(V(S)—d(s)—n(s))—mv(s) (A13)

e (8)

The control target is to nullify the error. To simplify the analysis, with the
assumption of negligible disturbance and sensor noise, the error can be nullified under
the condition in (A.14).

|C(s)P(s)| >> 1 (A.14)

With this condition and assumption, the control input to the plant, P(s), can be
approximated as

__CK C(s)P(s)
4(9) =1 cwre) W Tr empe "W
(A.15)
R~ ir(s)—v(s)
14 C(s)P(s)
From (A.15), the input to the plant can be expressed as
u(s) = ue(s) + v(s) )i (A.16)

" 1+C(s)P(s)
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It can be seen from (A.16) that the system uncertainty, v(s), from the modeling
error due to parameter variations is added to the output of the controller, . (s). Hence,
if the input to the physical plant, u(s), is not distorted because of the condition
in (A.14), then the output of the controller, u.(s), would be distorted because of v(s).
To remove the distortion of the output, y(s), due to the system uncertainty, the
controller distorts its output by feedback action. By exploiting this phenomenon, the
modeling error, especially parameter error, can be identified.

A.2.2 Back EMF Constant of DC Machine, K

To identify a back EMF constant, the feed-forwarding term of the current regulator of
aDC machine drive system, whose control block diagram is shown in Fig. 4.12, can be
used. By adjusting the feed-forwarding term, é, which is given by ¢ = Kw,,,, the
integral term of a PI regulator can be kept as constant at the same armature current, i,
regardless of the operating speed of the machine. If the back EMF constant is different
with actual value, then the integral term of the regulator would include the voltage due
to the error of the back EMF constant. If the integral term is the same regardless of the
operating speed, then the feed-forwarding term is correct, and that means the correct
back EMF constant. Hence, the back EMF constant, K, can be identified at the given
armature current, ;. With this method, the back EMF constant, which is the torque
constant, can be easily identified without any special measurement tool or test setup.
The reason for using only the integral term instead of the output of PI regulator as
whole is that the integral term does not include high-frequency noises because of its
inherent low-pass filtering characteristics.

A.2.3 Stator Winding Resistance of Three-Phase AC
Machine, R, [1]

To estimate the stator flux linkage of an AC machine, the accurate value of the
stator winding resistance is important. In particular, at the low-speed operation of
an AC machine the accuracy is crucial to the performance of the direct vector
control of the induction machine. The resistance can be identified by using a
current-regulated PWM inverter. In this test, an AC machine can be in a standstill
by flowing a DC current only in the d-axis of the stationary reference frame of the
AC machine. Because of no back EMF, the output voltage of the PWM inverter
would be small. Moreover, the voltage distortion due to the dead time effects and
voltage drop of the power semiconductor of the PWM inverter may result in errors
in the identification of the resistance. However, the errors can be minimized as
follows.

The control block diagram of a current-regulated AC machine drive system
with the voltage distortion is shown in Fig. A.5. In the figure, V'’ ilqs is the distorted
voltage due to the dead time and nonlinearity of the inverter. R., stands for the
conducting resistance of the active switch of PWM inverter, and R; stands for
that of the freewheeling diode of the inverter. If the current is well-regulated
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Figure A.5 Block diagram of a current-regulated AC machine drive system.

according to its reference, then the output of the current regulator would be
distorted to cancel out the distortion of the voltage due to the dead time and
voltage drop, and so on. If the g-axis current is regulated as null and the d-axis
current reference is ifljl, which is a constant DC value, then the d-axis voltage can
be described as

Vdsl R ii;;l_V/ZSl (A17)

where Rfy means the total resistance seen from the inverter, which includes not only
stator resistance but also cable resistance and resistance of the power semiconduc-
tors of the inverter.

For another d-axis current reference, if;z, which is also a DC value, the voltage
equation can be set as (A.18) under the assumption of the constant total resistance
regardless of the magnitude of the current.

;}TZ = R s ld\2 Vld\Z (AIS)

By solving (A.17) and (A.18) simultaneously, the equivalent resistance can be
calculated as (A.19). Here, R; is the winding resistance and R’y is the equivalent
resistance in the viewpoint of the control system. For the control of the AC machine
using the PWM inverter, not R, but R’ should be used to estimate the flux linkage and
to set the current regulator gain. Hence R’ is the proper value for the tuning of the
regulators.

R/s =R, + Ree+ Ry _ del vdr2 (A19)
2 ldxl _lds2

In the above derivation, it is assumed that R, and V' qu are independent of the
current. In this method, the magnitude of both currents and the difference of the
currents, i/, and i, should be large enough to enhance nose-to-signal ratio. To
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sample the voltage, V5, and V2, the system should be in the steady state to decouple
the voltage due to the variation of the stator flux linkage. The bandwidth of the current
regulator for this test can be set as low as possible to reduce the effect of measurement
noise. To enhance the accuracy of the estimation, the d-axis, where the DC current is
injected, can be rotated from one phase to another as follows.

First, i, = Iy, ip = —1a/2, ic = —I4/2; next i, = —I4/2, iy = Iy, and

ie=—I4/2; nmext i, =—% iy=—% and i =Ix next i,=—I4, ip =
Iac/2, ic = 14c/2; mext iy =1g4/2, iy = —Ige, and i, = Iy /2; finally i, = I;/2,
iy =14./2, and i. = —I,.. The average value of R’ through these six tests can

be used as the estimated equivalent stator resistance. During the test procedure,
because of ohmic loss of the electric machine and cable, the resistance may increase
slightly.

A.2.4 Induction Machine Parameters

A.2.4.1 Rotor Time Constant, v.= L,/R,

The rotor time constant of an induction machine can be identified by exploiting the
characteristics of the speed regulator of the indirect vector controlled induction
machine drive system. In this test, it is assumed that there is no torque disturbance
from the load. If the mechanical system of the drive system can be set as simple
inertia as shown in Fig. A.6, then the controlled plant, P(s), and the controller,
which is a PI-type speed regulator, C(s), can be described as (A.20) and (A.21),
respectively.

P(s) = (A.20)

1
s
K;
C(s) :Kp+? (A.21)

where K, and K; are the proportional gain and integral gain of PI regulator,
respectively.

If the speed of a system shown in Fig. A.6 is well-regulated and the rotor flux-
oriented indirect vector control of the induction machine is ideally performed, then

lfm
0, (5) + ~ ) [ K, T ) 3N Ts) : ®,,(s)
=~ A / J,.s

Figure A.6 Control block diagram of a speed regulation system.
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Figure A.7 Output of a speed regulator with a different rotor time constant to the ramp input of a speed
reference.

the output of the speed regulator, T, to the ramp input of the system, shown in
Fig. A.7a, would be a square wave as shown in Fig. A.7b. But, if there is an error in the
rotor time constant, then the output of the regulator would be distorted as shown in
Fig. A.7c or Fig. A.7d. These distortions come from the reflection of the disturbance,
T(,, to the regulator output, 7. In the indirect vector control of an induction machine
drive system, the error in the rotor time constant results in the distortion of the torque
of the machine because of the error of the angle of rotor flux linkage. To decouple this
distorted torque, T, the output of the speed regulator would be distorted and the
output of the regulator, T}, looks like the waveforms in Fig. A.7c or Fig. A.7d. Hence,
by adjusting the rotor time constant of the indirect vector-controlled induction
machine drive system to get the square-type output to the ramp input as shown in
Fig. A.7a, the rotor time constant can be identified. To use this method, the friction and
load torque should be small enough compared to the acceleration torque of the inertia
of the system.

In the actual drive system, there are inevitably noises from current and speed
sensors. And the output of the speed regulator includes ripples. The ripples of the
output make the application of the above method difficult. However, as mentioned
before, due to the inherent low-pass filtering characteristics of the integral term of
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K;
the PI regulator, the integral term, e,,(s) - — in Fig. A.6, instead of whole output of
s

PI regulator, can be used to identify the rotor time constant.

A.2.4.2 Estimation of Stator Self-Inductance, Ly, and
Stator Transient Inductance, oL,

The inductances of the induction machine can be identified by exploiting the
characteristics of the current regulator. First, a method to identify the stator self-
inductance is described. It is assumed that the current regulator is implemented as PI
type as mentioned in Section 4.2.5 at the synchronous reference frame; also, its
transfer function, C(s), is given by (A.22). And, from the stator voltage equation
(4.31), the controlled plant, P(s), can be described as (A.23).

K;
C(S) =K, + " (A.22)
1
P(s) = - (A.23)
(Rs +R, L’;’) +0Lys
r

The integral term of the output of the ¢ axis current regulator can be used to
identify the inductance. The control block diagram including plant, P(s), is shown in
Fig. A.8, where the feed-forwarding term can be given as (A.24) under the assumption
of no rotor flux linkage variation during the test.

12
Ve g = w(,Lsij}S—wSIL—’”ifls (A.24)
r

If the rotor time constant has been set by the method in Section A.2.4.1, then it can
be assumed that the d-axis current, if, and wy are well-matched to their actual values.

If there is error in the estimated stator self-inductance, Ly, by AL, then feed-
forwarding component can be described as (A.25). If this test is done at near the rated

<2
L, . . . .
speed, then the third term, wy I:—’” iy, on the right-hand side of (A.25) is small enough

r .
qu\', £ ()

+
i (s) e (5 Ve (s) Vi) ot | e
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() > K, +— > ‘R+Ri+am o)
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1

Figure A.8 Control block diagram of a g-axis current regulator of vector-controlled induction machine
drive system.
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compared to the second term, w,ALi{;.. And the third term has nothing to do with the
synchronous angular frequency, w., but the magnitude of the second term is
proportional to w,.
)
V;:_ﬁc = ‘”i’z‘sifls_wslil_r:li;s
.2 (A.25)

b e m -e
= weLglf + W ALY —wg i— Iy

r

And, when w, varies, it can be seen that the error in the feed-forwarding term
comes from only the error in the estimation of the self-inductance. Hence, the error
in the voltage would be compensated by the integral term of the current regulator
under the assumption that g-axis current is well-regulated according to its refer-
ence. If there is error in the estimated stator self-inductance, the voltage of the
integral term would be proportional to the operating speed, w,, with constant d-axis
current .. In Fig. A.9, the waveforms of the integral term of the current regulator

(a) wrm
¢
(b) I,
t
AL, =0, AcL, =0
(o) K, jo(z,, — it )i t
.o AL, >0, AoL; >0 :
(@) K, J (i —z;)dz
\
A
() K,.f(:(i;; —i;)dz AL <0, AcL <0 ;

Figure A.9 Waveforms of the integral term of the current regulator for estimation of stator
self-inductance.
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are shown along with the ramp input of speed reference and its associated g-axis
current reference according to different values of the estimated stator self-
inductances.

To the ramp speed reference as shown in Fig. A.9a, the g-axis current would be
the trace as shown in Fig. A.9a under the assumption that speed is well-regulated and
that the mechanical load can be considered as mainly inertia load. If there is no error in
the stator transient inductance, the trace of the integral term would be the one shown in
Fig. A.9c, while, if there is error, then the trace shown in Fig. A.9d or Fig. A.9e appears
according to the polarity of the error. Hence by adjusting, L, in the feed-forwarding
term, the integral term can be set until the trace in Fig. A.9c appears. Another reason of
voltage distortion of the output of the current regulator would be dead time effects.
However, if this test is done at near rated speed, the dead time effects can be neglected.
From this identified stator self-inductance, the mutual inductance can be found
without much error because the stator leakage inductance is much smaller than the
stator self-inductance as seen from (2.75) and (2.76).

After identifying the stator self-inductance, the stator transient inductance,
o-I:X, can be identified similarly. For the identification of a'LS, the feed-forwarding
term in (A.24 ) can be used again. But, the feed-forwarding term can be calculate
by (A.26) to reflect the effect of the stator transient inductance. The first term and
the third term on the right-hand side of (A.26) can be set reasonably accurately
because of the identified stator self-inductance. Also, because the third term has
nothing to do with the operating speed, it is only related to the torque of the
induction machine, and it is quite small compared to other terms. If there is error,
AoLy, in the estimated oLy, then the feed-forwarding term can be approximated
as (A.27). And the voltage proportional to the speed appears again in the integral
term of the current regulator. By keeping the trace of the integral term of the
current regulator as the trace shown in Fig. A.9c, the stator transient inductance
can be identified.

N 22

« Ly o . .
V‘Z‘-]f = W L_m/Ler + w(’O-Lé'lfls_wSl t—m lfls (A26)
r r

" L * T s
-
) (A27)
= W, f "f; + weO-LSisx + weAa-LSi;S
»

It should be noted that the estimation of the transient inductance may have
considerable error if there is still error in the stator self inductance. And it is important
to estimate the stator self-inductance as accurately as possible. The mutual inductance
can be found by simply subtracting half of the transient inductance from the
stator self-inductance under the assumption of the equal stator and rotor leakage
inductances.
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Figure A.10 Equivalent circuit of surface-mounted permanent magnet synchronous machine.

A.2.5 Permanent Magnet Synchronous Machine [2]

A.2.5.1 Surface-Mounted Permanent Magnet Synchronous
Machine (SMPMSM)

The stator voltage equation at rotor reference frame of SMPMSM can be derived from
the equivalent circuit in Fig. A.10 as mentioned in Section 3.3.3.1.

T

di ,
Vi = Ryl + Ly —% —w, L’

d[ re=s qs
p (A.28)
Vi =Ryl + Ly 7‘;5 + @, Lyih + w, ¢

where / represents the flux linkage of the permanent magnet to the stator winding and
it can be expressed in terms of the equivalent current source, ir, and the mutual
inductance, L, as Ar = L,ir. And the torque can be represented as

3 P

77'*’&"" .
Te=3-5 i (A.29)

qs

A.2.5.1.1 Rotor Position, 6,. If the rotor position, é,., used for the transforma-
tion of reference frame, is different from the actual rotor position, 6,, then not only the
performance of the vector control is degraded due to the coupling of the d—¢ axis but
also the estimated parameters of SMPMSM would be inaccurate. And, to estimate the
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parameters, the rotor position should first be estimated accurately. The absolute angle
from the absolute encoder or from the resolver may have errors with the real position
of the rotor because of the attachment error of the resolver or encoder to the shaft of
the rotor. For example, if the attachment error is 3° in mechanical angle and the
number of poles in the SMPMSM machine is over 16, the error would be more than
24°, and the torque error would be more than 8% only due to this angle error. The
angle error can be compensated by exploiting the characteristics of the current
regulator as follows. If the current regulator in Section 4.2.5 is used, then the d—g-axis
voltage to the SMPMSM can be described as (A.30). The voltage consists of a term
from the output of the feedback regulator and a feed-forwarding term.

Vt?s = this, fb + V()i‘s,j)"'

s~ 3 (A.30)
Vos =VosptVas s
where Vj . and V/{ . can be given by
Vi = el (A31)

sk £ . a3
V;.Lﬁ' = w"L“'l:l'x + wrAp

If the angle, ,, has a difference with regard to the rotor position by ., as shown
in Fig. A.11, then the back EMF would appear not only in the d axis but also in the ¢
axis as

sy = —@rAs SN Oy (A.32)

Cds-err

Hence, this voltage appears at the output of the d-axis feedback controller, V7 e
By exploiting this phenomenon, the angle error can be compensated. In Fig. A.12,
when the error is 10° and—10° in electrical angle for the case of a 24-pole SMPMSM
drive system, which is less than 1° in mechanical angle, the integral term of the d-axis
current regulator is shown according to the error. The speed of SMPMSM varies from
-50r/min to 50 r/min linearly. If the polarity of the angle error is positive, then the trace
of the integral term is the reverse of the trace of the speed as shown in Fig. A.12a. If the

bs axis

q"axis

as axis

CS axis

Figure A.11 Angle error of an
SMPMSM.
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Figure A.12 Integral term of a d-axis current regulator with rotor angle error (from top: trace of d—q axis
current, speed of rotor, and integral term of d-axis current regulator). (a) With error by 10°. (b) With
error by —10°. (c¢) With correct angle of rotor.
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Figure A.13 Estimation of L, by injecting an AC current to d axis.

polarity of the error is negative, the trace is the one shown in Fig. A.12b. When the
angle is correct, then the integral term is almost zero regardless of the variation of
the speed as shown in Fig. A.12c. Hence, by keeping the integral term as zero
regardless of the speed variation, the correct rotor angle can be identified.

A.2.5.1.2 Synchronous Inductance, Ls;. To estimate the synchronous in-
ductance,L;, as seen from (A.28), the d—¢ voltage to SMPMSM should be measured
under the variation of the d-axis current or the g-axis current. If g-axis current varies,
then torque would vary. And the sinusoidal variation of d-axis current can be used to
estimate the inductance. If an SMPMSM is running at constant speed with a speed
regulator, the g-axis voltage equation can be derived as

Vcljs = RSicrjs + ersi:,{y + wr/lf (A33)

In (A.33),if i, varies as the first trace in Fig. A.13 and if L, < L, then the output
of g-axis current regulator would be the second trace in Fig. A.13. Or if Ly > L, it
would be the third trace in Fig. A.13. Hence, by keeping the output of the g-axis
current regulator as a direct line with adjustment of ix, the inductance can be
identified. In this test the frequency of the d-axis current should be less than a fraction
of the bandwidth of the current regulator. And the magnitude should be small enough
not to saturate the output of the current regulator, but large enough to enhance the
signal-to-noise ratio. And the operating speed of SMPMSM would be near the rated
speed to increase the sensitivity of the voltage to the inductance error.

A.2.5.1.3 Flux Linkage of Permanent Magnet, A = L,;,if. The flux link-
age, Ar, can be easily identified similar to the back EMF constant of DC machine as
mentioned in Section A.2.2. In (A.31), if the d-axis current is regulated as null, the
feed-forwarding term has only a back EMF term proportional to the rotor speed like
the feed-forwarding term of the current regulator of DC machine in Fig. 4.12. And if
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there is error in }Lf, then the integral term of a g-axis current regulator varies according
to the speed at constant g-axis current reference. By keeping the integral term as
constant regardless of speed, the flux linkage can be identified.

Another simple method is observing back EMF without any current through an
SMPMSM. The back EMF can be monitored by regulating both ¢—¢-axis currents as
zero when the SMPMSM is running at near the rated speed. In this case, the g-axis
voltage to the SMPMSM is only the back EMF term as in (A.34). And by dividing
the voltage by the rotor speed, w,, the flux linkage can be easily identified.

Vi, = w,dy (A.34)

A.2.5.2 Interior Permanent Magnet Synchronous Machine (IPMSM)

The parameters of an IPMSM can be estimated similarly to the parameters of an
SMPMSM. The error of rotor angle can be compensated exactly by the same manner
as in the case of an SMPMSM. However, unlike an SMPMSM, if the constant power
speed ratio (CPSR) of IPMSM is high, then the back EMF voltage of IPMSM would
be much smaller compared to that of an SMPMSM. And, the sensitivity of voltage,
fwrifsin(em), to angle error would be reduced. Hence, tuning of the angle would be
difficult. The inductances, Ly and L,, of IPMSM can be estimated by injecting a
sinusoidal current to an IPMSM. Unlike an SMPMSM, to estimate both L; and L, the
current should be injected to both d—¢ axes of the rotor reference frame of the IPMSM.
Ly(Lg = Lig+ Lyq) can be identified by using the output of the g-axis current
regulator and L,(L, = Lj+ L,,,) by the output of the d axis. As mentioned in
Section 2.9.2, L, varies widely according to the currents, i;s and . Hence, L,
should be identified at several pairs of the currents, i;S and i;.. Unlike an SMPMSM,
with sinusoidal current injection to an IPMSM for the estimation of the inductances,
the sinusoidal torque would occur and the speed of the IPMSM would vary according
to this torque. To minimize the speed variation and to suppress the voltage due to the
speed variation, the frequency and the magnitude of the injected sinusoidal current
should be set carefully. The frequency should be high enough compared to the inverse
of the mechanical time constant, which is defined as 7, = J/B, of the drive system of
the IPMSM to filter out the sinusoidal torque by the mechanical time constant. But, the
frequency should be set within the bandwidth of the current regulator. And the
frequency could be a fraction of the bandwidth. The operating speed of the IPMSM for
inductance estimation should be above or near the base speed of the IPMSM to
enhance the accuracy of the estimation.

A.3 ESTIMATION OF MIECHANICAL PARAMETERS
A.3.1 Estimation Based on Mechanical Equation

The mechanical parameters of a drive system are the inertia, J,,[kg-m?], the friction
coefficient, B[N-m/(rad/s)], and the stiffness, K,,[N-m/rad]. The friction coefficient,
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Figure A.14 Estimation of inertia by acceleration and deceleration of rotor.

B, varies widely and nonlinearly according to the direction of the rotation and
rotational speed. Also, it may vary according to the operating environment such as
temperature, humidity, and aging. If the drive system can be operated without any
load, then by measuring or by estimating torque based on the flux linkage and current,
the friction coefficient can be evaluated at different speeds as

B=T,/o;m (A.35)

The friction coefficient due to windage and friction loss has a tendency whereby
the coefficient increases as magnitude of speed increases.

The inertia of the drive system can be calculated with the data of the structure of
the rotating body and its materials as mentioned in Section 1.2.3. However, such data
are not easily available in the industry field. If the friction coefficient is known
accurately or if the friction torque is negligible, then the inertia can be estimated
by accelerating or decelerating the rotor as shown in Fig. A.14. The inertia can be
found as (A.36 ) from the torque for the acceleration, 7,_,.., and deceleration, T,_ e,

and the rate of speed variation, ﬁ“j/g
Te_ace—B -0 Te_goc—B - 0y
= (e Sk TR (A36)
Tt /2 Tt /2

The acceleration and deceleration rate can be set as large as possible to enhance
signal-to-noise ratio. In order to minimize parameter variation according to the speed,
the period and the magnitude of the square wave can be set to bound the speed
variation within several tens of percentages of the rated speed. The minimum speed of
the test, w0, can be above several tens of percentages of rated speed to minimize
errors in speed and torque measurement.

Another method is exploiting the natural decaying characteristics of speed
without mechanical load. At near rated speed or at a certain speed, if the electric
power to the machine is turned off, where it is defined as 7 = O's, then the speed
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m

Figure A.15 Two inertia loads connected
with a long shaft.

of the rotor would decay as (A.37) under the assumption of no mechanical
load.

O = W€ ! (A.37)
At t = 07s, the slope of the speed variation can be evaluated like
dwl’ﬂl B
= —@ppo — A.38
dl,:o t @rmo Jm ( )

where w,,, 1s the speed just after the turning-off of the power to the machine. By doing
the above-mentioned test at several different speeds, 01,002, aNd @ype3, - - ., the
inverse of the mechanical time constant, B/J,,, can be evaluated at those speeds. If the
tests are successful, then the calculated inertias from the mechanical time constant
would be almost same as each other with the consideration of the variation of the
friction coefficient.

The stiffness, K, can be calculated by the structure and material of coupling
shaft between the electric machine and the mechanical load. But such data are not
easily available. Another method to identify the stiffness is to measure the resonant
frequency of the drive system. As shown in Fig. A.15, if two inertias are connected
with a long shaft, at the step torque the rotor accelerates with the mechanical
resonance, whose frequency is wy;,, as shown in Fig. A.16.

The resonance frequency can be calculated as (A.39) after neglecting the inertia
of the connecting shaft and damping of the system.

1 1

wg = 4 | Ky —+—) A.39

; . <Jml ]1112 ( )

Hence, from (A.39) if wg,, J;,1, and J,,» are known, then the stiffness, K;, can be
estimated.

A.3.2 Estimation Using Integral Process [6]

In the parameter estimation methods at the previous section, the estimation of one
parameter is related to other parameters. Also, the accuracy of the estimation is related
to the accuracy of other parameters. Furthermore, according to load conditions, the
estimated error would be large. Also, in some mechanical system with a flexible
coupling and/or with small backlash, the estimation would be impossible because of
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Figure A.16 Speed response of two inertia loads with step torque.

the resonance and nonlinearity of the mechanical system. In this section a method to
estimate the parameters is introduced. Because the method relies on the basic
mechanical equation and integral process, it is robust to the operating condition of
the drive system. Hence it can give reasonably accurate estimation results even with
above resonances and nonlinearities. Furthermore, this method can be used in the case
that the rotational direction and the operational speed of the drive system are limited
with any reason. In Fig. A.17, a mechanical system considering Coulomb friction and
disturbance torque is shown. In the figure, C,, is the maximum friction at standstill,
representing Columb friction; 7 is the disturbance torque including modeling error of
the system, and it is assumed that it varies slowly. From the figure, the torque equation
can be derived as

d .
Ty = (Jyu+J1) 7‘;’ + B + sign() Cp—Ty (A.40)
1 w

v

(‘lm+JL)S

Figure A.17 Control block diagram of a
mechanical system considering Coulomb friction

and disturbance torque.
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where “sign” is sign function, whose value is 1 or —1 according to the sign of the
variable. By multiplying angular acceleration, dw/dt, on both sides of (A.40), we can
obtain (A.41).

dw do\?’ dw dw
T.—=J,+J) | — B T 4 A4l
“di (’+L)<dz>+wd+ i (A41)
where T'; = sign(w)C,,—Ty. If T'; varies slowly and its differentiation regard-
ing time can be neglected, then by integrating both sides of (A.41), we can
derive (A.42).

L dw 2 (dw\? 2 de , [Pdo
L TEE dt = (I +J1) L <E> dl—I—BJII W dt+ +T'y4 le ar dt (A42)

where 7, is the initial time point where the estimation process start, and 7, is the
ending time point. The second term on the right-hand side of (A.42) can be
expressed as

L de B
BJ w— dl:—(a)2 o ) (A43)
i 3 \Pat 1=t~ Pat 1=,

If the torque, T,, of the electric machine is well-regulated according to its
reference, T; ,then T, = T*. From (A.42), the inertia can be identified by

‘J'.ch;—wdl B(wz

2
—w
att=n,  “att= ’l) ) (@at =, = ar=1,)

D) d
I (‘2—?) dt j (i;;) dt (62‘:) dt

(A.44)

Jr=Jn+Jp =

In (A.41), the angular acceleration, dw/ dt, can be obtained by high-pass filtering
or band-pass filtering of the measured speed to suppress the measurement noise.
Or the acceleration can be obtained from the acceleration observer mentioned in
Section 4.3.4.2. As seen from (A.44), if the estimation time defined as 7, —¢; is long
enough, the denominators on the right-hand side of (A.44) are large enough to neglect
the second and third terms on the right-hand side of (A.44). And only the first term can
be used to estimate the inertia as (A.45). In particular, if the speeds at ¢, and at ¢, are the
same, then the second and the third terms should be zero. And the inertia can
be estimated only by the first term without the approximation error. With this method,
the inertia can be estimated even under the restriction of operational speed and torque
range. Hence, this method can be easily applicable to existing mechanical system. If
the operating speed for the test is limited in a narrow speed region, then the estimation
error due to the variation of the friction and disturbance torque can be minimized. In
particular, if the rotational direction is fixed and the speed region is limited above
some speed, then the error from Coulomb friction can be eliminated. Furthermore,
because the signal processing relies on the integral process, which is inherently a
strong low-pass filter, the estimation process is robust to the measurement noise as
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long as the average of the noise is zero.

163

J T, do dt
n Cdt

Jr=""1———— (A.45)

2 (dw\?
n \ dt
The friction coefficient can be estimated similarly. Under the assumption that
the disturbance torque and Coulomb friction are constant during the estimation

process, by differentiating (A.40) regarding time and multiplying the angular
acceleration, (A.46) can be obtained.

dT! do o do do\’
¢ = (Jp+J) = — — A.46
@ ar = In I g+ (dz> (A.46)
By integrating both sides of (A.46), we can derive (A.47).
4T do 2w do 2 (do\’
C— dt=1J — — dt+B — | dt A.47
J,l di dr TJ,] az a T Jt. <dz) (A47)

The first term on the right-hand side of (A.47) can be expressed as

2 o do Jr [ (do\® dw\*
——dt=—| | — —— A48
"J T ((dz) (dr) (445
By substituting (A.48) into (A.47), the friction coefficient can be estimated as
2 4T do J <dw> 2 (dw) 2
e 27 dt - =
J,l dt dt ,‘LT ar ), 1=t dt ) . =t
2 (dw\? 2 2 (dw\?
[, (@) J, (@)«

Like the estimation of the inertia, in (A.49), if the estimation time is long enough
or if the acceleration is the same at #jand at #,, then (A.49) can be simplified as

(A.49)

L odt dr di
p=tn T @ (A.50)

2w\
n \ dt
The mechanical parameter estimation method in this section can be applied even

to the system with the mechanical resonance and nonlinearity. By extending
estimation time long enough or by limiting the estimation speed region where the

J’Z dT: dw
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resonance or nonlinearity would be less or not exist, the parameters can be estimated
within reasonable error bound.
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Appendix B

d—q Modeling Using Matrix
Equations

B.1 REFERENCE FRAME AND TRANSFORMATION
MATRIX

In Fig. B.1, the relationship between a three-phase axis, a stationary reference frame
d—q axis, and a rotating d—q axis with arbitrary speed, w, is shown. Conventionally, in
an AC machine, a d axis in the synchronous reference frame or rotor reference frame
means a direct axis where the excitation flux linkage is directed. And a g axis, which
means a quadrature axis, is located 90° away in the positive rotating direction. In the
steady state, the electric phenomenon such as flux linkage, voltage, and current in
the d axis appears at the ¢ axis after a quarter of the fundamental time period of the
rotating MMF.

At the axes in Fig. B.1, the transformation matrix to convert a variable in a
three-phase axis into the variable in a rotating axis with arbitrary speed can be
derived as

= T(0)fupe (B.1)

0]
dqn

where f‘;,’qn and f,;, are column vectors of variables given as (B.2) and (B.3).
) w ro polT
dgn — [fd fq fn ] (Bz)
fabc = [faﬁJfC]T (B3)

[...]7 means the transpose of a matrix or a vector.

Control of Electric Machine Drive Systems, by Seung-Ki Sul
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d’ axis

Figure B.1 Relation of
CS axi1s reference frames.

The transformation matrix, T(6), can be defined as

_ ) ) -
cosf coS (0- 3 n) cos <6 + 3 n)

2 2
T(9)5§ —sinf —sin(0—§n> —sin(0+ gn) (B.4)

1 1 1

V2 V2 V2

[T9%1]

where 6 is the angle between the magnetic axis of an “a” phase (d*) and an arbitrary
speed rotating d axis (d) and is given by

o Jr w(£)dZ +6(0) (B.5)

0

where 0(0) is the initial angle between two axes at time point zero. It is conventionally
set as zero, such as 6(0) = 0.

T(6) may be defined differently. If T(#) is defined as (B.6), then the magnitude
of phase variables in d—q reference frame is larger than that of corresponding
variables in a three-phase axis by the ratio of v/3 / /2. But, the power and torque
calculated by d—g—n variables are the same as those by three-phase variables, which
means that the transformation by (B.6) is called a power invariant transformation.
The inverse matrix of the transformation matrix in (B.6) is the transpose of the
matrix itself—that is, T() "' = T(6)”. Hence the matrix in (B.6) is an orthogonal
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matrix.

2 2
cosf cos| 0—— cos| 6+ §7T

T(9) = 3 —sinf —sin(9—3) —sin(9+§n> (B.6)

Nu)

However, if T(#) is defined as (B.7), then the magnitude of phase variables in the d—g
reference frame is the same as the corresponding variables in the three-phase axis
like the case with (B.4). But, the power and torque calculated by d—g—n variables are
smaller than those calculated by three-phase variables by the ratio of 2/3, and the
transformation by (B.7) is called a magnitude invariant transformation. Further-
more, with the transformation matrix in (B.7), the neutral component is the same one
defined by (3.3). But, the inverse matrix is not the transpose of itself. And, the
manipulating of the transformation matrix is getting complicated.

i 0 0 2 0+ 2 ]
cos Ccos 3" cos 3T

2 2
T(0) = % —sinf  —sin <0 37r> —sin (9 + 3n) (B.7)
I I I
2 2 2

In this text, the transformation matrix in (B.4) is used as a nominal transformation
matrix. In this case, the magnitude of the d—¢g variables is the same as that for the
corresponding variables, but the magnitude of the neutral component is not the same
as the one in (3.3). It is larger than that of neutral component in (3.3) by a ratio of v/2.
However, the inverse matrix of (B.4) can be simply obtained as (B.8), though it is not
the transpose of itself. It should be noted that the transformation by (B.4) is not power
invariant and that the torque and power from d—g—n variables should be scaled by 3/2.
The matrix in (B.4) has many useful characteristics as (B.8)—(B.11), and those
characteristics can be used to simplify the manipulation of the dynamic equation of
AC machines.

cosf —sinf
1 _ 30T o-2 —sin( -2
T(B) _ ET(e) —_ | cos 3 T S 3 T

2 2
coSs <9+ 3n> —sin <0+ 3n>

S-Sl Sl
®
=
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P 0 —o O
@510 | = [0 0 0 (89)
10 0 0]
[0 o 0]
[ZT(G)]T(O)I —w 0 0 (B.10)
| 0 0 0]
T(6) = R(6)T(0) (B.11)
where
cosf sinf O
R(#) = | —sinf cos® O (B.12)
0 0 1
and
- 1 ! |
22
V3 V3
T(O):% 0 - -5 (B.13)
Lo
V2 V2 V2

By transformation matrix in (B.4), the variables in the three-phase axis can be
converted to the variables in the stationary d—g—n reference frame as

£ = T(0)Fupe (B.14)

Similarly, the variables in the stationary d—g—n reference frame can be converted to the
variables in arbitrary speed rotating d—¢g—n reference frame as

w
fa'qn

= R(G)ff,qn (B.15)
For example, the relationship to convert the variables in the three-phase axis to the
variables in the stationary d—g—n reference frame can be expressed as (B.16), (B.17),
and (B.18) from (B.14).

2 a—Jb—Jc
szw (B.16)
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fi= (o) (B.17)

V3

f;:w (B.18)

As mentioned in Chapter 3, if the neutral point of an AC machine is isolated and
the three-phase winding of an AC machine is symmetry, then there is no neutral
component current.

That is, if f, +f» +f. = 0, then

1o=0 (B.19)

fi=1 (B.20)

In (B.15), if the neutral component is zero, then the variables in the stationary d—¢q
reference frame can be converted to the variables in the synchronously rotating d—¢
reference frame as (B.21) and (B.22).

Ja = 1;cos 0.+ fsin 6, (B.21)
fy = —fysin 0, + fycos 6, (B.22)

Also, inversely, the variables in the synchronously rotating reference frame can be
converted to the ones in the stationary frame as (B.23) and (B.24).

Ja = fjcos 0.—f;sin b, (B.23)

g = fisinbe +f;cos O, (B.24)
The instantaneous power by three-phase variables can be calculated as

Power = Vigigs + Visins + Vesics (B.25)

And, by using the transformation matrix, the power can be represented in terms of
d—g—n variables as

Power = VI, 1,. = [T(6)'V¥ ]T[T(O)illgqn]

abc dqn ( )
0 y . . . B.26
= % qunqun = % (VLLI’U\I:ZS + V;jvllc;)s + V’%%)
where
Vabc, = [ Vas Vbs Vcs ]T (B27)

Iab(f - [ias ibs ics ]T (B28)
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Vi, =[Va Ve Vil (B.29)
1, = [ o o] (8.30)

From (B.26), it can be seen that the power by d—g—n variables is the same regardless of
the rotating speed of the frames.

B.2 d-q MODELING OF INDUCTION MACHINE USING
TRANSFORMATION MATRIX

The voltage equation of the stator and rotor of a three-phase induction machine can be
represented as (B.31) and (B.32), respectively.

Vabcs = Rslahcr + p)\abcs (B 3 1)

Vabcr = erabcr +P)\abcr (B32)

where p means p = d/dt, and it is a differential operator.

In the above equations, the relationship between stator and rotor axes, angle
of rotor, and rotational speed of the rotor is shown in Fig. 3.2. The voltage, current,
and flux linkage in the above equations can be expressed as column vectors
as (B.33)—(B.38).

Vabes = [Vas Vis Vs (B.33)
Labes = [ias ibs  fes] (B.34)
Naves = [as s 2es) (B.35)
Vaver = [Var Vir Ver]' (B.36)
Laser = [iar ipr icr)" (B.37)
Naber = [ar e D] (B.38)

The stator and rotor flux linkage can be expressed in terms of inductances and
currents as

Napes L; Ly, Lapes
= B.39
|:Aabcr :| |: (Lsr)T L, :| |:Iabcr :| ( )
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where
[ L+ L, ! L, ! L, ]
Is ms ) ms ) ms
1 1
L - ELms Li+Lys — E Lyys (B40)
1 1
- E Lms - 5 Lms Lls + Lms
- 1 1 -
Llr + Lmr - E Lmr - 5 Lmr
1 1
L, - E Ly, Ly+L,, — E Ly, (B41)
L, ! L Ly+L
mr ) mr Ir mr
and
_ ) ) -
cos 0, cos (6, + o cos | 0,— ld
3 3
27 27
L, =L, | cos|0— 3 cos 6, cos | 6, + 3 (B.42)
2 2
cos (0,. + ;) cos <9,;) cos 0,

By (B.1) and (B.4) and by the characteristics of the transformation matrix
in (B.8)—(B.10), the stator voltage equation in (B.31) can be expressed in terms of
d—g—n variables as (B.43), (B.44), and (B.45) at arbitrary speed rotating d-g-n
reference frame.

Vo = Ryiy, +pxlfjs—w/1‘;5 (B.43)
Ve = Rsig, + plgs + wlg (B.44)
V= Ry + piy, (B.45)

Similarly, the rotor voltage equation can be expressed in terms of d—g—n variables
as (B.46), (B.47), and (B.48) at arbitrary speed rotating d—g—n reference frame. Here,
the rotational speed of the rotor is w, as shown in Fig. 3.2.

Var = Reig, + plg,—(0—ow;) g,

(B.46)
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Vo = Ry, —l—plz’r + (w—w;) Ay, (B.47)
Vi = Ry + pAy, (B.48)

In particular, in the case of squirrel cage induction machine, because the rotor is short-

circuited by the end ring, the rotor voltages at the d-g-n axis are zero as
dr — Vqr — Vnr T Y

Also, the stator flux linkage can be represented in terms of d—g-n variables

as (B.49), (B.50), and (B.51).

@ — Lyi% + LiS (B.49)
28 = L% + Lii%, (B.50)
28 = Ly, (B.51)

Similarly, the rotor flux linkage can be expressed in terms of d—g—n variables
as (B.52), (B.53), and (B.54).

28 = Li% + L,i¢, (B.52)
2 = Lg% + Lyi%, (B.53)
28 = Lii® (B.54)

where L, = %Lmé‘v Ly = Ly, + Ly, and L, = L, + L.

The torque of the induction machine can be found by differentiating the coenergy,
W., regarding the displacement as (B.55). If the magnetic saturation of the induction
machine can be neglected, then the coenergy is the same with the field energy, W,
expressed as (B.56).

P oW,
e =75 B.55
2 89)111 ( )
where P is the number of poles.
1
WC = Wf = 5 (Iabcs)T(Ls *Ll‘\'l) (Iabc.\‘) + (Iabcs)TLxr(Iabcr)
1
+ E (Iabcr)T(Lr _LlrI) (Iabcr) (B 56)

In (B.56), the first term and the last term on the right-hand side of (B.56) is
independent of the displacement, 6,,,. Hence, the torque can be found by differenti-
ating the second term as

T aLsr

T, = =
80 rm

(Iab(fs)

g (L) (B.57)
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Instead of the stator, rotor current, and mutual inductances of (B.57) in three
phase variables, the torque can be expressed as (B.58) in terms of d—g—n stator flux
linkage and stator current as (B.58) by using the transformation matrix in (B.4) and the
characteristics of the matrix in (B.8)—(B.10).

3PL"1 W @ [OI0)
T, = EEL_,( drlqs_ quds) (B58)

Based on (B.43)—(B.54), the equivalent circuit of the induction machine at an
arbitary speed rotating d—g-n reference frame can be depicted as Fig. B.2.

R, A, L, L, R, (0-w,)2,
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AN AN o
° D I \_—°

—_— " -—
.0 . 7o)
Ls iy
Ve Lm yve
ds @ 1 ! 12} dr
/lds : : ﬂ'a'r
O O
R, - ok, L, L, R (0-o,)%,
N - )t - - W T Y
o AT A :
U~ AN U
+ — + — +
i o - o)
qs . l ar
5 Lm ®
o | v
Vi o ar
H 2}
A 4
O O
R s LI s Llr R r
+ -+ - - + -
o W T —— Y /\/\/\ * o
+ R +
i g
Ve Vi,
O O

Figure B.2 Equivalent circuit of the induction machine at an arbitary speed rotating d—g—n reference
frame. (from the top: d axis, q axis, and n axis.)



390 Appendix B d-g Modeling Using Matrix Equations

B.3 d-qVIODELING OF SYNCHRONOUS MACHINE USING
TRANSFORMATION MATRIX

Similaly, the synchronous machine can be modeled in d—g—n reference variables using
the transformation matrix. And the torque also can be derived from the differentiation
of coenergy regarding the displacement. All the results are the same as those in
Section 3.3.
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Absolute encoder (See Encoder)
Acceleration feedback, 25-206
Acceleration feed-forwarding, 204-205
Acceleration observer, 206, 207, 224, 378
Acceleration sensors, 206
AC current regulator, 173
for balanced three-phase circuit, 173-175
PI current regulator, 175
complex vector current regulator, 178-179
induction machine, 176-177
rotor flux linkage, 176, 177
stator flux linkage, 176
stator voltage equation, 177
voltage equation of rotor, 176
synchronous machine, 177-178
circuit parameters, 177
AC machine
drive system, 5, 250, 253, 283, 331,
334, 340
constant-speed, 341
control algorithms, 342
current-regulated, 364
three-phase (See Three-phase AC
machines)
with nonsalient rotor, 305
induction machine, 305-308
position of rotor flux linkage/rotor
position, estimation of, 310-317
surface-mounted permanent magnet
synchronous machine (SMPMSM),
309
vs. DC machine, 90-92
Active damping, 156-158,225-227,277,346
Active switching devices, 325, 328
Adaptive law, 295

Adaptive speed observer (ASO), 291.
See also Induction machine
gain matrix, 295-297
state equation of an induction
machine, 291-294

state observer, 294-295
A/D. See Analog-to-digital converter (A/D)
Adjustable speed drive (ASD), 5
Airflow control system, 19
Air-gap flux, 64, 78, 84, 240-241

limitation, 89
Air gap voltage, 241
Adjustable speed drive (ASD), 5, 8, 28, 36
Analog-to-digital converter (A/D), 334, 338
Angle error, 300
Angular frequency, 156
Angular velocity, 15, 18

vector, 12
Anti-wind-up, 170-173
ASD. See Adjustable speed drive (ASD)

Back EMF constant, 67-70, 164, 166,
356, 357, 363, 373
Backlash, 7, 62, 376
Backward difference method, 198
Balanced three phase R—-L-EMF
circuit, 173
Band-pass filter (BPF), 304, 310
Bandwidth, m,,,
of control loop, 285
of current regulator, 169
definition, 156
of digital PI current regulator with, 170
speed regulation, 193
Bilinear transformation method, 198
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BPE. See Band-pass filter (BPF)
Butterworth filter, 248

Cascaded control system, 155
Classic control theory, 156
Commutating poles, 39, 40, 72, 231
Compensation winding, 39, 40, 231
Computer simulation, 47, 117, 171, 336,
346, 347
Constant power speed range (CPSR), 144,
145, 374
Constant torque operation, 63, 265
Continuous annealing processing line, 23
Control electronics, development trends, 8
Conventional sensorless control
algorithms, 284
Conventional V/F control drive, 283
Coriolis effect, 16
Correction controller, 310
Cross-coupling, 178
Current regulator, 156, 158
current, measurement of, 158
by current transformer (CT), 159-160
by hall effect sensor, 160-161
by resistor, 159
for DC machine driven by PWM
chopper, 166
proportional and integral (PI) current
regulator, 166-168
implementation issues, 168—169
predictive current regulator, 164—166
for three-phase-controlled rectifier, 161
control block diagram, for DC
machine, 164
proportional and integral (PI)
regulator, 161-163
Current transformer (CT), 159

Damper windings, 136

Damping coefficient, 201

DC machine, 2, 36, 52, 157, 163
basic structure, and classification, 37
capability curve, 44
commutating pole, 39
commutator, and brush, 38
compensation winding, 39
control block diagram, 48-50
equivalent circuit, 47
field flux, and armature flux, 39

four-quadrant chopper system, 52-53
power electronic circuit, 50-53
static Ward-Leonard system, 51-52
structure, and modeling, 3641
two-pole, circuit diagram, 38
Dead time effect, 325
compensation, 325-327
Degrees of freedom (DOF), 13, 15, 17
Differential amplifier, 242
Digital PI current regulator, 170
Digital signal processor (DSP), 8, 164,
171, 342
of current regulation loop, problems, 342
current sampling, error in, 346-349
modeling and compensation, 342-346
Displacement power factor (DPF), 99
d-g modeling, using matrix equations
of induction machine, 386-389
reference frame, 381-386
of synchronous machine, 390
transformation matrix, 381-386
DSP. See Digital signal processor (DSP)
Dynamic braking, 53
circuit, 52
Dynamic stiffness, 205

Eddy current, 84, 143
Eccentricity, 285, 341
Electric machines, 1
advantages, 1-2
basic laws, 9
basic structure, and modeling, 36
control systems, 155
DC machine, 36-53
drive system, 4-5
classification, 5
control method, 7
designing, 4
development trend, 5-7
parts, 4
equations of motion, for rigid body, 13-17
force, and torque, 9-11
moment of inertia, 11-13
parameters estimation, 354-361
DC machine, 355-357
induction machine, 357-361
physical variables, continuity, 18
power, and energy, 17-18
torque speed curve, 18-23



fan, pump, and blower, 18-20
hoisting load, 20-21
tension control load, 23
traction load, 21-23
Electric power control system, 155
Electromotive force (EMF), 116
constant, 40, 71
Electromechanical time constant, 49
Elevator, 20-21
Encoder, 180-182, 190
absolute, 180-181, 235, 237
incremental, 180-188, 245
Energy, 17
Enhanced hybrid estimator, 248-249
Equivalent inertia mass, 11
Euler angle, 14, 15
Excitation current, I,, 57, 71, 84, 317
Extractor, 310

Ferromagnetic material, 55, 160
Field circuit time constant, 45
Field effect transistor (FET), 8
Field oriented control (FOC), 231
Field winding, 57
Flux linkage vector, 230
Flux vector, 237
Flux weakening control, 249
finite-speed drive system 253
flux regulator, of induction
machine, 267-269
induction machine, 262-267
constant torque region, 264-265
flux weakening region, 265-267
optimal current to maximize torque, 263
voltage equations, 262-263
infinite-drive system 253
of permanent magnet AC machine,
operating region, 250-256
according to parameters of, 253-256
under current and voltage
constraints, 250-253
of permanent magnet synchronous
machine, 257-262
with feedback compensation, 257-258
with feed-forward compensation, 257
including nonlinear modulation
region, 258-260, 262
voltage and current to AC machine,
constraints of, 249

393

Index

current constraint, 250

voltage constraints, 249-250
Forward difference method, 198
Four-bit absolute encoder, 181
Four-quadrant chopper system, 52-53
Four-quadrant DC/DC converter, 102

PWM signals, control block diagram, 102
Four-quadrant operation, 21, 45
Friction coefficient, 41, 48, 157, 194, 195,
374-376, 379

Friction torque, 20, 48, 55, 59, 201

Gate turn-off (GTO) thyristor, 7-8
Gearless direct drive elevator system, 21
Giant magneto-resistive (GMR) sensor, 161
Gyroscopic effect, 16

Hall effect sensors, 161, 240-241
High-frequency impedance, of six-pole, 305
High-frequency signal injection, 302-317
High-pass filter (HPF), 287-289
High-speed machine, 5

HPF. See High-pass filter (HPF)

Hybrid rotor flux linkage estimator, 247-248

IEEE 519 standard, 98
Ilgner system, 51
Incremental encoder, 181
estimation of speed with, 182
M method, 184-186
M/T method, 186188
multiplication of pulse per revolution
(Ppr), 182,184
T method, 186
Induction machine, 3, 176-177
AC machine vs. DC machine, 90-92
advantage, 91
cage rotor, 82
capability curve, 88-90
classification, speed—torque
characteristics, 84-86
NEMA B-type induction
machine, 85, 86
development, stage, 3
direct vector control, 237-243
double cage, 82,274
efficiency, 91
equivalent circuit, 75, 125
flux regulator, 267-269
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Induction machine (Continued)
flux weakening control of, 262-267
generator operation, 79-81
input power, 126
indirect vector control, 243-245
leakage factor, 242, 292
d—g modeling, using transformation
matrix, 386-389
NEMA B type
parameter variations, 86
torque—speed curves, 85, 93
variable speed control, 94
parameters, 365
mutual inductance, 361
rated value of rotor flux
linkage, 357-358
rotor time constant, 365-367
stator self-inductance, 367-370
stator transient inductance, 358-361,
367-370
pull-out torque, 78
quasi-transient state analysis, 87
rotor time constant, 365-367
sensorless control of, 286
adaptive speed observer
(ASO), 291-297
model reference adaptive system
(MRAS), 286-291
slip, 73
slip ring, 70
slot harmonics, 285
speed control system, 95, 96
steady-state analysis, 70-79
constant air gap flux operation, 77-79
steady-state equivalent circuit, 72-77
steady-state characteristics
based on actual speed feedback, 95
variable-speed control, 92-96
on actual speed feedback, 95-96
on constant air-gap flux control, 94-95
constant air-gap flux control,
enhancement, 96
by controlling terminal voltage, 93-94
variation of parameters
excitation inductance, 84
resistance representing iron loss, 84
rotor resistance, 81-82
stator leakage inductance, 83
stator resistance, 82-83

vector control of, 236-237
direct vector control, 237-243
indirect vector control, 243-245
V/F control, 79
winding model, 120
wound rotor, 70, 71
Inertia mass, 29
Integral and Proportional(IP) regulator,
201, 216
Inertia, 18, 51, 205, 210, 376, 378, 379
Inertial reference frame, 14, 15
Inertia mass, compensation factor, 29
Input and output (I/O) function, 8
Instantaneous torque control, 231
DC machine, separately excited, 231-233
interior permanent magnet synchronous
motor (IPMSM), 235-236
control block diagram, 237
surface-mounted permanent magnet
synchronous motor
(SMPMSM), 233-234
Insulated gate bipolar transistor (IGBT), 8,
105, 324
Integrated gate controlled thyristor
(IGCT), 8
Interior permanent magnet (IPM)
machine, 58, 92
Interior permanent magnet synchronous
machine (IPMSM), 57, 66, 142-144,
235-236, 374
capability curve, 69
cross-sectional view, 142
drive system, 179, 339, 346, 347
EMF waveforms, 70
equivalent circuit, 143
operating principle, 57
sensorless control, 299-302
stator winding and magnet structure, 67
Internal combustion engine (ICE), 1, 21
torque—speed curves, 22

Kalman filtering, 284

Laplace domain, 295

Laplace transform, 47, 98

Leakage flux, 71, 72, 82, 83, 307, 359

Leakage inductance, L;;, 66, 74, 82, 83,
122, 125, 136, 241, 307, 308, 369

Light-emitting diode (LED), 180



Linear electric machine, 62-63, 179
Linear motion system, 9, 17
coupling, 11
external forces in, 10
Load commutated inverter (LCI) system. See
Thyristor motor
Low-pass filter(LPF), 49, 87, 169, 170,
212-214, 230, 287
Lyapunov function, 295

Magnetic motive force (MMF), 53, 55, 56,
59, 79, 80, 140, 232
analogy, 55
equivalence of, 54, 55
Matrix algebra, 117
Matrix converter, 97, 105-106
power circuit, 105
PWM method, 106
Maximum torque per ampere (MTPA), 61
constant field winding current, 63
phasor diagram, 62
Maximum torque per voltage (MTPV)
operation, 254, 255
Mechanical parameters, estimation, 374
based on mechanical equation, 374-376
using integral process, 376-380
Mechanical time constant, 374, 376
Micro-electromechanical system (MEMS)
technology, 206
Microelectronics technology, 169
MME. See Magnetic motive force (MMF)
Model reference adaptive system
(MRAS), 286. See also Induction
machine
estimation of rotor flux linkage, 286-289
rotor flux linkage angle, calculation
of, 289-291
Moving-coil-type linear permanent magnet
synchronous machine, 62
MRAS. See Model reference adaptive system
(MRAS)

Neodymium—iron—boron (NdFeBr)
magnet, 67, 68

NEOMAX-32H magnet, 69, 70

Noise, 103,156,158,159,169,179,181,195,
212,246

Offset, 338, 342, 352
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Optical encoder, configuration, 180
Output voltage distortion, 324
dead time effect, compensation, 325-327
stray capacitance of semiconductor
switches, 327-330
compensation, 330
compensation time, 7¢, 331
PWM inverter implemented by
MOSFET switches, 328
stray capacitor for dead time, 329
switching instant, prediction of, 330-334
gating signals from, 332
zero current clamping, 327
Overmodulation, See PWM,

Parameter, 6670, 81, 86
Permanent magnet synchronous
machine, 370
interior permanent magnet synchronous
machine (IPMSM), 374
d—g modeling, using transformation
matrix, 390
surface-mounted permanent magnet
synchronous machine
(SMPMSM), 370
flux linkage of permanent magnet,
373-374
rotor position, 370-373
synchronous inductance, 373
Permeability, 57, 66, 130, 141, 143
Per phase equivalent circuit, 74
simplified, for induction machine, 75
steady state, squirrel cage rotor induction
machine, 73
Per unit, 85, 106-107, 141
Phase angle of AC voltage, detection of, 210
synchronous reference frame, 210-213
control block diagram, 213
d-axis voltage, 212
instantaneous angle, calculation, 212
phase angle error, 212
three-phase voltage, 210-211
transfer function, 213
using positive sequence voltage, 213-215
control block diagram, 214
transfer function, 214
Phase current, measurement, 334
current measurement system, digitally
controlled, 334-337
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Phase current, measurement (Continued)
offset error, 337-339
actual d—g-axis current, 339
scale error, 337-341
d—g-axis current error, 340
Phase magnitude invariance method, 117
Phasor method, 73, 75, 87
circuit based on, 87
Photosensitive semiconductor, 180
Physical vriables, 18
PI/IP speed regulator, 198
blending of PI regulator and IP
regulator, 202, 204
twodegree-of-freedom controller, 202
integral and proportional (IP)
regulator, 201-202
PI speed regulator, 198-201
equivalent modification of control block
diagram, 203
Position regulator, 208
feed-forwarding of speed reference
and, 209-210
transfer function, 210
P—PI position regulator, 208-209
Position/speed sensors, 283, 284
Power converters, modeling
basic structure, 36
four-quadrant DC/DC converter, 102-103
matrix converter, 105-106
modeling, 96-106
parameter conversion using per unit
method, 106-107
PWM boost rectifier, 98-101
three-phase diode/thyristor
rectifier, 97-98
three-phase PWM inverter, 103-105
two-quadrant bidirectional DC/DC
converter, 101-102
Power converter, typical control
systems, 155
Power electronics
cost of components, 91
development, 2, 36
power converter based on, 158
technology, 5, 283
Power factor angle, 76
Power invariance method, 117
Power semiconductors, 96
cable resistance and resistance, 364

complementary switching of, 324
development trend, 7-8
gating signals, 242
magnitude of current, 327
phase current, 329
power converters based, 96, 166
price, 91
self-commutated, 61, 283
static var compensator consisted with, 61
switches, 52, 242, 324, 327
voltage, 327, 363
Ward-Leonard system based on, 51
Prediction, 169, 330-334
Pulse width modulation (PWM), 168
boost rectifier, 98—101
equivalent circuit, 99
phasor diagram, 101
power circuit, 99
overmodulation, 259
inverter system, 94, 175, 244, 272, 279,
316, 334, 342, 363
three-phase inverter, 103-105, 325
update intervals, 175

Quasi-transient analysis, 87

Regulators of drive system. See also Electric
machine, parameters estimation
back EMF constant of DC
machine, K, 363
feedback control system, 361-363
induction machine, 365-370
permanent magnet synchronous
machine, 370-374
stator winding resistance, 363-365
Resolver, 181-182
Resolver-to-digital converter (RDC), 182
Resonance, 376, 377, 380
Rigid body
equations of motion for, 13-17
inertia, 13
Rotating body
asymmetric rigid, 12
calculation of inertia, 375
equations of motion, 13-17
high-speed, 18
moment of Inertia, 11-13
Rotating machines, speed and output power
boundary, 6



Rotating magnetic motive force, 53-58
Rotating motion system
coupling, 11
external torques, 10
Rotational inertia, 10
Rotor angle, 302
Rotor current, 286
Rotor flux linkage, 122, 133, 176, 237-240,
263, 265, 266, 286288, 290, 292,
308, 358, 361, 386
Rotor flux linkage angle, 289-291
Rotor flux linkage estimator, 245
current model based on rotor voltage
equation of, 246-247
enhanced hybrid estimator, 248-249
hybrid rotor flux linkage
estimator, 247-248
voltage model based on stator voltage
equation of, 245-246
Rotor flux linkage reference, 265-267
Rotor-flux-oriented vector, 177
Rotor leakage inductance
rotor slot structure, 83
variation, 83
Rotor speed, 302
Round rotor synchronous machine
capability curve, 65
equivalent circuit, 59
maximum torque per ampere (MTPA)
operation, 64
phasor diagram of, 60
Rubber tyred gantry crane, 31

Scale, 339, 341
Sensing coils, 241
Sensorless control
algorithm, 284
employing high-frequency signal
injection, 302-304
AC machine with nonsalient
rotor, 305-317
inherently salient rotor
machine, 304-305
of induction machine, 286
of interior permanent magnet synchronous
machine (IPMSM), 299-302
of surface-mounted permanent magnet
synchronous machine
(SMPMSM), 297
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Separately excited shunt machine, 47-50
control block diagram, 50
Signal-to-noise (S/N) ratio, 241
Silicon carbide (SiC), 8
Skin effect, 66, 81, 82, 85, 128, 306,
359, 360
Slip angular frequency, 72, 77, 78, 89,
95, 96, 176, 236, 243-245,
265, 285
Slit of optical encoders, 181
Space vectors
complex, 117, 119, 123, 124, 128
variables, 124, 133-135, 151
concept, 106
definition, 123
three-phase symmetry, PWM, 334, 336
transform, in three phases, 119
variables, 124
Speed control performance, enhancement
of, 204
with acceleration information, 204
acceleration feedback, 205-206
feed-forward compensation, 204-205
Speed regulator, for electric machine, 156
with anti-wind-up controller, 206-207
measurement of speed/position of
rotor, 179
encoder, 180-181
resolver, 181-183
tacho-generator, 179-180
Speed-torque curves, 43
Squirrel cage induction machine, 120
rotor induction machine, 125
rotor structure, 71
steady state per phase equivalent
circuit, 73
torque of, 125-127
State observer, estimation of speed by, 189
disturbance observer, 196
design, 197
full-order observer, 189—-190
from measured encoder angle
by, 190-193
physical understanding, 193-196
observer in discrete time domain,
implementation of, 197-198
Static Ward-Leonard system, 51-52
Stator flux linkage, 123, 287
Stator transient inductance, 287
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Index
Steady-state operation analysis, 41. See also
DC machine
separately excited shunt machine, 42-45
series excited DC machine, 45-46
Stiftness, 205, 206, 374, 376
Super-capacitor, 33
Surface-mounted permanent magnet

Y-connected three-phase circuit, 116
drive system, 331, 337
steady-state operation, 340
d—g—n modeling of induction
machine, 119-120
equivalent circuit, 120-125
torque, 125-127

synchronous machine
(SMPMSM), 56,58,60,62,140-142,
233-234, 309

cross-sectional view, 141

equivalent circuit, 141

operating principle, 57

sensorless control of, 297-299

Switching function, 242, 243, 336, 359
Synchronous machine

capability curve, 63—66
air gap flux, dominated by permanent
magnet, 65
permanent magnet synchronous
machine, 64-66
round rotor synchronous machine with
field winding, 63-64
equivalent circuit, 137, 138
parameter variation, 66
back EMF constant, 67-70

d—g—n modeling of synchronous machine
equivalent circuit, 128-138
torque, 130-140
permanent magnet synchronous machine
equivalent circuit and
torque, 140-145
stator winding resistance, 363-365
synchronous reluctance machine
(SynRM), 144-145
Three-phase-controlled rectifier
based on thyristors, 97
current in armature winding of DC machine
driven by, 98
current regulator for, 161-166
equivalent circuit, 98
Three-phase synchronous machine
modeling, 128
Thrust, 18, 158, 179
Thyristors, 7, 51, 52, 61

conduction, 164
line-to-line voltage, 164
motor, circuit diagram, 61
three-phase-controlled rectifier based
on, 97
Time delay, 162, 169, 186, 188, 334-337
Torque, 17, 43, 45, 230
Torque constant, 40, 41, 47, 158, 356,
357, 363
Torque-speed curves, 18-23, 42, 46
excited DC machine under constant
terminal voltage, 46
separately excited shunt DC
machine, 42
of tension control machine, 23
Torque vector, 13
Total harmonic distortion (THD), 98-101
Traction load, 21
Trajectory, 18,42,204,208,253-255,346-348
Transformation matrix, 14, 381
Transient state, of DC machine
analysis, 46-50
separately excited shunt machine, 47-50

stator and field winding resistance, 66
synchronous inductance, 66—67
phasor diagram
MTPA operation, 62
of terminal voltage and, 60-61
steady-state analysis, 58-62
torque of, 138-140
Synchronous reluctance machine
(SynRM), 144-145, 177
cross-sectional view, 144
equivalent circuit, 145
operating principle, 56

Tacho-Generator, 179
Technical optimum, 168, 169
Tension control load, 23
Tension control machine, torque—speed
curves, 23
THD. See Total harmonic distortion (THD)
Three-phase AC machines, 116, 331
complex vector, 117-119
different axis, relationship
between, 118



TTL logic circuit, 8
Two-pole induction machine, path of the
main flux, 307
Two-quadrant DC/DC converter
circuit diagram, 101

Universal motor, 45

Variable-speed drive system, 61
block diagram, 94
low-cost, 159
of synchronous machine, 95
torque and speed of, 249
Variable-voltage variable-frequency (VVVF)
inverter, 5, 8, 85, 90
pulse width modulation
(PWM), 104
Vector-controlled induction machine
drive system, 284
operation region, 284

Index 399
Voltage regulator, 215
for DC link of PWM boost rectifier, 215
control block diagram, 216
DC link voltage regulator, 216-218
modeling of control system, 215-216
Voltage utilization factor, 260

Ward-Leonard system, 51-52
Winding model
of induction machine, 120
stator variables at d—g—n axes, 122
‘Wound rotor induction machine
conceptual diagram, 70
uses, 71
‘Wound synchronous machine, rotor
structures, 58

Y-connected three-phase circuit, 116

Zero current clamping (ZCC), 327
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