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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 attendedmy

graduate course class and they need some study materials so I was forced to translate

the book into English. After two years of hardwork, the English-versionmanuscript 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 energywhich is themost 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



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 ofWisconsin 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 bookwould not have been possiblewithout the extremely hardwork ofmy 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 c phases

of a three-phase system can be transformed to the variables in d–q–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–q

components assuming a balanced three-phase operation. The d–q 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 q-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 electricmachine 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 themagnitude of back

EMFdecreases 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 theACmachine, 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 7which 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 associatedwith 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

delaysmay 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 electricmachines 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–q–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 whomajored 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 ofmy teaching at Seoul

National University. I givemy thanks to studentswhomay have suffered solving these

problems while takingmy 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-KI SUL

Seoul, South Korea

August 2010
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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 culturewas 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 ofmechanical 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.
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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. The response of an electricmachine 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) andmovement (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 electricmachine 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 gettingmechanical 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

inductionmachine, the electricmachine has been a prime source ofmechanical power

for the past 150 years. Inmodern 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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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

themagneticmaterials, 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,

60 kg 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

inductionmachine 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

Figure 1.1 Induction machine at

early stage of development.

Figure 1.2 Today’s Induction machine.

FUTURE
184X FRAME

PRE-1952
324 FRAME

1952-1964
256U FRAME

PRESENT
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184
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Figure 1.3 Outer sizes of general-purpose, 10-hp, 4-pole, totally enclosed induction machines [4].
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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, electricmachine, 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.

Electric Machine
& Power Converter

Mechanical 
System

Input/output

Output/input

Electric Machine Drive System

noitalugeRnamuH

Environmental issues

Ethics

Economics

Initial Cost, Running Cost, Cost at Faults

Figure 1.4 Consideration points in designing the electric machine drive system [6].
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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 DCmachine 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

AC Induction
Machine

Squirrel
Cage

Wound 
Rotor

DC 

Machine

Machine

Synchronous
Machine

Salient

Cylindrical

Reluctance

Series

Shunt

Compound

Universal 
Machine

Step Motor, Switched Reluctance Machine

Figure 1.5 Classification of the electric machine according to power source and operating principles.
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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 synchronousmachine come from the current flowing fieldwindings, 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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Figure 1.6 Boundary of speed and output power of rotating machines [6].
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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

fieldwinding. This trend—change from the field flux from externalwinding 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 electricmotor 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 themotion in themachine. 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 themotor 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 inmanyASD 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 thewafer size of the

device made by silicon. In particular, the Schotky diode and field effect transistor

(FET) based on SiCwere 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� 109 floating point operation per second) [9], and

versatile input and output (I/O) function can be achieved by the chipwithout any extra

hardware. In the future, this tendency of full digital control with a single chipwould 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 bodywill remain at rest, or continue tomove 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:

f ¼ dðMvÞ
dt

ð1:1Þ

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

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:

f ¼ G
M1M2

R2
ð1:2Þ

whereM1 andM2 are themasses of the particles,R is the distance between two

particlesmeasured from the center to center of particle, andG is a proportional

constant. When a particle is on the surface of earth, the force can be

represented as f ¼ Mg, where M is the mass of the particle and g is a

gravitational constant.

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):

fd�fL ¼ d

dt
ðMvÞ ¼ M

dv

dt
þ v

dM

dt
ð1:3Þ

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:

fd�fL ¼ M
dv

dt
¼ M

d2l

dt2
ð1:4Þ

where v is the velocity of the mass, and l is the moving distance.
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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.

Td�TL ¼ d

dt
ðJvÞ ¼ J

dv

dt
þv

dJ

dt

¼ J
d2u

dt2
þ du

dt

dJ

dt

ð1:5Þ

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 r,

and if the mass of rope is neglected, then (1.6) can be deduced:

Td ¼ Jsheave
dvm

dt
þ r

d

dt
ðMvÞþMgr ð1:6Þ

where Jsheave is the inertia of the sheave. The linear speed of the mass can be

represented as v ¼ rvm. And if the radius of the sheave is constant, then from (1.6), we

can derive (1.7):

Td ¼ Jsheave
dvm

dt
þ r

dðMrvmÞ
dt

þMgr

¼ Jsheave
dvm

dt
þMr2

dvm

dt
þMgr ¼ Jsheave

dvm

dt
þ Jeq

dvm

dt
þMgr

ð1:7Þ

θ

( )2mkgJ ⋅

)( mNLT ⋅ ( )N mdT ⋅

( )rad/sω
Figure 1.8 External torques in a rotating

motion system.
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Figure 1.7 External forces in a linear motion

system.
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where Jeq ¼ Mr2. 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.

r

M

fd

fL= Mg

ωm

Td

v

Sheave

Figure 1.9 Coupling of linear and rotating motion.
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pðx; y; zÞ is the position of an infinitesimal mass, whose mass, dM, is expressed

as (1.8). The position vector from the origin can be represented as (1.9). Also, the

velocity vector, n, of the mass is expressed as (1.10).

dM ¼ r dV ð1:8Þ
where r is the density of body at pðx; y; zÞ and dV is the volume of the infinitesimal

mass at pðx; y; zÞ.
r ¼ ixxþ iyyþ izz ð1:9Þ

where, ix; iy; and iz are the unit vectors at each x; y; and z axis, respectively.

n ¼ v� r ð1:10Þ
where v is the angular velocity vector, defined as v � du

dt
iz, of the infinitesimal

mass, dM.

The accelerating force applied to the infinitesimalmass can be expressed as (1.11)

from (1.1):

dfa ¼ d

dt
ðdMnÞ ¼ rdV

dn

dt
ð1:11Þ

By differentiating the velocity vector, n, regarding time, (1.11) can be derived

as (1.12) by using (1.10):

dfa ¼ rdV
dv

dt
� rþv� ðv� rÞ

� �
ð1:12Þ

By using vector identity in (1.13), the force in (1.12) can be rewritten as (1.14):

a� ðb� gÞ ¼ bða� gÞ� gða� bÞ ð1:13Þ

dfa ¼ rdV
dv

dt
� rþvðv � rÞ� rðv �vÞ

� �
ð1:14Þ
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θ

Figure 1.10 Asymmetric rigid rotating body.
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Because the torque vector is defined as the cross product of a force vector and a

positionvector as (1.15), the torque applied to the infinitesimalmass of the asymmetry

body can be deduced as follows:

dTe ¼ r� dfa ð1:15Þ

dTe ¼ rdV izðx2 þ y2Þ d
2u

dt2
�ix xz

d2u

dt2
�yz

du

dt

� �2
" #

�iy yz
d2u

dt
þ xz

du

dt

� �2
" #" #

ð1:16Þ
where the inertia at each axis, with the assumption of rigid body, can be

defined as

Jz �
ð
ðx2 þ y2Þr dV

Jxz �
ð
xzr dV

Jyz �
ð
yzr dV

ð1:17Þ

where

ð
n

. dV means the integral of “.” over the entire volume, n.

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

Te ¼ izJz
d2u

dt2
�ix Jxz

d2u

dt2
�Jyz

du

dt

� �2
" #

�iy Jyz
d2u

dt2
þ Jxz

du

dt

� �2
" #

ð1:18Þ

If the rotating body is symmetry to the rotating axis, then Jxz ¼ Jyz ¼ 0. So, (1.18)

can be simplified as Te ¼ izJz
d2u
dt2
. And only torque in z axis exists. In the case of

asymmetry, there is always torque at x and y axes, and such torquewould 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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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 theXYZ frame is

defined as anglec, a rotation about the y1 axis in the x1y1Z frame is defined as angle u,
and a rotation about thex2 axis in thex2y1z2 frame is defined as anglef. The reference
framex2yz is same as the body fixed frame xyz. Hence, any arbitrary rotation of a rigid

body can be represented by ðf; u;cÞ.
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

ux; uy; uz: Unit vector of oxyz frame

uX
uY
uZ

2
4

3
5 ¼

cosc �sinc 0

sinc cosc 0

0 0 1

2
4

3
5 cosu 0 sinu

0 1 0

�sinu 0 cosu

2
4

3
5 1 0 0

0 cosf �sinf

0 sinf cosf

2
4

3
5 ux

uy
uz

2
4

3
5

ð1:19Þ
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Figure 1.11 Inertial reference frame and body fixed reference

frame.
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Figure 1.12 Euler angleðf; u;cÞ.
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From (1.19), we can derive (1.20):

uX

uY

uZ

2
64

3
75¼

cosucosc coscsinusinf�cosfsinc cosfcoscsinuþ sinfsinc
cosusinc cosfcoscþ sinusinfsinc �coscsinfþ cosfsinusinc
�sinu cosusinf cosucosf

2
4

3
5 ux

uy
uz

2
4

3
5

ð1:20Þ
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):

cosucosc coscsinusinf�cosfsinc cosfcoscsinuþ sinfsinc

cosusinc cosfcoscþ sinusinfsinc �coscsinfþ cosfsinusinc

�sinu cosusinf cosucosf

2
64

3
75

�
1 �c u
c 1 �f
�u f 1

2
4

3
5 ð1:21Þ

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

uY

uZ

2
64

3
75 �

1 �c u
c 1 �f
�u f 1

2
4

3
5 ux

uy
uz

2
4

3
5 ð1:22Þ

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 ¼ maþ 2mv� v ð1:23Þ
Te ¼ Jaþv� Jv ð1:24Þ

where J ¼
JXX �JXY �JXZ
�JXY JXX �JYZ
�JXZ �JYZ JXX

2
4

3
5

In (1.23),F stands for external force acting on a rigid body,M stands formass 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,Te 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, v 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:

Fx

Fy

Fz

Tex

Tey

Tez

2
6666666664

3
7777777775
¼

m 0 0 0 0 0

0 m 0 0 0 0

0 0 m 0 0 0

0 0 0 Jxx �Jxy �Jxz

0 0 0 �Jxy Jyy �Jyz

0 0 0 �Jxz �Jyz Jzz

2
6666666664

3
7777777775

ax

ay

az

ax

ay

az

2
6666666664

3
7777777775

ð1:25Þ

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 f1 and f2 is the x-axis force,Fx, the summation of f3 and f4 is the

y-axis force, Fy, and the summation of f5, f6, and f7 is the z-axis force, Fz. Because the

point of application of f1 and f2 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 ri ¼ ðxi; yi; ziÞ, 1 � i � 7, which is the distance from the

center of rotation of the rigid body to the point of application of f1 	 f7.

f i ¼ ð fi; 0; 0Þ; i ¼ 1; 2; f i ¼ ðfi; 0; 0Þ; i ¼ 3; 4; f i ¼ ðfi; 0; 0Þ; i ¼ 5; 6; 7;

Te ¼ Tex; Tey; Tezð Þ ¼
X7
i¼1

ri � f i
ð1:26Þ
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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 ¼ Af ð1:27Þ

A ¼

1 1 0 0 0 0 0

0 0 1 1 0 0 0

0 0 0 0 1 1 1

0 0 �z3 �z4 y5 y6 y7
z1 z2 0 0 �x5 �x6 �x7
�y1 �y2 x3 x4 0 0 0

2
6666664

3
7777775

ð1:28Þ

u ¼ Fx; Fy; Fz; Tex; Tey; Tez½ 
T ð1:29Þ
f ¼ f1 f2 f3 f4 f5 f6 f7½ 
T ð1:30Þ

In the above equations, ½. . .
T means transpose of vector or matrix ½. . .
.
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 ¼ f � v ð1:31Þ
If the force, f , is constant during the motion, then the energy, E, is the product of

the force, f , and the moving distance, l:

E ¼ f � l ð1:32Þ
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

E ¼
ð
P dt ¼

ð
f � v dt ¼

ð
M

dv

dt
� v dt ¼ 1

2
Mv2 ð1:33Þ

In a rotating motion, the power can expressed as

P ¼ Te �v ð1:34Þ
As the linear motion, if the torque is constant during the motion, then the energy

can be expressed as

E ¼ Te � u ð1:35Þ
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If the inertia, J, does not varies during themotion, then the energy can be expressed as

E ¼
ð
Te �v dt ¼

ð
J
dv

dt
�v dt

¼
ð
Jv dv ¼ 1

2
Jv2

ð1:36Þ

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 beenmany 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 themost 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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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 electricmotor 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 fanwould 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 PA ¼ HAQA to PB ¼ HBQB.

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

Electric
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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.
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machine changes fromPA ¼ HAQA toPC ¼ HCQC. In this 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 10 s, to handle

this torque. The peakmotoring power of themachine 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,

1 Quadrant2 Quadrant

4 Quadrant3 Quadrant Speed

Torque

when friction is negligible

Torque–speed curve, 

Torque–speed curve, 
when friction is considerable

Figure 1.15 Torque–speed curve of a typical hoisting load.
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as shown in Fig. 1.15, the four-quadrant operation in a torque–speed plane is

necessary in these hoisting loads.

In Fig. 1.16, a conceptual diagramof 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 tomatch 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.

Traction 
Machine

Main 
Rope

Counter-
weight

Car

Highest 
Floor

Lowest 
Floor

Brake

Buffer

Compensation
Sheave

Spring
Figure 1.16 Gearless direct drive elevator

system.
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Speed

Torque Torque–speed curve of 
electric motor for traction

Torque–speed curve of 
Internal combustion engine 
with reasonable efficiency

Figure 1.17 Torque–speed curves of an electric

machine and internal combustion engine for traction

application.

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 electricmachine 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.

Pay-Off Roll Tension Roll
Furnace

Mill

Bridle Roll Shear
Welder Tension

Leveler
Entry

Looper
Delivery Looper

Figure 1.20 Continuous annealing processing line.

Rotational Speed 
of motor

Torque,Power

Power curve of the motor

Torque–speed curve of 
tension control motor

Figure 1.19 Torque–speed–power

curve of tension control machine.
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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 r. Describe how to maximize the ratio, J/M under the condition

of r1þ r2¼ constant. Here, J stands for the inertia of the cylinder and M for the mass

of the cylinder.

2. As shown in Fig. P1.2, a disk is rotating regarding the z axis. The origin of the Cartesian

coordinate is apart from the center of themass,G, by 2(mm), 2(mm), 1(mm) as shown in the

figure.TheG can be represented by (�2mm,�2mm,�1mm) in the coordinate. The radius of

the disk, r, is 100(mm) and thickness of the disk is 10(mm).

(1) In this case, calculate rotating inertia, Jxz, Jyz, Jz, defined as (1.17).

(2) If the rotating speed of the disk, v, 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 100mm and the length in the z

direction is 5mm. The material of the body is stainless steel and the shape of the body is a

rectangular parallelepiped. The initial position of the center ofmass, simultaneously center

of the rotation, G, is expressed in Cartesian coordinate in two reference frame as (x, y,

z)¼ (X,Y,Z)¼ (0, 0, 0), respectively. And the operating points, r1�r7, of forces, f1�f7, in

the body reference frame are followings. All of the angles of rotation are small enough to

ω

r
G

z

x

y

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

Rotating
Axis

2r

1r
ω

Figure P1.1 Moment of inertia of rotating cylinder.
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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).

r1 ¼ ð40;�20;�2:5Þmm; r2 ¼ ð40; 20;�2:5Þmm; r3 ¼ ð20; 40; 2:5Þmm;

r4 ¼ ð�20; 40; 2:5Þmm

r5 ¼ ð0; 40; 2:5Þmm; r6 ¼ ð20;�40; 2:5Þmm; r7 ¼ ð�20;�40; 2:5Þmm

(1) Find the matrix A in (1.27), which transforms the force, f1–f7, to the force and torque

acting in each axis of the motion independently.

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

J ¼

m 0 0 0 0 0

0 m 0 0 0 0

0 0 m 0 0 0

0 0 0 Jxx �Jxy �Jxz

0 0 0 �Jxy Jyy �Jyz

0 0 0 �Jxz �Jyz Jzz

2
66666666664

3
77777777775

(3) If the acceleration regarding only theX axis is 1m/s2 in the inertial reference frame and

regarding all other axes there is no acceleration and movement except X axis

translational motion, then find force f1–f7 for such a motion. Hint: f ¼ ATðAATÞ�1
u.

Motor

Sheave

Car or Cage

Counterweight

Figure P1.3 Conceptual diagram of a high-speed gearless elevator.
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(4) If angular acceleration regarding only the x axis is 1 rad/s2 in body fixed frame and

regarding all other axes there is no acceleration andmovement except x-axis rotational

motion, then find force f1–f7 for such a motion.

(5) Describe the method regarding how to control the linear and angular acceleration

independently by manipulating only the forces f1–f7.

4. In the cooling fan drive system for a thermal power plant, the airflow and air pressure has

the following relationship (performance curve).

H ¼ 1:03N2 þ 0:56NQ�0:59Q2, 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

1000m3/min, and 1 P.U. air pressure corresponds to 4243 N=m2. The efficiency of the

fan is given by h ¼ 0:5þ 0:3Q, where h is per unit. The system head curve of the fan can

be expressed as H ¼ Q2 when the damper is fully opened. And according to the damper

opening the curve can be represented by H ¼ KQ2, 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) 125 hp (c) 150Hp (d) 200Hp (e) 250Hp (f) 300Hp

(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, howmuch 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.

. Rated speed: 240m/min, 24 passengers (weight of payload: 1600 kg), maximum number

of floor for movement: 30 floors
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. Distance between floors: 3m

. Mass of counterweight: 3134 kg

. Mass of cage: 2345 kg

. Inertia of sheave: 95 kg-m2

. Inertia of machine: 25 kg-m2

. Diameter of sheave: 710mm

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.

(1) When the elevator moves from the first floor to the thirty-first floor (30 floors� 3m/

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

(2) In the case of part 1, plot the acceleration, velocity, and position of the cage according

to the time.

(3) 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) 50Hp (c) 60Hp (d) 70Hp (e) 80Hp

(4) 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 � 60/

(number of poles/2)” (revolutions/min).

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

8 poles (f) 60Hz, 16 poles

(5) 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.

6. Answer the following questions for a crane, shown in Fig. P1.5 under the following

assumptions and specification.

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

. 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.

1.4 m/s3

1.4 m/s3

3.3 s

0.7 s

0.7 s
0.7 s 0.7 s

3.3 s

fT t

Jerk

Figure P1.4 Jerk profile of the elevator at ascending operation.
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. The drive sheave is a solid cylinder whose length is 1.2m; its diameter is 1m and its

density is 7800 kg/m3.

. The density of the steel part of the brake sheave, which is a hollow cylinder as shown in

Fig. P1.6, is 7800 kg/m3.

. 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 � 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 electricmotor from following choices. Themotor canwithstand 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 60Hz.

There is no slip between pulleys, machine, and sheave. The maximum speed of the

1 m

30 cm 98 cm 30 cm

1 m

Figure P1.6 Structure of the brake sheave.

Motor

Drive Sheave Brake Sheave
Gear

Brake

260 tons

Power
Converter

Electric
Power

Figure P1.5 Conceptual block diagram of a crane.
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machine is decided by “rated frequency� 60/(number of poles/2)” (revolutions/min).

(a) 75 kW (b) 90 kW (c) 110 kW (d) 132 kW

7. As shown in Figure 1.P8, there is a commuter train consisted with four motor cars (M car)

and four trailer cars (T car).

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 ¼ 1:867þ 0:0359 ya þ 0:000745 y2a

where the unit of R is kg-G/ton¼ 9.8N/ton, ya 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 ¼ Total mass of car including payload þ (Compensation

factor for the inertia mass * Mass of each car itself)

Only 97%of themechanical torque from themachine is transfered to the rail and that is used

as the tractive force to move the train. Each M car has four traction motors.

s
30 660630

9660963090309000

Mechanical
brake

operating

2 m/min

-2 m/min

Speed

Figure P1.7 Speed pattern of a 260 ton payload

T car T car T car T carM car M car M car M car

Figure P1.8 Typical configuration of the commutating train
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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 speedwhere the tractive force is themaximum (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 0.82m 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) At the operating condition given in part 1, if the efficiency of the AC tractionmotor

is 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 themotor, is J¼ 200 kg-m2. The density of steelweb is 7870 kg/m3, and theweb 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 0.61m, is the same with that of steel web. And the drum is a

solid cylinder. Also, the minimum diameter of the roll is 0.61m when noweb on the drum,

and the maximum diameter of the roll is 2.6m when the web is fully wound on the drum.

The thickness of the steelweb is 2mm, thewidth, 900mm, and the profile of the speed of the

web is shown in Fig. P1.10. The constant 64,000N tension is always applied to the steelweb

by pay-off and tension rolls.

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

The mechanical system of RTGC including an electric machine is similar to that shown in

Fig. P1.25. At hoist motion the total inertia, including gears, brake drum, rope, sheave, and

machine itself reflected to the rotating axis of electric machine is 11 kg-m2. 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 60m/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-m2. Regardless of torque and direction, the total efficiency of themechanical 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 70m/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

10 m/s

s
  t

12
0

v

Figure P1.10 Speed profile of the movement of steel web.

Figure P1.11 Photo of a rubber-tired gantry crane.
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Layer 4 to the top (line between point A and point B), for 7.95m, and then (2) the

spreader moves horizontally to Column 6 (line between point B and point C), for

17.24m; finally (3) the spreader moves vertically down to Layer 4 (line between

point C and point D). In the hoist motion, the acceleration is (60m/min)/2.5 s

constant and deceleration is (60m/min)/3.5 s constant. The maximum speed of the

hoist motion is 60m/min. In the trolley motion, the acceleration and deceleration

are both (70m/min)/5.5 s constant. The maximum speed of the trolley motion is

70m/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.

(2) The spreader of the crane is nowholding a containerwhosemass is 40metric 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

singlemass. The acceleration and deceleration of the hoistmotion is the samewith the

case of part 1, but the maximum speed of the hoist motion is 24m/min.

10. ForRTGC in problem 9, the electric power to themachine is provided by a 400-kWengine

generator set as shown in Fig. P1.13.

(1) When the hoist machine is a six-pole, permanent-magnet synchronous machine, plot

the input frequency to the hoistmachine according to the time at themotion described

in problem 9.

In trolleymotion, the machine for hoist motion is stopped. (The speed of the machine

is decided by “input frequency� 60/(number of poles/2)” (r/min).)
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Figure P1.12 Operation of RTGC (rubber-tired gantry crane).

32 Chapter 1 Introduction



(2) The fuel consumption of the engine generator is given by y ¼ 14:16
3600

þ 0:163
3600

x, where “x”

means output power of the generator in kWand “y”means consumption of diesel fuel in

liter/s. The auxiliary load is a 15-kWconstant, 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 electricmachine 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 600V

after the hoist motion, the capacitor should be charged to 600Vusing the power from

the generator through the power converter. The super-capacitor,Cs, can be assumed as

c

cEngine 
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Motor
Drive System

Auxiliary 
Load

15-kW

400-kW

MotorHoist

MotorrolleyT

6-Pole permanent magnet 
synchronous motor

Figure P1.13 Electric power supply system of RTGC based on an engine generator set.
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an ideal capacitor. The stored energy in the capacitor and the power to the capacitor are

given by following equations.

E ¼ 1

2
CsV

2
c J½ 


P ¼ CsVc � dVc

dt
W½ 


Also, the power converter for charging and discharging of the super-capacitor operates

only for hoistingmotion. 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–generator set is given by y ¼ 7:76
3600

þ 0:156
3600

x, where “x” means output

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 600V.

(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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Figure P1.14 Power supply system of RTGC based on engine generator and an energy storage system

based on the super-capacitor.
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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 electricmachine,

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 machinewith 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

Control of Electric Machine Drive Systems, by Seung-Ki Sul
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Separately excited machineShunt machine

Cumulative compound machine Series machine

Differential compound machine 

Figure 2.2 Classification of DCmachine according to the connection of a fieldwinding and an armature

winding.
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Field
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Figure 2.1 Basic structure of DC machine and its circuit symbol. (a) Field winding (current, if ) and

armature winding (current, ia). (b) Symbol of DC machine.
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power electronics technology, the shunt (especially a separately excited shunt) DC

machine is widely used in conjunctionwith 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 compoundmachine, 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

armaturewinding to aDC source, theAC voltage should be rectified. In aDCmachine

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

Axis of Rotation

Field
Winding

Armature
Winding

Commutator
Segment

Brush

if

ia

rm
rm

dt

d ωθ =

rmθ

ai

aV

fV
+ –

+

–

S SN N

rmω

Figure 2.3 Commutator and brush of DC machine.
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source, Va, 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:

Vf ¼ Rf if þ dlf
dt

ð2:1Þ

e ¼ Kelfvrm ð2:2Þ
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Figure 2.4 Field flux and armature flux.
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Va ¼ Raia þ La
dia

dt
þ eþVb ð2:3Þ

Te ¼ KTlf ia ð2:4Þ

lf ¼ Lf if ð2:5Þ

Te ¼ J
dvrm

dt
þvrm

dJ

dt
þBvrm þ TL þKshurm ð2:6Þ

where e stands for back electromotive force (EMF) involts(V),Va stands for terminal

voltage in V, Te stands for torque in N �m, lf stands for the linkage flux to the

armature current by the field winding current in Wb � turn, Vf stands for applied

voltage to the field winding in V, Ke stands for the back EMF constant in

V/(Wb � turn � rad/s), vrm stands for the rotating angular speed of the rotor in

(rad/s), Ra stands for an equivalent armature winding resistance in W, and La stands

for an equivalent armaturewinding inductance in H.Vb 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. KT stands for the torque constant in

N�m/ Wb � turn �Að Þ, Rf stands for an equivalent field winding resistance in W, and

Lf 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 lf ¼ f if
� �

. 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, KT and Ke, may be reduced considerably due to the

armature reaction.

Equation (2.6) is an equation of the motion of the rotor, where TL 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, TL vrmð Þ. J stands
for the total inertia of the rotating part of the drive system, referred to as the rotor of the

motor in kg �m2 driven by DC machine including the inertia of machine itself. B

stands for friction coefficient in N�m/(rad/s), and Ksh 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 Ksh ¼ 0 and dJ=dt ¼ 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).

Te ¼ J
dvrm

dt
þBvrm þ TL vrmð Þ ð2:7Þ

Te ¼ J
dvrm

dt
þ TL vrmð Þ ð2:8Þ

2.2 ANALYSIS OF STEADY-STATE OPERATION

In the steady state, the rotating speed of a DC machine is constant as dvrm=dt ¼ 0,

and the armature and field current are also constant as dia=dt ¼ dif =dt ¼ 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 ¼ Kelfvrm ð2:9Þ

Va ¼ Raia þ e ð2:10Þ

Te ¼ KTlf ia ð2:11Þ

lf ¼ Lf if ð2:12Þ

Vf ¼ Rf if ð2:13Þ

Te ¼ TL ð2:14Þ
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 ia, the relationship between Va, lf , and vrm can be deduced

as (2.15):

Te ¼ KTlf Va

Ra

�KTKel
2
f vrm

Ra

ð2:15Þ

At (2.15), if lf is constant, then the torque–speed curves varies according toVa 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 themachine 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: qTe=qvrmGqTL=qvrm. 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, Va, increased, the operating point would move from

A toB toC in the steady state, because all points are stable.However,while it is certain

that when the voltage, Va, varied from Va1 to Va2, the operating point would move

finally from A to B, it is uncertain with regard to what trajectory the operating point

wouldmove fromA toB and alsowith regard towhen the operating pointwould arrive

at B fromA.As shown in Fig. 2.7, there are infinite cases of trajectory fromA toB, 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 Va with

constant lf (rated armature voltage 440V, rated power 110 kW, rated speed 560 r/min).
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In (2.15), if Va is constant, then by varying field current, if , and hence by varying

lf , 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 fromA 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 lf1 is the rated value, then lf2 and lf3 are the values inwhich 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
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Figure 2.7 Migration of the operating point according to variation of the armature voltage.
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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 themachinemay 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 DCmachine 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 DCmachine 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 itself is neglected.With the gearing andwith the fieldweakening, 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

1st quadrant2nd quadrant

4th quadrant3rd quadrant Rotating 
Speed

Armature 
Voltage

Field 
Flux

Torque

Figure 2.9 Operating area

(capability curve) with the control

of armature voltage and field

weakening control.
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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 themachine operates in a light load, then the load torque can bematched by the

machinewith 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 tf ¼ Lf
Rf

� �
. 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 tractionmotor or as a

universal motor for home appliance. From (2.9)–(2.13), the voltage equation of a
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series machine driven by DC source can be expressed as (2.16) with the constraint of

ia ¼ if after eliminating e and ia.

Va ¼
ffiffiffiffiffiffiffiffiffiffi
Te

KTLf

s
Ra þ

ffiffiffiffiffiffiffiffiffiffi
Te

KTLf

s
Rf þKeLf

ffiffiffiffiffiffiffiffiffiffi
Te

KTLf

s
vrm ð2:16Þ

In Fig. 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 regionD, the flux is too small to commutate current smoothly.

Also, the operation at D region is normally not allowed because of the armature

reaction. In regionsA andB, themagnetic circuit of themachine is saturated due to the

excessive field current, where if ¼ ia, and the flux is almost constant as lsat regardless
of the increase of the current. Hence, the torquewould vary linearly with the current at

those regions. Especially at regionAwhere back EMF of themachine 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 ANALYSISOFTRANSIENTSTATEOFDCMACHINE [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

Speed

Torque

D

A

B

  C  

Figure 2.10 Torque–speed curve of a series excited DC

machine under constant terminal voltage.
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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 DCmachine can be evaluated in the overall operating

region.

Va ¼ Raia þ La
dia

dt
þ e ð2:17Þ

Vf ¼ Rf if þ Lf
dif

dt
ð2:18Þ

e ¼ Kelfvrm ð2:19Þ

Te ¼ KTlf ia ð2:20Þ

lf ¼ Lf if ð2:21Þ

Te ¼ J
dvrm

dt
þBvrm þ TL ð2:22Þ

2.3.1 Separately Excited Shunt Machine

If the fieldwinding ofmachine 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. IfMKSunits are used in (2.17)–(2.22), then backEMFconstant,

Ke, and torque constant,KT , are identical. If the products of the constant and field flux,

lf , 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.

Kelf ¼ KTlf ¼ K ð2:23Þ

Va ¼ Ra þ sLað ÞIa þKvrm ð2:24Þ

Te ¼ KIa ð2:25Þ
Te ¼ ðJsþBÞvrmþ TL ð2:26Þ
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Figure 2.11 Equivalent circuit of a separately

excited DC machine.
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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.

In Fig. 2.12, Ra is the armaturewinding 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 Ra ¼ 0 and B ¼ 0, as shown in Fig. 2.13, the

system would oscillate without decaying and its oscillation angular frequency is

K=
ffiffiffiffiffiffiffiffiffiffi
La=J

p
. By introduction of the damping components into themechanical 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).

vrm

Va

¼ K

sLa þRað Þ JsþBð ÞþK2
ð2:27Þ

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, TL, or

the friction torque is neglected and if the transient phenomena by the armature

LT

aV
E aL

1 1
s J

1
K

K

rmω
1
s
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Figure 2.13 Control block diagram of a separately excited DC machine with no damping

component.
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Figure 2.12 Control block diagram of a separately excited DC machine.
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inductance, La, is neglected, then (2.27) can be simplified as follows:

vrm

Va

�
K

J

Rasþ K2

J

¼
K

JRa

sþ K2

JRa

¼ 1

K

vc

sþvc

ð2:28Þ

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 vc ¼ K2=JRa. The time constant of

the filter, which is the inverse of the cutoff frequency, JRa=K
2, is called as electro-

mechanical time constant, Tm. In this case, the machine can be modeled as the first-

order system,whose pole lies at�vc. The torque from themachine after neglectingLa
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 K2=JRa � Ra=Lað Þ, 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 La;Ra; 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.

Ra þ BLa

J

� �2

La

J
ðRaBþK2Þ

H
1

4
ð2:29Þ

It can be seen from (2.29) that as K is larger, the response is getting oscillatory

(under-damping). By reducing the field current, if , 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:

JRa
2

LaK2
H

1

4
ð2:30Þ

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

eT
aV

E

K
aR

1 aI

Figure 2.14 Block diagram of a DC machine

with neglecting of the armature inductance.
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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

Evenbefore the power semiconductorswere available, aDCmachine had beenwidely

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 onmultiple electricmachines 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, Vt, through the control of the field current of the DC generator,

and simultaneously by controlling the field current of DC motor. With control of Vt

and Vfm 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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Figure 2.15 Control block diagram of a separately excited DC machine with active damping term.
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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 1
2
Jv2

rm

� �
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 themachines and expensive running cost, a traditionalWard–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, whichwere invented in the late 1950s. The averageDCvoltage of themotor

terminal can be controlled from�135% to 135% of line-to-line rms voltage of a three-

phase AC source bymanipulating the gating signals to the thyristors. The field current
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Figure 2.16 Ward–Leonard system.
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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

ACmachine drive system is replacing the DCmachine 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, T1; T2; T
0
1 ; and T

0
2 , the terminal voltage to the motor, Va,

can be varied from�Vd to þVd , which is normally almost the peak of the line-to-line

voltage ofAC source.When aDCmachine operates as a generator, it means that when

a DC motor is operating in regenerative braking mode, the link voltage, Vd , 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
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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, RDB,

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 anMMFby threewindings can be described as (2.31) at the orientationwith an

MMF by a.

Fabc ¼ N ia þN ib � 1

2
þ j

ffiffiffi
3

p

2

� �
þN ic � 1

2
�j

ffiffiffi
3

p

2

� �
ð2:31Þ

whereN is the effective number of turns of each winding. ia, ib, and ic current flows in

a, b, and c, phasewinding, respectively. If the current is sinusoidal and its peak value is
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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 isve (rad/s) and all currents are balanced,

then (2.31) can be rewritten as

Fabc ¼ NI cos vetþNI

�
� 1

2
þ j

ffiffiffi
3

p

2

�
cos

�
vet� 2p

3

�

þNI

�
� 1

2
�j

ffiffiffi
3

p

2

�
cos

�
vetþ 2p

3

�
¼ 3

2
NI cos vetþ jsin vet½ �

ð2:32Þ

The MMF in (2.32) is equivalent to the MMF by two windings spatially apart

by 90� whose number of turn is 3
2
N as shown in Fig. 2.20a. The current in each

winding is ia ¼ I cosvet and ib ¼ I sinvet, respectively. The MMF by these two

sets of winding is equivalent to the MMF by a winding, which is rotating with

angular speed, ve, 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

tIi eωβ sin=

tIi eωα cos=

rω

Number of turn:
1.5N

Number of turns:
1.5N

(a)

(b)

eω

I

Number of turns:
1.5N

rω

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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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, themotion would be a distorted circular shape. Like thismotion of the disc, the

MMFof anACmachinewould 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, ue. 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, ue and the angle of the rotor, ur, would be the same

ðue�ur ¼ ud ¼ 0Þ.
As the dragging force to the rotor, which is a load torque, increases, the angle

difference, ud, increases. If the magnetic saturation is ignored, then torque generated

by the rotor and the rotatingMMF for the minimization of the reluctance is maximum

when ud is equal to 45�. Above 45�, the torque would decrease. Hence, if the load

torque including friction torque continues to increase above ud ¼ 45�, the rotor

2
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Figure 2.22 Analogy of rotating MMF

to rotating movement by three forces.
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Figure 2.21 Equivalence of MMF by

a rotating permanent magnet.
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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 statorwinding continuously. In this generating operation, the

angle difference, ud, is negative as in (2.33):

ue�ur ¼ udG0 ð2:33Þ
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 ue�ur ¼ 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 2.23 Operating principle of a synchronous reluctance machine (SynRM).
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thismachine, if the rotor is driven by an external primemover, then themachine 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 permanentmagnet is inserted inside of the rotor, then

the reluctance of the rotor would be asymmetry because the relative permeability of

the permanentmagnet is almost unity like air. This type of permanentmagnetmachine

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,

ud 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

ud max is 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. Thewinding 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

rotormachine 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

synchronousmachine, which has a field winding, is called awound 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
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the field current, if . 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 statemeans 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:

due=dt ¼ dur=dt ¼ const ¼ ve; ue�ur ¼ ud ¼ 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-phaseACcircuit, 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 rotormachine including SynRMand 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

N S
rω

fV

eω

SN

rω eω
fi

fV

eω
eω

fi

fi fi

(b)(a)

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

(b) Salient rotor synchronous machine.
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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, Ra, is

much less than the synchronous reactance, Xs, at the rated speed as Ra � Xs.Xs 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 themachine,where the thickness of the permanentmagnet acts as

an air gap.

In Fig. 2.27, the angular frequency of the voltage and the current is the samewith

the rotating speed of MMF, ve, which is also the same with the rotating speed of the

rotor, vr. In the circuit, if the magnitude of Ra is much smaller than that of Xs and Ra

can be neglected, then the load angle, d, has the following relationship with the angle
difference previously mentioned:

d ¼ �ud ð2:34Þ
Under the above assumptions, the current in the stator winding can be deduced as

follows:

Is ¼ Vs�Eicosd�jEisind

jXs

ð2:35Þ

Under the assumption of a balanced three-phase system, the input power to the

machine can be described by

Ps ¼ 3Re Vs � I*s
	 
 ¼ �3VsEisind

Xs

ð2:36Þ

where 	 stands for complex conjugate and Re stands for real part of the complex

number. As seen from (2.36), if dG0, then the machine acts as a motor, and if dH0,

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.

Te ¼ TL � �P

2

3VsEisind

veXs

ð2:37Þ

where P is the number of pole of the machine. It can be seen that the magnitude of

the load angle, jdj, increases as the load torque increases. The maximum value

sI aR sjX

ss V=V
( )δδ sincos jEi +=E

+

-
Figure 2.27 Equivalent

circuit of round rotor syn-

chronous machine at balanced

steady state.
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occurs when d ¼ �90�. If d is less than�90� (i.e., the magnitude of d 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 Xs, then the effect due to Ra cannot be ignored. In this case, the maximum

torque occurs when dH�90�. As mentioned before, the magnitude of Xs is almost

unity per unit, and the magnitude of the short circuit (Vs ¼ 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 Xs, namely as X0
sor X

00
s, is much smaller than the steady-

state value of Xs. 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 Xs. 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, Ei 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 ¼ lf �vr ¼ Kf � If �vr ð2:38Þ

where If is the current flowing in the field winding of the wound rotor synchronous

machine, andKf 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, Kf is a constant regardless of the operating condition. As seen

from (2.35) and (2.38), by changing the magnitude and direction of If , Ei 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
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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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themotoring operation of the synchronous machine after neglectingRa are shown in

the case of leading, unity, and lagging power factor, respectively. In the figure,fs is a

power factor angle.

Like the above phasor diagrams, by controlling If , the power factor of the

machine can be adjusted under the same terminal voltage and the same output power.

As If increases, the power factor varies from lagging to leading in the case ofmotoring

operation. Using this feature of themachine, 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.

Wound rotor synchronuous 
machine

Thyristor Bridge

fi

Figure 2.29 Circuit diagram of a thyristor motor (or LCI system).
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2.7 LINEAR ELECTRIC MACHINE

For the applicationwhere the linearmotion is required, the rotarymotion 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 amoving coil type, where themagnet 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 themover via a flexiblewire harness. In the

Figure 2.31 Moving-coil-type linear permanent magnet synchronous machine.

sV

E

sI

sφδ =

ssjX I

Figure 2.30 Phasor diagram in the case of

MTPA operation of SMPMSM.
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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 themagnitudes of the terminal voltage,Vs,

and line current, Is, are limited, then the capability curve of the synchronous

machine is similar to that of the separately excited DCmachine. In the region where

the speed is less than the base speed, vb, referred to as the constant torque operation

region, ifRa � veLs, 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. Ls stands for synchronous inductance, which is the sum of leakage

inductance, Lls, and magnetizing inductance, Lm. The rotational angular speed in

electrical angle, vr, is the same with the angular speed of rotating MMF, ve, in the

steady state.

In Fig. 2.30we haveXs ¼ jveLs, and EMF can be represented asE ¼ Kf Ifveffd in
phasor. (For motoring operation, d is negative.). If Vs is controlled proportionally to

ve—that is,Vs ¼ Ka �ve—then the shape of the phasor diagram in Fig. 2.30 does not

vary regardless of the variation ofve. Here,Ka is a proportional constant. The shape of

the phasor diagram can be kept until Vs reaches to its limiting value,Vs ¼ Vlim. The

torque in this operation mode can be represented as (2.39) from the phasor diagram

and (2.35), (2.37), and (2.38):

Te ¼ 3XsjIsj �Kf If �ve

2
P
Xsve

¼ 3

2
P � jIsj �Kf If ð2:39Þ

Hence, the field current, If , is kept as constant, which is the rated value, then

torque, Te, can be maximized under the limiting condition of the armature (stator)

current, jIsj ¼ Ilim. In this operating region, the maximum torque with the current

limitation, jIsj ¼ Ilim, is always the same regardless of the operating speed,ve, as seen

from (2.39). Also, this operation region is called a constant torque operation region. If

ve is quite small and themagnitude of Ra is comparable toveLs, then the voltage drop

due the resistance of the stator winding, Ra, should be considered. So, in this case the

armature voltage should be controlled as Vs � RsIlim þKave.

Above the base speed, vb, if If is controlled as the rated value, then the terminal

voltagewould be above the rated value, which is the limiting value of themachine. So,

to keep the terminal voltage equal to the limited value as jVsj ¼ Vlim, the field current

should be decreased according to the speed above the base speed. In this operating

regionwhere the field current should be reduced, theRa is sufficiently small compared

to the magnitude of veLs, and the voltage drop due to Ra 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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input power of the machine. Under these assumptions, to get maximum torque per

ampere (MTPA)with both the limitation of thevoltage 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 ofve, If 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.

Te ¼ 3

2
P
VlimIlim

ve

ð2:40Þ

Between this field-weakening region and the previously described constant-

torque operating region, there is a brief operating region where the power factor

angle, fs, decreases from jdj to null. In this operating region, the voltage and current
are both at their limiting values, Vs ¼ Vlim and jIsj ¼ Ilim while the power factor

angle varies according to the operating speed, ve. The torque in this operating mode

decreases according to the speed, ve, 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 fieldweakening 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

sV

ssjX I
E

sI
δ

= 0
s

φ 

Figure 2.32 Maximum torque per ampere

(MTPA) operation of a round rotor synchronous

machine with field winding under limited voltage

and current condition after neglecting the voltage

drop of stator winding resistance.
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Figure 2.33 Capability curve of a of round rotor synchronous machine with field winding.
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Figure 2.34 Capability curve of a syn-

chronous machine where the air gap flux is

dominated by the permanent magnet.
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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 thewinding 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 easymanufacturing. So, the skin effect can be neglected inmost of the

general-purpose synchronous machines. Even in the field winding, the field current is

normally DC, and the skin effect can be neglected.

Rr at T ¼ Rr75�C
235þ T

310

� �
ð2:41Þ

whereT stands for temperature in �C, andRr75�C for the resistancevalue of thewinding

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 q 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,Ld , where the fluxbyfieldwinding lies, is larger than that

of the synchronous inductance at the q axis, Lq, 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 q axis. Hence, the variation of the inductance

at the d axis is smaller than that of the inductance at the q axis. The equivalent circuit of

this type of machine is considered in Section 3.3.2.2. The q-axis inductance, Lq, 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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In Fig. 2.36, the variation of Ld and Lq of a typical IPMSM for the traction

application according to themagnitude of the current and to the angle of the current,b,
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, b equals 90� means that all current is in the q axis, which

is the quadrature to the d axiswhere flux by themagnet lies. Also,b 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 Ld , 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 Ld and Lq
in the range of b¼ 90�–100� are neglected, then Lq varies about 2.5 times and Ld
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 synchronousmachinewhere the excitation flux is provided by themagnet, the

field current, If , 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, Kf , 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 2.35 Stator winding and magnet

structure of a four-pole interior permanent

magnet synchronous machine (IPMSM).
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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, a, is about�0.11%/�C, and the flux can be

represented as the function of temperature in (2.42)–(2.44).

BrðTÞ ¼ Br0 1þa
DT
100

� �
ð2:42Þ

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

18017016015014013012011010090

35.35[Apeak]

70.71[Apeak]

106.06[Apeak]

141.42[Apeak]

176.77[Apeak]

212.13[Apeak]

247.48[Apeak]

282.84[Apeak]

318.19[Apeak]

353.55[Apeak]

388.90[Apeak]

424.26[Apeak]

Ld

Ld

0

0.05

0.1

0.15

0.2

0.25

0.3

18017016015014013012011010090

beta [deg]

beta [deg]

In
du

ct
an

ce
In

du
ct

an
ce

35.35[Apeak]

70.71[Apeak]

106.06[Apeak]

141.42[Apeak]

176.77[Apeak]

212.13[Apeak]

247.48[Apeak]

282.84[Apeak]

318.19[Apeak]

353.55[Apeak]

388.90[Apeak]

424.26[Apeak]

Figure 2.36 Variation of synchronous inductances, Ld and Lq of 50-KW, 220-V, 20-pole IPMSM

for traction application.
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lf ¼
ð
Br dA ð2:43Þ

lf ðTÞ ¼ lf0 1þa
DT
100

� �
ð2:44Þ

where Br0 stands for remanence of the magnet at 30�C, lf0 for flux of the magnet at

30�C, DT for difference between 30�C and operating temperature T (�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 2.37 Capability curve of 50-KW, 220-V, 20-pole IPMSM for traction application.
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Figure 2.38 Variation of remanence of NEOMAX-32H magnet according to the temperature.
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Themagnitudes 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, lf , it is concluded
that lf 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 awound rotor inductionmachine as

shown in Fig. 2.40, where three-phase windings are in the rotor and the terminals of

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.
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Figure 2.40 Conceptual diagram of a

wound rotor induction machine.
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the windings are brought out, and a squirrel cage rotor induction machine as shown in

Fig. 2.41. In the 20th century, thewound rotor inductionmachine 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 samewith the case of a
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Rotor Core End Ring
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End Ring
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Figure 2.41 (a) Rotor structure of a squirrel cage rotor inductionmachinewith rotor conductors and iron

core. (b) Rotor structure of a squirrel cage rotor induction machine with rotor conductors only.
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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 synchronousmachine

and a DC machine the air gap flux is the vector sum of the flux by a rotor winding or

by the permanentmagnet 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 rotatingMMFand 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

vsl ¼ d

dt
ue�urð Þ ð2:45Þ

where ur is the instantaneous position of the rotor in electric angle, and it can be

expressed as

ur ¼ P

2

ðt
0

vrm dtþ uro ð2:46Þ

where uro stands for the rotor position at t¼ 0 s,vrm stands for themechanical 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 asvr ¼ P
2
vrm 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

thevariation of the stator fluxwith 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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The slip of the induction machine can be defined as

S � ve�vr

ve

ð2:47Þ

where ve ¼ due
dt

and vr ¼ dur
dt

¼ P
2
�vrm.

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, Rs stands for the stator winding resistance, Xls stands for the

stator winding leakage reactance, Xm stands for the excitation reactance, Xlr stands

for the rotor winding leakage reactance, and Rr stands for the rotor winding

resistance.

From the circuit, the excitationvoltage,Em, 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 ¼ Vs� Rs þ jXlsð Þ Is ð2:48Þ
whereEm stands for the voltage in the phasor applied to mutual inductance,Vs 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 Is stands for the current in the phasor

flowing in a phase of the stator winding.

If the induced voltage to the rotor circuit isEr and the turn ratio between the stator

circuit and rotor circuit is 1:1, then (2.49) can be deduced.

jErj ¼ SjEmj ð2:49Þ
If there is no slip, S ¼ 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 jErj ¼ 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 S¼ 1, which means that the rotor is stationary, then the inductionmachine

sR sjX

sI

mjX

rω

sV mE

rjX

rIrE
rR

Ideal transformer, where the 
secondary winding is rotating

No winding resistance, no excitation 
current, no leakage inductance

+

-

+

-

Figure 2.43 Steady state per phase equivalent circuit of a squirrel cage rotor induction machine.
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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 ve, that of the

variables in the rotor circuit is vslð� SveÞ, and the reactance at each circuit is

jXm ¼ jveLm; jXls ¼ jveLls, and jXlr ¼ jvslLlr respectively. Here, Lm means excita-

tion inductance of the machine, and Lls and Llr 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.

In Fig. 2.44, the angular frequency of both stator and rotor circuits is the same as

ve. And if the magnitude of the referred rotor current, I0r is the same as that of the

actual rotor current, Ir, 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, X0
lr, is already increased because the frequency of

the rotor circuit has been increased from vsl to ve ¼ ð1=SÞvsl½ �. The actual para-

meters of the rotor circuit such as Llr, Rr 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 X0
lr and I

0
r.

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 (0), which means the referred variable.
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Figure 2.44 Per phase equivalent circuit, where electric variables in the rotor circuit is referred to

stator side.
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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.

Pcopper ¼ 3 RsjIsj2 þ Rr

S
jIrj2

� �
ð2:50Þ

The air gap power, Pgap, defined as the power transmitted from stator to rotor

through the air gap can be represented as Re 3Em � I*s
	 


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, Rr, in the rotor circuit, the resistance can be

segregated to Rr and
1�S
S
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, 1�S
S
Rr, can be considered as

the mechanical output power, Pm, and the power consumed at the resistance Rr can be

considered as the rotor copper loss.

Then, Pm can be expressed as

Pm ¼ 3 � Irj j2 � 1�S

S
Rr ð2:51Þ
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Figure 2.45 Simplified per phase equivalent circuit of an induction machine.
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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, vrm, can be

deduced as

Te ¼ Pm

vrm

¼ Pm

ð1�SÞve
2
P

¼ P

2

Pgap

ve

¼ 3
P

2

Rr

Sve

jIrj2 ¼ 3
P

2
� Rr

vsl

jIrj2 ð2:52Þ

As seen in (2.52), the torque can be expressed using the air gap power, Pgap, and the

synchronous speed, vrm ¼ ve=ðP=2Þ.
The input power to the machine is Re 3VsI

*
s

	 

, and the power factor angle is

defined as the difference of the phase of Vs and Is. The mechanical power, Pm, and

the torque, Te, at synchronous speed, ve ¼ vrðS ¼ 0Þ, is null, because there is no

current at the rotor circuit, jIrj ¼ 0. However, at zero speed, vr ¼ 0ðS ¼ 1Þ, while
mechanical power is zero, the torque can be represented as (2.53) by inserting

S ¼ 1 in (2.52).

Te st ¼ P

2
3jIrj2 �Rr � 1

ve

ð2:53Þ

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

Em ¼ jXlr þ Rr

S

� �
Ir ð2:54Þ

The power factor at the air gap can be represented by

cosfr ¼
Rr

Sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2
lr þ

Rr

S

� �2
s ð2:55Þ

The torque can be expressed in terms of Ir, fr, and Em as

Te ¼ 3 � P
2
� jEmj � cosfrjIrj

1

ve

ð2:56Þ

The air gap flux, lm, can be defined as

lm � Em

jve

ð2:57Þ

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

current as

Te ¼ 3 � P
2
� jlmj � jIrjcosfr ð2:58Þ

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 Xlr � Rr=S. Hence, in (2.55), the power factor at the air gap can be

approximated as cosfr � 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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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, Lm, can be added to express iron loss of the inductionmachine as shown in

Fig. 2.47. The effects of the resistance, Rm, 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 Rm 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, lm, as constant regardless of the variation of the stator

frequency, ve, the air gap voltage, Em, in Fig. 2.45 should be adjusted as follows:

Em ¼ jvelm ¼ jveLmIm ð2:59Þ
The rotor current can be expressed by the voltage,Em, and the slip angular frequency,

vsl , as

Ir ¼ jEmj
ve

� �
vslffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2
r þ vslLlrð Þ2

q ð2:60Þ

where the slip angular frequency is given by vsl ¼ S �ve.

Equation (2.60) can be rewritten as (2.61) in terms of the air gap flux and slip

angular frequency.

jIrj ¼ jlmj vslffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
r þ vsl � Llrð Þ2

q ð2:61Þ
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Figure 2.47 Equivalent circuit considering iron loss.
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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, jIrj, is proportional to vsl as seen in (2.61), because Rr � vslLlr 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.

Te ¼ 3
P

2
lmj j2 � vslRr

R2
r þ vslLlrð Þ2 ð2:62Þ

Equation (2.62) can be approximated as (2.63) in the normal operating region where

Rr � vslLlr.

Te � 3
P

2
� lmj j2 � vsl

Rr

ð2:63Þ

Equation (2.63) means that the torque of the induction machine is proportional to

vsl , and proportional to the square of the air gap flux.

By differentiating (2.62) regarding vsl , the slip frequency, where maximum or

minimum torque occurs, can be found as

vsl pk ¼ � Rr

Llr
ð2:64Þ

The torque atvsl pk is called as the pull-out torque of the induction machinewith

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.

Te pk ¼ �3
P

2
� jlmj2 � 1

Llr
ð2:65Þ

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, Vs,

can be expressed as

Vs ¼ jvelm þ Rs þ jXlsð ÞIs ð2:66Þ
If ve is large enough, then the following inequality holds.

jlmj �ve ¼ jEmj � j Rs þ jXlsð ÞIsj ð2:67Þ
Then the phase voltage can be approximated by the air gap voltage as

jVsj � jlmj �ve ð2:68Þ
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.

Vs

ve

¼ jlmj ¼ const ð2:69Þ

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 gapfluxoperation is called asV/F control of the induction

machine. However, the frequency, ve, is getting smaller and the magnitude of the air

gap voltage, jlmj �ve ¼ jEmj, is comparable to or less than the magnitude of

the voltage drop of the stator impedance, j Rs þ jXlsð ÞIsj; thus the voltage drop should
be considered in the control of the stator voltage.Also, if the frequency is small enough,

then Rs � Xls. In this operating condition, the voltage drop of the stator impedance is

almost the same as the drop by stator resistance as j Rs þ jXlsð ÞIsj � RsjIsj. Considering
the overall frequency range, to keep air gap flux as constant, themagnitude of the stator

voltage should have the relationship with the frequency as shown in Fig. 2.48. The

voltage at zero frequency,RsjIsj, 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 circuit in Fig. 2.46, If slip, S, is negative,whichmeans that the rotating speed

of the rotor is larger than the speed of the rotating MMF, then the mechanical output,

Pm, is 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 1�S
S
Rr 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,

sV

eω
ssR I⋅

Figure 2.48 Relationship between

the magnitude of the stator voltage and

the frequency under constant air gap

flux operation.
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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 ve and the rotor of the

machine is driven asvrHve, then the sourcewould provide the reactive power (VAR),

3Xm � jImj2, 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.

Pout ¼ Te �vrm�3jIsj2 �Rs�3jIrj2Rr ¼ 3Re Vs � I*s
	 
 ð2:70Þ

where Te is the torque of the primemover. 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 inductionmachine are drawnwith 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

themechanical powermeans input power to themachine. In the figure, the asymmetry

regarding thevertical axis comes from the internal copper loss of themachine.When it

operates as a motor, the loss is covered by the electric input power and themechanical

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-kWinductionmachine.

Rs ¼ 0:044W, Rr ¼ 0:0252W, Lls ¼ 0:55 mH, Llr ¼ 0:47 mH, Lm ¼ 12:9 mH.
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the mechanical input power covers the loss and themechanical 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, Rs, Rr, Lm, Lls , Llr , Rm, 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, Rr

The rotor resistancevaries according to the frequency,vsl , 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, whichmeans 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,vsl , 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 vsl ¼ ve. At normal running condition, the slip is quite small, and

vsl � ve. So, the rotor resistancemay 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

improvedwith 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 inductionmachine can be designed as shown in Fig. 2.50,where the

resistance varies remarkably according to vsl .

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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2.12.2 Variation of Rotor Leakage Inductance, Llr

The rotor leakage inductance, Llr, is affected by the skin effect, and the inductance

decreases as the frequency, vsl , 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 Llr 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, Rs

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.

Double cage type Deep bar type Triangular type 

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.
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2.12.4 Variation of Stator Leakage Inductance, Lls

The slot of the stator is normally open magnetically, and the variation of the leakage

inductance due to themagnetic 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.

Rated magnitude
of rotor current

rL

rI

Figure 2.52 Variation of rotor leakage inductance according to the magnitude of the rotor current.

 (b) (a)   

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, Lm

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, Rm

In Fig. 2.47, the resistance, Rm, represents iron loss varies according to the air-gap

flux, lm, and the excitation frequency, ve. The iron loss expressed by Rm comes from

eddy current loss and hysteresis loss. The former is approximately proportional to

v2
e jlmj2 and the latter approximately proportional to v2

e jlmj1:6. Hence, Rm can be

modeled as (2.71) as a function of the air gap flux and the frequency.

Rm ¼ Ke þ Kh

vejlmj0:4
 !

ð2:71Þ

where Ke and Kh 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

Rated Excitation
Current

mL

mI Figure 2.54 Variation of Lm accord-

ing to the magnitude of the excitation

current, jImj.
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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 NEMAB-type induction machine is shown

in Fig. 2.55 alongwith the efficiency and themagnitude 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 NEMAD-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 NEMAD type of machine is poor, especially when the slip is large. NEMAA-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 tp in
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Figure 2.55 Torque–speed curve of a typical 22-kW NEMA B-type induction machine.
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meters, then the mechanical output power of a standard NEMA B-type induction

machine in horsepower (1Hp¼ 746W) 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.

tp ¼ 0:084 Hp=PP2
� �6=23 ðmetersÞ ð2:72Þ

Rs ¼ 0:0033t�1
p ðper unitÞ ð2:73Þ

Rr ¼ 0:004t�1
p ðper unitÞ ð2:74Þ

Xs ¼ Xls þXlr ¼ 0:2 ðper unitÞ ð2:75Þ

Xm ¼ 10 tp=PP
� �1=2 ðper unitÞ ð2:76Þ

The parameters given by the above equations in the case of a four-pole machine,

PP ¼ 2, can be expressed as shown in Fig. 2.56.

From the figure, it can be seen that Xm increases and Rs and Rr 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, Xm decreases

as (2.76) and the power factor decreases.
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Figure 2.56 Parameter variations of a four-pole NEMAB-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

rotor flux depends on the rotor time constant tr ¼ Lm þ Llrð Þ
Rr

� �
. Hence, in the case

of above several-hundred-kilowatt induction machine, several milliseconds can

be considered as the short period.

If the inductionmachinewas 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 Rs stands for the stator winding resistance as shown in Fig. 2.45, and XK can

be represented as veLK , where LK ¼ Lls þ Lm � Llr
Llr þ Lm

, approximately LK � Lls þ Llr.

And Es 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

Es ¼ jve

Lm

Lm þ Llr
�lro ¼ Lm

Lm þ Llr
� Iro � Rr

S
ð2:77Þ

where Iro is the phasor rotor current just before the transient. If the angular frequency

of the phasor of the stator voltage, Vs, is ve, then the operating frequency of the

circuit in Fig. 2.57 is ve. And if the stator circuit is opened suddenly and no current

flows in the circuit, Is ¼ 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,

vr ¼ P
2
vrm. In this situation, it is assumed that the current flows through XK

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.

sI sR KjX

ss V=V sE
+

+

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

jVsj 
 Vlim; jIsj 
 Ilimð Þ, 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 a reverse 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, Vs, increases above the rated value, normally Vlim, 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

synchronousmachine the fieldwinding current can be reduced for the fieldweakening

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 jlmj is controlled as 1=ve, because

jEmj ¼ vejlmj in the circuit at Fig. 2.46, jEmj would be constant in the entire flux

weakening region.However, the impedance due to the leakage inductance of the rotor,

Xlr ¼ veLlr, would increase as the frequency increases. Hence, if the slip is kept as

constant, then the magnitude of the rotor current, jIrj, decreases and that of the stator
current, jIsj, also decreases. To keep themagnitude of the stator current as Ilim, the slip

should be increased according to the increase of ve in order to keep jIrj as a constant
decided by the magnitude of the rotor impedance jZrj ¼ j Rr

S
þ jveLlrj:

jIrj ¼ jEmjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rr

S

� �2 þðveLlrÞ2
q ð2:78Þ

In the operating condition, where the magnitude of stator current is the limited

value, jIsj ¼ Ilim, and under the assumption that the limited value is equal or larger

than the rated value of the stator current, then Is ¼ Im þ Ir � Ir. Also, in the case of the

standard general-purpose induction machine above several-kilowatt output power

range, at the normal running condition we have Rr=S � veLlr. To keep jIsj as Ilim, the
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slip should be constant and the slip angular frequency increases proportional to ve. If

the slip angular frequency, vsl , increases up to vsl pk, which is the value where the

pull-out torque occurs, then the torquewould not further increase with the increase of

vsl . Hence, above that speed, the slip angular frequency, vsl , should be kept as

constant asvsl pk, and themagnitude 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 jIsj and approximately jIrj can be kept as a constant like jIsj � Ilim 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 jIsj decreases as speed
increases. The available maximum torque in the region 1 is almost inversely

proportional to ve 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 asve � vsl andve � P
2
vrm, then the output

power of the machine, given by Pm ¼ Te �vrm, 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, Te decreases inversely proportional to the square of ve

because jIrj decreases inversely proportional to ve in addition to the decrease of the

air-gap flux, lm. Hence the output power of the induction machine at the region 2

decreases inversely proportional tove. 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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Figure 2.58 Capability curve

of an induction machine in the first

quadrant of torque–speed plane.
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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=ve in region 1 and by 1=v2
e 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 MACHINE AND DC MACHINE

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

Themaximum stator current slew rate, dis=dt, of the inductionmachine ismuch 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 Vcom ¼ vrm � rcom, where rcom is 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 G2.6� 106 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, cosfs, 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,a, because cosfsGcosa [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 independentlywith the power factor

of themachine itself. If the rectifying circuit of the inverter is a diode full bridge circuit

with some reactors, then the power factor at the utility linewould 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 inductionmachine

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 offAC current of the inductionmachine 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.

Pin DC ¼ Ia �Va �hDC ð2:79Þ
Pin AC ¼

ffiffiffi
3

p
Ve�l jIsjcosfhAC ð2:80Þ

The efficiency of the induction machine, hAC , is generally equal to or higher than

that of the DCmachine, hDC. The power factor of a four-pole standard NEMAB-type

general-purpose induction machine above several-kilowatt power range is equal to or

larger than 3
2

1ffiffi
3

p ð�0:866Þ. 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 ACmachine 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 inductionmachine is the cost of the power converter to control the machine. In the

case of the variable-speed drive of an inductionmachine, aVVVF inverter is generally

used as the power converter. But in the case of aDCmachine, 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
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system, regardless of the size and the speed, the choice for the variable speed/variable

torque is anACmachinewhether it is a permanentmagnet synchronousmachine 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 ACmachine 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

MMF 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

surfacemount 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 inductionmachine 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, jlmj, decreases proportionally after neglecting the

voltage drop due to the stator impedance. As jlmj decreases, pull-out torque decreases
proportionally to the square of jlmj 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 “b” to
“g”. But, the operating efficiency drops as slip increases, because an inequality

in (2.81) holds regarding the efficiency, h, and the slip, S.

hG 1�Sð Þ ð2:81Þ
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At operating point,g, the slip looks like 35%and the efficiencywould 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 (TL1 ! TL2), the load torque may be above the

pull-out torque of the machine, the machine would be stalled, and the permanent

damagemay occur in themachine and the power converter to control themagnitude 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 (�V/F ) 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, jlmj, as constant up to

the base speed, vb, 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

sI a

b

c
s

accK

+

–

+

–

PWM Inverter
,

(Variable voltage variable
frequency controller, VVVF)

*
eω

*
sV Voltage 

reference
Angular frequency

reference

limI

sI

**
eω

Gain for  
accel. rate TableF

V

eω*

eω*

•dt�

Induction machine
or synchronous machine

Block to limit accel.
rate against over 

current faults

User command for 
angular frequency

Figure 2.60 Block diagram of a variable-speed drive system based on constant air-gap flux � V
F= Þð 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, jVsj, according to the frequency, ve, to keep

the air gap flux as constant. This constant air-gap flux control � V
F= Þð can be

applicable to the variable-speed drive system of the synchronous machine, but the

magnitude of the load angle, jdj, 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 vslLlr is much smaller than Rr, the error

due to the approximation would be large as ve increases and vslLlr 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.
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Figure 2.61 Control block diagram of a speed control system of the induction machine using actual

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

Themethod discussed in Section 2.17.3 has shortcomings such as themeasurement of

the actual speed, and themethod 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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Figure 2.62 Block diagram of speed control of an induction machine using stator current magnitude
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time delay. In this section, typical power converters such as a three-phase diode/

thyristor rectifier, a PWMboost 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, a, 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 fixedby the inputACvoltage. 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, Ls. At the circuit in Fig. 2.64, the voltage drop due

to Ls 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,ve means the angular frequency of AC source.

The DC output voltage in Fig. 2.63 is the cosine function of gating angle, a. 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, Vc.

In this case the output voltage, Vd , can be represented in terms of the control

command, Vc, and output current, Id , as

Vd ¼ Vc

3
ffiffiffi
2

p

p
VL�Le

� 2p
12ve

s� 3veLs

p
Id ð2:82Þ

Line-to-Line rms LLV −

Three-Phase
AC Source

sL

sL : Source Inductance

; Filtering InductancedL

Gating Angle, α

+

-

DC
Output

Vd

id

Figure 2.63 Three-phase-controlled rectifier based on thyristors.
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where Id is Laplace transformation of DC output current id . And e�
2p

12ve
s 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

Vd � Vc

3
ffiffiffi
2

p

p
VL�L

1

1þ Tds
� 3veLs

p
Id ð2:83Þ

where Td ¼ p
6ve

(seconds). In the case of a diode rectifier, where a ¼ 0, the output

voltage can be expressed as

Vd ¼ 3
ffiffiffi
2

p

p
VL�L� 3veLs

p
idh i ð2:84Þ

where idh i is the average value ofDC output current, id . However, if the current, id , 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

Vd
)(cosV

23
LL α

π −

3 e
sR L

ω
π

=

id

Ideal
Diode

+

-

Figure 2.64 Equivalent circuit

of a three-phase-controlled

rectifier.

Vc Cos-1 α Figure 2.65 Gating angle generator to circum-

vent the nonlinearity.
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rectifier in Fig. 2.66 acts sometimes as an inverter, which converts the electric power

from aDC source to anAC line. The frequency of anAC sourcemay varywidely 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,
ffiffiffi
3

p
Vm, where Vm 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, Linter, 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

interL

AC Source PWM Boost Rectifier

n

anV

bnV

cnV

sL

s

asi

bsi

csi

A

B

C

a

b

c

Figure 2.67 Equivalent circuit of a PWM boost rectifier.
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Figure 2.66 Power circuit of a PWM boost rectifier and an input AC source.
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the output AC voltage can be described as (2.85) in terms of DC link voltage,

Vd .

Van ¼ m
Vd

2
sinðvetþfÞ

Vbn ¼ m
Vd

2
sin vetþ 2p

3
þf

0
@

1
A

Vcn ¼ m
Vd

2
sin vet� 2p

3
þf

0
@

1
A

ð2:85Þ

where m is modulation index defined as the ratio between the peak of the phase

voltage, Vm, and a half of the DC link voltage, Vd=2, and m � Vm

Vd=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 f 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=p according to PWM. The modulation

index, m, and f 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 ¼ VmsinðvetÞ

VBs ¼ Vmsin vetþ 2p
3

0
@

1
A

VCs ¼ Vmsin vet� 2p
3

0
@

1
A

ð2:86Þ

where ve 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

Vd C
dVd

dt
þ idcl

� �
¼ Vanias þVbnibs þVcnics ¼ Vasias þVbsibs þVcsics ð2:87Þ

where,C stands for the capacitance in the DC link and idcl stands for the current going

out from theDC 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, Van, Vbn, and Vcn, as shown

in Fig. 2.68.

As seen in Fig. 2.68, at given output power, the magnitude of AC voltage of the

boost rectifier, jVnj, 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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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, Vs, can be connected to another DC voltage source, Vd , whose

magnitude is larger than the magnitude of Vs. 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, is, is continuous and the duty factor of a switchQ1 is

denoted as D, then the average voltage equation between two DC sources for a

Q1

Q2

DC
Link

+

-

Vd

dcli

interL

DC Source

si

sV
+

-

C

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

of the converter and inductors.

Vs ¼ VdD ð2:88Þ

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.

isD ¼ idcl ð2:89Þ

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 þVd

to�Vd can be applied to the output, which is the armature circuit of DC machine. To

control four switches, T1; T
0
1; T2; and T

0
2, 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*
a , 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*
c , 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

- 1

*
cV

1
T

'
2T

'

1
T

2
T

*
cV−

*
aV

Limiter

+

-

+ -

Carrier

Figure 2.70 Control block diagram of pwm signals for a four-quadrant dc/dc converter.
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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 armaturewinding 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

XX X X X

X: Peak and Valley of Triangular Carrier Wave

dV
*

cV

*
cV–

d–V

nV1

2/dV

2/dV

dV

nV2

nna VVV 21 –=

ai

Triangular
Carrier 
Wave

T
s

Figure 2.71 Pwm signals, voltages, and current of a four-quadrant DC/DC converter.
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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, Vd , is 2Vd=p and the inverter can synthesize AC phase

voltage in the range of 0 � 2Vd=p. In this case, in the range from Vd=
ffiffiffi
3

p
to

2Vd=p, the control of low-order harmonics is getting difficult as the magnitude of

phase voltage increases. In the extreme case, if phase voltage is 2Vd=p, 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 Vd=
ffiffiffi
3

p
, if the higher-order

harmonic components are neglected, output voltage can be expressed as (2.90).

The modulation index, m, and angular frequency, v, can be controlled at every

half period of PWM switching frequency.

Vas ¼ m
Vd

2
sinðvtÞ

Vbs ¼ m
Vd

2
sin

�
vtþ 2p

3

�

Vcs ¼ m
Vd

2
sin

�
vt� 2p

3

�
ð2:90Þ
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Figure 2.72 VVVF inverter with pulse width modulation (PWM).
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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).

Vd idcl�C
dVd

dt

� �
¼ Vasias þVbsibs þVcsics ð2:91Þ

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 anAC sourcewith 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
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Figure 2.73 Power circuit of a matrix converter with an AC line and an input filter.
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the input power factor, which is usually unity, a proper PWMmethod 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 maximummagnitude of output phase voltage is limited within
ffiffiffi
3

p
=2 of

peak of input phase voltage under the assumption of unity power factor. If the

displacement power factor of input, cosðfsÞ, is not unity, then the maximum

magnitude is limited within
ffiffi
3

p
2
cosðfsÞ. 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].

VA0nias þVB0nibs þVC0nics ¼ Vanian þVbnibn þVcnicn ð2:92Þ

2.19 PARAMETER CONVERSION USING PER UNIT
METHOD

The parameters inMKS 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 themachinery 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,

Figure 2.74 Two possible

implementations of an AC switch with

an IGBT and a diode.
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DCmachine is 6.28W and that of a 110-kW, 220-V,DCmachine is 0.1027W, 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 involt-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,VB. In the case of electricmachines, the

rated output power (in watts) of the machine is usually used as the basis of power, PB,

and rms rated phase voltage is VB. From PB and VB, the base current, IB, can be

calculated as (2.93), and the base impedance, ZB, can be defined as (2.94).

IB ¼ PB

m �VB

ð2:93Þ

where m is the number of phase of input source. Also, for a DC machine or single-

phaseACmachinewe havem ¼ 1, and for a three-phase ACmachinewe havem ¼ 3.

ZB ¼ VB

IB
ð2:94Þ

With the base impedance, the armaturewinding resistance of DCmachine can be

represented as

Rap � u ¼ Ra

ZB
ð2:95Þ

In the case of an ACmachine, the rated angular frequency can be used as the base

angular frequency,vB, and the reactance,vLs, of ACmachine can be expressed in per

unit as

Xsp � u ¼ vB � Ls
ZB

ð2:96Þ

And the base value of the torque of AC machine can be represented as

TB ¼ PB

2
P
�vB

ð2:97Þ

where P is the number of pole of machine. And the torque, Te, of an AC machine can

be expressed in per unit as

Te p � u ¼ Te

TB
ð2:98Þ
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PROBLEMS

1. A 100-Hp (74.6-kW) separately excited DCmachine, 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.

DC Machine Parameters

Ra ¼ 0:0144 ðWÞ; La ¼ 1:10 ðmHÞ; Rated armature current: 349 ðAÞ

Rated speed: 1750 ðr=minÞ Rated armature voltage: 230 ðVÞ

Lf ¼ 10:77 ðHÞ; Rf ¼ 13:58 ðWÞ; Rated field current: 14:4 ðAÞ

Inertia: JM ¼ 1:82 ðkg-m2Þ

(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 themaximumoutput power in kilowatts, all in

the steady state.

2. A110-kW separately excitedDCmachine, 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

Ra ¼ 0:025 ðWÞ; La ¼ 1:557 ðmHÞ; Rated armature current: 274 ðAÞ

Rated speed: 560 ðr=minÞ; Rated armature voltage: 440 ðVÞ

Lf ¼ 10:77 ðHÞ; Rf ¼ 13:58 ðWÞ; Rated field current: 14:4 ðAÞ

Inertia: 11:5 ðkg-m2Þ; Weight: 2000 ðkgÞ

aV

rmω

Figure P2.1 Field weakening control.
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Operating Conditions

Armature voltage: Va ¼ 220 ðVÞ; Field voltage: Vf ¼ 220 ðVÞ
Load torque: TL ¼ 1800 ðN-mÞ

(1) By small signal analysis, calculate the transfer function, Dvrm=DVf , at the given

steady-state operating point, where the speed of the machine, vrm, 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 196V to 186V in step.

(4) Calculate how much the armature voltage should vary in step to get the same speed

variationwith the result in thepart3at theconstant196-Vfieldvoltage, andplot the speed

response with the calculated armature voltage variation by the computer simulation.

3. With a separately excited 2-kWDCmachine, 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

Ra ¼ 6:28 ðWÞ; La ¼ 53:6 ðmHÞ; Lf ¼ 221 ðHÞ; Rf ¼ 858 ðWÞ
Rated armature current: 5:7 ðAÞ; Rated speed: 2243 ðr=minÞ;
Rated field current: 0:225 ðAÞ
Inertia: 0:0224 ðkg-m2Þ; Rated armature voltage: 440 ðVÞ

4. 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 rotatingMMF

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.

5. In the equivalent circuit of a round rotor synchronous machine, shown in Fig. 2.27, in the

casewhere the speed of themachine is low and themagnitude ofRa almost equals that ofXs,

represent the torque of the machine in terms of Vs, Ei, d, Ra, Xs, P, and ve.

6. 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 t ¼ 0 sð Þ when the “A”

phase current is zero crossing from negative to positive, the input power source to the

machine is disconnected and reconnected after 375ms. The inertia of themachine 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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Rated power: 2250-Hp; Rated voltage ðline-to-line rmsÞ: 2300V;
Rated speed: 1786 r=min; Rated frequency: 60Hz;

Number of pole: 4

Rs ¼ 0:029W; Rr ¼ 0:022W

Xls ¼ 0:226W; Xlr ¼ 0:226W

Xm ¼ 13:04W

(1) Find the magnitude of the stator current, jIsj, and rotor current, jIrj, just before
disconnection.

(2) For 0þ 
 tG375 ms represent a line-to-line voltage, Vab, in terms of the machine

parameters and time, t.

(3) For t � 375 ms represent a line current, ias, from the source to themachine in terms of

the machine parameters and time, t. In this case, the stator and rotor resistance can be

neglected, and they can be assumed to be Rs ¼ Rr ¼ 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 ðline-to-line rmsÞ: 440 V;
Rated speed: 1755 r=min; Rated frequency: 60 Hz;

Number of poles: 4

Rs ¼ 0:69W; Xls ¼ Xlr ¼ 2:24W

Xm ¼ 45:43W Rr ¼ 0:451W

bi ci

s
s

b c

aia

s

+

-

+
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Figure P2.2 Balanced three-phase windings.
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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 ðline-to-line rmsÞ: 220V;
Rated speed: 1755r=min Base frequence: 60 Hz;

Number of poles: 4; Rated current: 75A

Rs ¼ 0:044W; Rr ¼ 0:0252W; Lls ¼ 0:55 mH; Llr ¼ 0:47 mH;

Lm ¼ 12:90 mH

(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, 380Vrms, and apparent power,

400KVA.

8. Find the parameters of the equivalent circuit of a 60-Hz, 100-Hp, 380-V, 6-pole standard

generalpurpose inductionmachine inohms,whoseparameters aredecidedby(2.72)–(2.76).

9. 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 (VVVF) inverter. The input frequency of

the stator voltage has been changed to 58Hz 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.

Rs ¼ 0:023 P:U:ð Þ; Xls ¼ 0:09 P:U:ð Þ; Xm ¼ 1:5 P:U:ð Þ
Rr ¼ 0:03 P:U:ð Þ; Xls ¼ 0:11 P:U:ð Þ

10. 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; 60Hz; 380V; 200Hp; Xs ¼ 0:6W;Ra ¼ 0:02W

Limiting conditions: Line-to-line voltage in rms: jVsj 
 380V

Line current in rms: jIsj 
 240A

In this problem, the magnitude of the field current should be equal to or less than the

rated value, where the rated power, 200Hp, occurs with the frequency, 60Hz, voltage,

380V, current 240A. 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.

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

steady state.

5 Hp; 4 poles; 60 Hz; Rs ¼ 0:423W; Ls ¼ 4:96 mH; Kf � If ¼ 0:422 V=ðrad=sÞ

(1) Calculate the angular frequency of the stator voltage, veðrad=sÞ.
(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 d.

12. (1) For the control system shown in Fig. 2.60, prepare the V
F= table of the figure in the

frequency range from 0 to 360p (rad/s) for the induction machine, whose parameters

are given as follow.

Rated power: 22 kW; Rated voltage ðline-to-line rmsÞ: 220 V;
Rated speed: 1755 r=min;

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

Inertia of themachine itself: 0:122 kg-m2; Rated current : 75 A

Rs ¼ 0:044W; Rr ¼ 0:0252W; Lls ¼ 0:55 mH; Llr ¼ 0:47 mH;

Lm ¼ 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, v*
sl , according to the torque, T

*
e , range from�200N-m to

200N-m.

(3) The machine in part 1 is driven by the control block diagram shown in Fig. 2.62.

Prepare the table of jIsj in terms of jv*
sl j.

13. 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 ðline-to-line rmsÞ: 220 V;
Rated speed: 1755 r=min

Base frequency: 60Hz; Number of poles : 4

Inertia of the machine itself: 0:122 kg-m2; Rated current: 75 A

Limiting conditions: Line-to-line voltage in rms: jVsj 
 220 V;

Line current in rms: Is 
 75 A

Rs ¼ 0:044W; Rr ¼ 0:0252W; Lls ¼ 0:55 mH; Llr ¼ 0:47 mH;

Lm ¼ 12:90 mH

(1) Calculate the slip angular frequency, vsl (rad/s).

(2) Calculate the torque (N-m) and mechanical output power (kW).
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14. 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 60Hz, and above 60Hz, the magnitude is kept constant in

line-to-line 220V rms.

Rated power: 22 kW; Rated voltage ðline-to-line rmsÞ: 220 V;

Rated speed: 1755 r=min

Base frequency: 60 Hz; Number of poles: 4

Inertia of the machine itself: 0:122 kg-m2; Rated current: 75 A

Limiting conditions: Line-to-line voltage in rms: jVsj 
 220 V

Line current in rms: jIsj 
 75A; Maximum speed: 6000 r=min

Rs ¼ 0:044W; Rr ¼ 0:0252W; Lls ¼ 0:55 mH; Llr ¼ 0:47 mH;

Lm ¼ 12:90 mH

(1) When the frequency changes from 5Hz to 170Hz 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 1when the ratio of the air-gap voltage in phase rms to the frequency of the

machine is kept as 111
�
60
up to 60Hz, and above 60Hz the air-gap voltage is constant

at 111V in phase voltage rms.

(3) Plot the capability curve of themachine operating according to the conditions in part 2

at the first quadrant of the torque–speed plane.

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

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

1eT

 V440

oV

eT

slω

I
sI

sV
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rmωmin/r1773

sl1ω

2ω

ω sl_ pk

sl

Figure P2.3 Capability curve of an induction machine.
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Rated power : 185 kW; Rated voltage ðline-to-line rmsÞ : 440 V;
Rated speed : 1773 r=min;

Base frequency : 60 Hz; Number of poles : 4

Rs ¼ 0:014W; Lls ¼ Llr ¼ 0:278mH; Lm ¼ 15 mH; Rr ¼ 0:014W

Limiting conditions : Line-to-line voltage in rms : Vsj j 
 440 V

Line current in rms : Isj j 
 Rated value; where the rated torque occurs at rated air-gap flux

Air-gap flux : lmj j 
 Rated value

(1) Calculatevsl1, 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, V0, where the rated torque

occurs at zero running speed, which is a stalled condition.

(3) Calculate rated torque, Tel

(4) Calculate the magnitude of the stator current in rms, Is, where the rated torque occurs

at the rated stator voltage and frequency.

(5) Calculate vsl pk, 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 ðline-to-line rmsÞ : 440 V
Rated frequency : 60 Hz; Number of poles : 4

Rs ¼ 0:69W; Lls ¼ Llr ¼ 5:9 mH; Lm ¼ 0:12 H; Rr ¼ 2:25W

The torque–speed curve of the load is given as TL ¼ 30
vrm

1800

� �2
N-m½ �, where vrm stands

for the speed of the machine (¼load) in r/min.

(1) When the line-to-line voltage of the stator terminal in rms is 440 V, 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 ACmachines vary according to the rotor position. Because of

that, the voltage equations of anACmachine 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 c phases of a three-phase system can be transformed to the variables in d, q, 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 q axis, which means the quadrature axis, lies 90�

ahead of the d axis spatiallywith regard to the positive rotational direction of a rotating

MMF. 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 n 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 rotatingMMFand 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–q

components. The d–q 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 q-axis components.

This kind of transformation from the a, b, and c 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–q–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–q–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–q–n axes should bemultiplied 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–q–n axes. But in the power invariancemethod, themagnitude of

variables at each d–q axis is
ffiffi
3
2

q
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–q 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 n 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–q 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 q 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):

fabc � 2

3
fa þ afb þ a2fc
� � ð3:1Þ
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where a ¼ e j
2p
3 and fa, fb, and fc are the variables at each a, b, and c phase,

respectively. For example, if fa, fb, fc is the flux linkage by each stator winding

spatially 120� apart, then fabc 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 (dss and qss) which are in the stationary, and d–q axes (dsv and qsv) which are

rotating in arbitrary speed, v are shown graphically.

In the figure, the angle u is defined as

u ¼
ðt
0

v zð Þ dzþ u 0ð Þ ð3:2Þ

where u 0ð Þ is the angle between the d axis rotatingwith an arbitrary speed,v (dv), and

the stationary d axis dss (or usually a-phase axis of a three-phase system) at time point

0. Usually u 0ð Þ ¼ 0.

In this text, f ijk 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 ¼ e stands for the axis rotating synchronously according to the rotating MMF

v ¼ veð Þ referred to as a synchronously rotating reference frame, i ¼ r for the axis

rotating synchronously according to the rotor of themachine v ¼ vrð Þ referred to as a
rotor reference frame, and i ¼ s for the stationary axis referred as a stationary

reference frame. The subscript j represents the variables in d–q–n axes or a, b, and

c phases. Here, j ¼ d stands for a d-axis variable, j ¼ q stands for a q-axis variable,

j ¼ n stands for an n-axis (or zero sequence) variable, and j ¼ a stands for an a-phase

variable among three phase variables. The subscript k represent where the variables

exist. Here, k ¼ s stands for the variables in the stator, and k ¼ r stands for the

variables in the rotor. As an example, ieqs means the stator current at the q axis rotating

synchronously to the rotatingMMF. In some countries,a--b axes are used to represent

a stationary d–q axis, and a g--d 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, fabc, to the space

vector in d–q–n axes rotating with an arbitrary speed, v can be derived as

fvdq ¼ fabc � e�ju ¼ f vd þ jf vq

f vn ¼ 1

3
ðfa þ fb þ fcÞ ð3:3Þ

Some people, especially thoseworking for the power system engineering field, use the

different conventionof the spacevector suchas fvqd ¼ f vq �jf vd [4–6]. In this text, (3.3) is

thedefinitionof the spacevector to transform threephasevariables tod–qvariables.By

extending (3.3), the transformation to other reference frame can be easily deduced as

fsdq ¼ fabc; f
e
dq ¼ fsdqe

�jue ð3:4Þ
where ue ¼

Ð t
0
ve zð Þ dzþ ue 0ð Þ.

The instantaneous power represented with space vectors can be defined as

Power � 3

2
Re Vabc � I*abc
� � ¼ 3

2
Re Vv

dq � I*vdq
� �

ð3:5Þ

where Re stands for the real part of the complex space vector, and I*abc stands for the

conjugate of Iabc.
Thespacevector is similar tophasornotationinexpressionandcalculationofpower.

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 andmagnitude of thevariable are the only concern and are expressed based on the

complex number; that is, Acos vtþfð Þ ¼ Re A e j vtþfð Þ� � ¼ Re A e jvt � e jf
� �

, where

Ae jf is aþ jb, and Ae jf is the phasor of Acos vtþfð Þ.
Also, Ae jf ¼ aþ jb ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þb2

p
ff tan�1 a

b, where
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þb2

p
¼ A is the mag-

nitude of a sinusoidal variable, and tan�1 b
a is the phase of the sinusoidal variable. In

this case, a;b 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

space vector, fabc, where a ¼ e j
2p
3 .

fa ¼ Re fabc½ � þ f vn ð3:6Þ
fb ¼ Re a2fabc

� �þ f vn ð3:7Þ
fc ¼ Re afabc½ � þ f vn ð3:8Þ

3.2 d–q–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 themost 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–q–n variables, which may be time-invariant differential equations.

3.2.1 EquivalentCircuit of an InductionMachine at d–q–n
AXIS

In Fig. 3.2, the distributed winding of a stator ðas�as0; bs�bs0; cs�cs0Þ and that of a

rotor ðar�ar0; br�br0; cr�cr0Þ of a two-pole induction machine is modeled as a

single-turn winding. In the figure, ur is the angle from the axis of anMMF by a-phase

stator winding to the axis of an MMF by a-phase rotor winding, and vr is the time

differentiation of ur in rad/s.

In Fig. 3.2, the pole number of themachine is two. If the number of pole isP, then

the actual mechanical rotation angle, urm, has the following relationship with the

rotation angle, ur in electric angle:

urm ¼ ur=ðP=2Þ ð3:9Þ

bs axis

br axis 

cr axis
cs axis

as axis

ar axis

'as

'cs'bs

'ar
cs

cr

ar

bs

br

'br

as

'cr

rω

rθ

rω

rω

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 ¼ RsIabcs þ plabcs ð3:10Þ
Vabcr ¼ RrIabcr þ plabcr ð3:11Þ

where p is a differential operator as d � =dt,Rs stands for the stator winding resistance,

and Rr stands for rotor winding resistance referred to the stator side. In the equations,

each vector has the following elements:

Vabcs ¼ VasVbsVcs½ �T ð3:12Þ

Iabcs ¼ ias ibs ics½ �T ð3:13Þ

labcs ¼ laslbslcs½ �T ð3:14Þ

Vabcr ¼ VarVbrVcr½ �T ð3:15Þ

Iabcr ¼ iaribricr½ �T ð3:16Þ

labcr ¼ larlbrlcr½ �T ð3:17Þ
where ½. . .�T stands for the transpose of a matrix or a vector, ½. . .�.

The flux linkages for the stator and rotor winding can be expressed as (3.18) in

matrix form.

labcs
labcr

	 

¼ Ls Lsr

Lsrð ÞT Lr

	 

Iabcs
Iabcr

	 

ð3:18Þ

where

Ls ¼

Lls þ Lms � 1

2
Lms � 1

2
Lms

� 1

2
Lms Lls þ Lms � 1

2
Lms

� 1

2
Lms � 1

2
Lms Lls þ Lms

2
666666664

3
777777775

ð3:19Þ

Lr ¼

Llr þ Lmr � 1

2
Lmr � 1

2
Lmr

� 1

2
Lmr Llr þ Lmr � 1

2
Lmr

� 1

2
Lmr � 1

2
Lmr Llr þ Lmr

2
666666664

3
777777775

ð3:20Þ
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Lsr ¼ Lsr

cos ur cos

�
ur þ 2p

3

�
cos

�
ur� 2p

3

�

cos

�
ur� 2p

3

�
cos ur cos

�
ur þ 2p

3

�

cos

�
ur þ 2p

3

�
cos

�
ur� 2p

3

�
cos ur

2
6666666664

3
7777777775

ð3:21Þ

In the above equations, Lmsstands for amutual inductance, which is two times the

mutual inductance between the stator windings, Lmr stands for a mutual inductance of

the rotor, which is the two times of the mutual inductance between the rotor windings,

Lsr stands for a mutual inductance between a-phase stator winding and a-phase rotor

windingwhen ur is zero, standsLls for a leakage inductance of a statorwinding, andLlr
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–q–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–q–n axes which are rotating at arbitrary speed,v can

be obtained as (3.22) from (3.1) and (3.3). Similarly, the rotor variables at d–q–n axes

can be obtained as (3.23).

fwdqs ¼ fabcse
�jo ð3:22Þ

fvdqr ¼ fabcre
�jb; b ¼ u�ur ð3:23Þ

where b is the angle from the axis of an MMF by a-phase rotor winding to the d axis

that is rotating at arbitrary speed, v. If d–q–n axes rotating synchronously v ¼ veð Þ
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).

fedqs ¼ fabcse
�jvet ð3:24Þ

fedqs ¼ fsdqse
�jue ; ue ¼ vet ð3:25Þ

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).

fedqr ¼ fabcre
�jðue�urÞ ð3:26Þ
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frdqr ¼ fsdqre
�jur ; ur ¼ vrt ð3:27Þ

where vr is the angular speed of the rotor expressed in the electrical angle and it is

assumed that ue ¼ ur ¼ 0 at t ¼ 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).

Vabcs � 2

3
ðVas þ aVbs þ a2VcsÞ ð3:28Þ

labcs � 2

3
ðlas þ albs þ a2lcsÞ ð3:29Þ

iabcs � 2

3
ðias þ aibs þ a2icsÞ ð3:30Þ

iabcr � 2

3
ðiar þ aibr þ a2icrÞ ð3:31Þ

Vabcs ¼ Rsiabcs þ d

dt
labcs ð3:32Þ

Vabcr ¼ Rriabcr þ d

dt
labcr ð3:33Þ

In (3.32), the complex space vector of the stator flux linkage, labcs, 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.

las
lbs
lcs

2
4

3
5 ¼

Lls þ Lms � Lms

2
� Lms

2

� Lms

2
Lls þ Lms � Lms

2

� Lms

2
� Lms

2
Lls þ Lms

2
666666664

3
777777775

ias
ibs
ics

2
4

3
5

þ Lsr

cos ur cos

�
ur þ 2p

3

�
cos

�
ur� 2p

3

�

cos

�
ur� 2p

3

�
cos ur cos

�
ur þ 2p

3

�

cos

�
ur þ 2p

3

�
cos

�
ur� 2p

3

�
cos ur

2
6666666664

3
7777777775

iar
ibr
icr

2
4

3
5

ð3:34Þ
In (3.34), by using the equalities such as cos ur ¼ e jur þ e�jur

2
, cos ur þ

acos ur� 2p
3

� �þ a2cos ur þ 2p
3

� � ¼ 3
2
e jur , and 1� a

2
� a2

2
¼ 3

2
, the complex space vector

of the stator flux linkage can be presented as

labcs ¼ Lls þ 3

2
Lms

� �
iabcs þ 3

2
Lmsiabcre

jur ð3:35Þ
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where a ¼ e j
2
3
p.

Similarly, the complex space vector of the rotor flux linkage, labcr, can be

presented as

labcr ¼ Llr þ 3

2
Lms

� �
iabcr þ 3

2
Lmsiabcse

�jur ð3:36Þ

In (3.36), if a mutual inductance, Lm, is defined as Lm � 3

2
Lms, then the voltage

equations in (3.32) and (3.33) can be presented in terms of stator and rotor currentwith

the space vector variables as (3.37) and (3.38):

Vabcs ¼ Rsiabcs þ Lls þ Lmð Þ diabcs
dt

þ Lm
d

dt
iabcre

jur
� � ð3:37Þ

Vabcr ¼ Rriabcr þ Llr þ Lmð Þ diabcr
dt

þ Lm
d

dt
iabcse

�jur
� � ð3:38Þ

By using equalities Vv
dqs ¼ Vabcs � e�ju, ivdqr ¼ iabcr � e�jðu�urÞ, the stator voltage

equation (3.37) can be rewritten as (3.39) in terms of the space vector variables at

d–q–n axes rotating in arbitrary speed, v.

Vv
dqs ¼ Rse

�ju iabcs þ Lls þ Lmð Þe�jupiabcs þ Lme
�jup iabcre

jurð Þ½ �

¼ Rs i
v
dqs þ Lls þ Lmð Þp e�juiabcs½ �� Lls þ Lmð Þiabcs � p e�ju½ �

þ Lmp iabcre
�j u�urð Þ� ��Lm pe�ju½ � � iabcrejur

¼ Rsi
v
dqs þ Lls þ Lmð Þpivdqs þ jv Lls þ Lmð Þivdqs þ Lmpi

v
dqr þ jvLmi

v
dqr

¼ Rsi
v
dqs þ Lls þ Lmð Þpivdqs þ Lmpi

v
dqr þ jv Lls þ Lmð Þivdqs þ Lmi

v
dqr

h i
ð3:39Þ

Similarly, the rotor voltage equation (3.38) can be rewritten as (3.40) in terms of

the space vector variables at d–q–n axes rotating in the arbitrary speed, v:

Vv
dqr ¼ Rri

v
dqr þ Llr þ Lmð Þpivdqr þ Lmpi

v
dqs þ j v�vrð Þ Llr þ Lmð Þivdqr þ Lmi

v
dqs

h i
ð3:40Þ

In (3.39) and (3.40), we have

Lsi
v
dqs þ Lmi

v
dqr ¼ lvdqs ð3:41Þ

Lmi
v
dqs þ Lri

v
dqr ¼ lvdqr ð3:42Þ

where

Ls ¼ Lm þ Lls ð3:43Þ
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Lr ¼ Lm þ Llr ð3:44Þ
If lvdqs, lvdqr, Vv

dqs;V
v
dqr; i

v
dqs; and ivdqr are simply expressed as lvs , lvr , Vv

s ;

Vv
r ; i

v
s ; and i

v
r , then a equivalent circuit shown in Fig. 3.3a is obtained at d–q axes

rotating in the arbitrary speed,v. 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,Vv
r and V

v
nr, 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,

ivns ¼ 0; ivnr ¼ 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–q 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

L

(a)

(b)

lrls L

mL
j(ω–ωr)λω

rjωλω
s

sR

sR rR

rR

iωs

Vω
s

Vω
ns iωns Vω

nriωnr

iωr

Vω
r

lsL
lrL

Figure 3.3 Equivalent circuit of an induction machine at d–q–n axes rotating in arbitrary speed, v in

terms of complex space vector variables. (a) equivalent circuit at d–q axes rotating in arbitrary speed, v.

(b) equivalent circuit at the n axis rotating in arbitrary speed, v.
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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
*
abcs

� � ¼ Re 2

3
Vas þ aVbs þ a2Vcsð Þ � 2

3
ias þ a2ibs þ a icsð Þ

	 


¼ 4

9
Vasias þVbsibs þVcsics�1

2
Vas ibs þ icsð Þ½




þVbs ias þ icsð ÞþVcs ias þ ibsð Þ�
�

ð3:45Þ

Under the assumption that ias þ ibs þ ics ¼ 0, we obtain

Re Vabcsi
*
abcs

� � ¼ 2

3
Vasias þVbsibs þVcsics½ � ð3:46Þ

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

represented as

Pin ¼ Vasias þVbsibs þVcsics þ iarVar þ ibrVbr þ icrVcr

¼ 3

2
Re Vabcsi

*
abcs

� �þ 3

2
Re Vabcri

*
abcr

� � ð3:47Þ

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–q axis as (3.49).

Vabcsi
*
abcs þVabcri

*
abcr

¼ ejuVv
dqs e

�juiv*dqs þ ej u�urð Þ Vv
dqre

�j u�urð Þiv*dqr

¼ Vv
dqsi

v*
dqs þVv

dqri
v*
dqr

ð3:48Þ

Hence,

Pin ¼ 3

2
Re Vv

dqsi
v*
dqs þVv

dqri
v*
dqr

h i
¼ 3

2
Vv
dsi

v
ds þVv

qsi
v
qs þVv

dri
v
dr þVv

qri
v
qr

h i ð3:49Þ

In particular, in the case of the squirrel cage rotor machine, Vv
dr ¼ Vv

qr ¼ 0. Also,

Pin ¼ 3

2
Vv
dsi

v
ds þVv

qsi
v
qs

h i
ð3:50Þ

abcs

abcs

i

V

abcr

abcr

i

V

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

Pin ¼ 3

2
Re Rsi

v
dqs þ Lls þ Lmð Þpivdqs þ Lmpi

v
dqr þ jv Lls þ Lmð Þivdqs þ Lmi

v
dqr

� �n o
iv*dqs

h

þ Rri
v
dqr þ Llr þ Lmð Þpivdqr þ Lmpi

v
dqs þ j v�vrð Þ Llr þ Lmð Þivdqr þ Lmi

v
dqs

� �� �n o
iv*dqr�

¼ 3

2
Rsjivdqsj

2 þ 3

2
Rrjivdqrj

2 þ 3

2
p

Lls

2
jivdqsj

2 þ Llr

2
jivdqrj

2 þ Lm

2
jivdqs þ ivdqrj

2

2
4

3
5

þ 3

2
Re jv Lls þ Lmð Þjivdqsj

2 þLmi
v
dqri

v*
dqs

n o
þ j v�vrð Þ Llr þLmð Þjivdqrj

2 þ Lmi
v
dqsi

v*
dqr

n oh i
ð3:51Þ

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 dowith 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, jv Lls þ Lmð Þ jivdqsj
2 þ j v�vrð Þ Llr þ Lmð Þ jivdqrj

2

is pure imaginary

number and the real part of that is zero. Hence, the mechanical output could be

deduced as

Pm ¼ 3

2
Re jvLm ivdqri

v*
dqs þ ivdqsi

v*
dqr

� �
�jvrLmi

v
dqsi

v*
dqr

h i
ð3:52Þ

However, if A ¼ ar þ jai;B ¼ br þ jbi, then A �B* þA* �B ¼ 2 arbr þ aibið Þ,
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

Pm ¼ �3

2
Re jvrLmi

v
dqsi

v*
dqr

h i
¼ 3

2
Im vrLmi

v
dqsi

v*
dqr

h i

¼ 3

2
vrLmIm ivds þ jivqs

� �
ivdr�jivqr

� �h i
¼ 3

2
vrLm ivqsi

v
dr�ivdsi

v
qr

� �
ð3:53Þ

where Im stands for a imaginary part of a complex number. From the mechanical

power in (3.53), the torque can be expressed as

Te ¼ Pm

vr

P=2

� � ¼ 3

2
Lm

P

2
ivqsi

v
dr�ivdsi

v
qr

� �
ð3:54Þ

where P is the number of poles of the machine.

By using equalities such as lvs ¼ Lsi
v
s þ Lmi

v
r , l

v
r ¼ Lmi

v
s þ Lri

v
r , and lvm ¼

Lmi
v
s þ Lmi

v
r , the torque,Te, can be represented by the products of two variables

among fivevariables such as lvs ; l
v
r ; l

v
m, i

v
s , and i

v
r . 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–q–n MODELING OF A SYNCHRONOUS MACHINE
BASED ON COMPLEX SPACE VECTOR [4]

3.3.1 Equivalent Circuit of a Synchronous Machine
at d–q–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 armaturewindings 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 q 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

q-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 q axis—can be

considered. In conclusion, there are six windings in the synchronous machines in

Fig. 3.5,which are, namely,a-phasewinding, b-phasewinding, c-phasewinding in the

.

bs

q axis d axis

as

cs

g max

rθ

g min

: d axis damper winding
: field winding

: q axis damper winding
Figure 3.5 Modeling of a three

phase synchronous machine.
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stator, field winding and d axis damper winding which are in d axis of the rotor, and

q-axis damper winding in the q axis of the rotor.

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

vector form.

Vabcs ¼ RsIabcs þ d

dt
labcs ð3:55Þ

where Rs 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 q-axis damper winding—is in

Vfdqk ¼ RfdqkIfdqk þ d

dt
lfdqk ð3:56Þ

In the above equations, we have

Vabcs ¼ Vas Vbs Vcs½ �T ð3:57Þ

Iabcs ¼ ias ibs ics½ �T ð3:58Þ

labcs ¼ las lbs lcs½ �T ð3:59Þ

Vfdqk ¼ Vfk Vdk Vqk

� �T ð3:60Þ

Ifdqk ¼ ifk idk iqk
� �T ð3:61Þ

lfdqk ¼ lfk ldk lqk
� �T ð3:62Þ

Rfdqk ¼
Rfk 0 0

0 Rdk 0

0 0 Rqk

2
4

3
5 ð3:63Þ

where Vfk; Vdk, and Vqk are the voltage to the field winding, d-axis damper winding,

and q-axis damper winding, respectively. Because the damper windings are short-

circuited, we have Vdk ¼ Vqk ¼ 0. And ifk; idk, and iqk are the current to the field

winding, d-axis damper winding, and q-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 slip¼ 0. In this case, idk ¼ iqk ¼ 0. Also, Rfk; Rdk, and Rqk

represent the winding resistance of the field winding, d-axis damper winding, and

q-axis damper winding, respectively.

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

matrix form.

labcs
lfdqk

	 

¼ Ls Lsr

Lsrð ÞT Lr

	 

Iabcs
Ifdqk

	 

ð3:64Þ
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where

Ls ¼
Las;as Lbs;as Lcs;as

Las;bs Lbs;bs Lcs;bs

Las;cs Lbs;cs Lcs;cs

2
64

3
75 ð3:65Þ

Lr ¼
Lfk;fk Ldk;fk Lqk;fk
Lfk;dk Ldk;dk Lqk;dk
Lfk;qk Ldk;qk Lqk;qk

2
4

3
5 ð3:66Þ

Lsr ¼
Lfk;as Ldk;as Lqk;as
Lfk;bs Ldk;bs Lqk;bs
Lfk;cs Ldk;cs Lqk;cs

2
4

3
5 ð3:67Þ

In (3.65)–(3.67), Lx;y stands for the inductance between x and y windings. Also,

because the circuit is reciprocal, Lx;y ¼ Ly;x.

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, ur under the
assumption of infinitesimal winding thickness and no slot on the stator and rotor. But

in the case of a salient rotor synchronousmachine, the length of the air gap varies from

the maximum value, gmax, to minimum value, gmin, 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].

Las;as ¼ Lls þ LA þ LB cos2ur ð3:68Þ
where ur 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), Lls
stands for the leakage inductance of the stator winding, LA stands for the inductance

independent on the rotation of the rotor, and LB is the maximum value of the

inductance varying with the rotation. LA and LB can be expressed as

LA ¼ K

2
�N2

s

1

gmin

þ 1

gmax

� �
ð3:69Þ

LB ¼ K

2
�N2

s

1

gmin

� 1

gmax

� �
ð3:70Þ

whereNs stands for the effective number of turns of a stator (armature)winding, andK

stands for a proportional constant set by K ¼ m0rl �
p
4
. Here, m0 is the permeability, r,

is the radius of the rotor, and l is the effective axial stacking length of the rotor.
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Hence, the maximum value of Las;as is Lls þK �N2
s

1
gmin

at ur ¼ 0, and the

minimum value is Lls þK �N2
s

1
gmax

at ur ¼ p
2
.

Similarly, the self-inductance of the b and c phases can be represented as (3.71)

and (3.72), respectively:

Lbs;bs ¼ Lls þ LA þ LB cos 2ur þ 2p
3

� �
ð3:71Þ

Lcs;cs ¼ Lls þ LA þ LB cos 2ur� 2p
3

� �
ð3:72Þ

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

Las;bs ¼ � 1

2
LA þ LB cos 2ur� 2p

3

� �
ð3:73Þ

Las;cs ¼ � 1

2
LA þ LB cos 2ur þ 2p

3

� �
ð3:74Þ

Lbs;cs ¼ � 1

2
LA þ LB cos2ur ð3:75Þ

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

represented as

Las;fk ¼ Lsfk cosur ð3:76Þ

Lbs;fk ¼ Lsfk cos ur� 2p
3

� �
ð3:77Þ

Lcs;fk ¼ Lsfk cos ur þ 2p
3

� �
ð3:78Þ

where Lsfk is themaximum value of themutual inductance between the stator winding

and the field winding and it can be represented as

Lsfk ¼ KNsNfk

1

gmin

ð3:79Þ

where Nfk 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

Las;dk ¼ Lsdk cosur ð3:80Þ

Lbs;dk ¼ Lsdk cos ur� 2p
3

� �
ð3:81Þ
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Lcs;dk ¼ Lsdk cos ur þ 2p
3

� �
ð3:82Þ

where Lsdk is themaximumvalue of themutual inductance between the stator winding

and the damper winding on the d axis and it can be represented as

Lsdk ¼ KNsNdk

1

gmin

ð3:83Þ

Here, Ndk is an effective number of turn of the damper winding.

Also, the mutual inductance between the stator winding and the damper winding

on the q axis can be represented as

Las;qk ¼ �Lsqk sinur ð3:84Þ

Lbs;qk ¼ �Lsqk sin ur� 2p
3

� �
ð3:85Þ

Lcs;qk ¼ �Lsqk sin ur þ 2p
3

� �
ð3:86Þ

where Lsqk is themaximumvalue of themutual inductance between the stator winding

and the damper winding on the q axis and it can be represented as

Lsqk ¼ KNsNqk

1

gmax

ð3:87Þ

where Nqk is an effective number of turns of the damper winding on the q axis.

The inductances of rotor winding can be evaluated similarly as derived in (3.88)–

(3.93). Because the d and q axes are perpendicular, themutual inductance between the

d-axis damper winding and the q-axis damper winding is null. And because of the

same reason, the mutual inductance between field winding and the q-axis damper

winding is also null.

Lfk;fk ¼ KN2
fd

1

gmin

ð3:88Þ

Lfk;dk ¼ KNdkNfk

1

gmin

ð3:89Þ

Ldk;dk ¼ KN2
dk

1

gmin

ð3:90Þ

Lqk;qk ¼ KN2
qk

1

gmax

ð3:91Þ

Ldk;qk ¼ 0 ð3:92Þ
Lfk;qk ¼ 0 ð3:93Þ
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Based on the inductances of each winding, the stator flux linkage can be

represented as

labcs ¼

LlsþLAþLB cos2ur �1

2
LAþLB cos

�
2ur�2p

3

�
�1

2
LAþLB cos

�
2urþ 2p

3

�

�1

2
LAþLB cos

�
2ur�2p

3

�
LlsþLAþLB cos

�
2urþ 2p

3

�
�1

2
LAþLB cos2ur

�1

2
LAþLB cos

�
2urþ 2p

3

�
�1

2
LAþLB cos2ur LlsþLAþLB cos

�
2ur�2p

3

�

2
66666666666664

3
77777777777775
Iabcs

þ

Lsfk cosur Lsdk cosur �Lsqk sinur

Lsfk cos

�
ur�2p

3

�
Lsdk cos

�
ur�2p

3

�
�Lsqk sin

�
ur�2p

3

�

Lsfk cos

�
urþ 2p

3

�
Lsdk cos

�
urþ 2p

3

�
�Lsqk sin

�
urþ 2p

3

�

2
66666666664

3
77777777775
Ifdqk ð3:94Þ

Similarly, the rotor flux linkage can be represented as

lfdqk ¼

Lsfk cosur Lsfk cos

�
ur� 2p

3

�
Lsfk cos

�
ur þ 2p

3

�

Lsdk cosur Lsdk cos

�
ur� 2p

3

�
Lsdk cos

�
ur þ 2p

3

�

�Lsqk sinur �Lsqk sin

�
ur� 2p

3

�
�Lsqk sin

�
ur þ 2p

3

�

2
6666666664

3
7777777775
Iabcs

þ
Lfk;fk Lfk;dk 0

Lfk;dk Ldk;dk 0

0 0 Lqk;qk

2
64

3
75Ifdqk ð3:95Þ

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.

labcs ¼ 2

3
lasþalbsþa2lcs
� �

¼
�
Llsþ 3

2
LA

�
iabcse

j2ur

þLsfke
jur ifkþLsdke

jur idkþLsqke

j

�
urþ

p
2

�
iqk

ð3:96Þ

where iabcs ¼ 2
3
ðiasþaibsþa2icsÞ.
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Finally, the stator voltage equation with the complex space vector variables can

be written as

Vabcs ¼ 2

3
ðVas þ aVbs þ a2VcsÞ ¼ Rsiabcs þ d

dt
labcs ð3:97Þ

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 e�jur to both sides of (3.97), like

Vabcse
�jur ¼ Rsiabcse

�jur þ e�jur
d

dt
labcs ð3:98Þ

labcse
�jur ¼ Lls þ 3

2
LA

� �
iabcse

�jur þ 3

2
LBi

*
abcse

jur þ Lsfkifk þ Lsdkidk þ Lsqke
j
p
2iqk

ð3:99Þ

Vr
dqs ¼ Vr

ds þ jVr
qs ¼ Vabcse

�jur ð3:100Þ
By using (3.99), (3.100), and labcs ¼ lrdqse

jur , the voltage equation expressed by

the space vector variables on rotor reference frame can be represented as

Vr
dqs ¼ Rsi

r
dqs þ e�jur

d

dt
lrdqse

jur
� �

¼ Rsi
r
dqs þ e�jur � ejur � d

dt
lrdqs þ e�jur � lrdqsjvr � ejur

¼ Rsi
r
dqs þ

d

dt
lrdqs þ jvrð Þlrdqs

ð3:101Þ

where vr is the angular speed of the rotor, which is the differentiation of the rotor

angle, ur, 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

lrdqs ¼
�
Lls þ 3

2
LA

�
irdqs þ

3

2
LBi

r*
dqs þ Lsfkifk þ Lsdkidk þ jLsqkiqk

¼ Lls þ Lmd þ Lmq

2

0
@

1
Airdqs þ

Lmd�Lmq

2

0
@

1
Air*dqs þ Lsfkifk þ Lsdkidk þ jLsqkiqk

ð3:102Þ
where the d–q axis inductances, Lmd and Lmq, are defined as (3.103) and (3.104),

respectively:

Lmd � 3

2
LA þ LBð Þ ¼ 3

2
K �N2

s

1

gmin

ð3:103Þ
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Lmq � 3

2
LA�LBð Þ ¼ 3

2
K �N2

s

1

gmax

ð3:104Þ

In (3.102), ir*dqs means conjugate of irdqs.

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 q-axis damper, against the stator, which has three phase windings.

Ndk ¼ Nqk ¼ 3

2
Ns ð3:105Þ

Under the assumption of (3.105), themutual inductances between rotor windings

and the stator winding and self-inductance of rotor windings can be represented as

Lsfk ¼ KNsNfk

1

gmin

¼ 2

3
Lmd

Nfk

Ns

ð3:106Þ

Lsdk ¼ KNsNdk

1

gmin

¼ Lmd ð3:107Þ

Lsqk ¼ KNsNqk

1

gmax

¼ Lmq ð3:108Þ

Lfk;fk ¼ KN2
fk

1

gmin

¼ 2

3
Lmd

N2
fk

N2
s

ð3:109Þ

Lfk;dk ¼ KNdkNfk

1

gmin

¼ Lmd

Nfk

Ns

ð3:110Þ

Ldk;dk ¼ KN2
dk

1

gmin

¼ 3

2
Lmd ð3:111Þ

Lqk;qk ¼ KN2
qk

1

gmax

¼ 3

2
Lmq ð3:112Þ

Also, the stator flux linkage in terms of the space vector variables at the rotor reference

frame with d–q-axis inductances can be expressed as (3.113) using (3.106)–(3.108).

lrdqs ¼ Lls þ Lmd þ Lmq

2

� �
irdqs þ

Lmd�Lmq

2

� �
ir*dqs þ Lmdði0fk þ idkÞþ jLmqiqk

ð3:113Þ
where i0fk is the field current referred to the stator side by considering the correspond-
ing effective turn ratios such as (3.114).

i0fk ¼ 2

3

Nfk

Ns

ifk ð3:114Þ
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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).

lfk ¼ Llfk þ 2

3
Lmd

N2
fk

N2
s

 !
ifk þ Lmd

Nfk

Ns

idk þ 2

3
Lmd

Nfk

Ns

� 3
4

irdqs þ ir*dqs

� �
ð3:115Þ

ldk ¼ Lldk þ 3

2
Lmd

� �
idk þ Lmd

Nfk

Ns

ifk þ Lmd

3

4
irdqs þ ir*dqs

� �
ð3:116Þ

lqk ¼ Llqk þ 3

2
Lmq

� �
iqk þ jLmq � 3

4
irdqs þ ir*dqs

� �
ð3:117Þ

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.

l0dk ¼ 2

3
ldk ð3:118Þ

l0qk ¼ 2

3
lqk ð3:119Þ

L0ldk ¼ 2

3
Lldk ð3:120Þ

L0lqk ¼ 2

3
Llqk ð3:121Þ

R0
dk ¼ 2

3
Rdk ð3:122Þ

R0
qk ¼ 2

3
Rqk ð3:123Þ

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

l0fk ¼ Ns

Nfk

lfk ð3:124Þ

L0lfk ¼ 3

2
Llfk

Ns

Nfk

� �2

ð3:125Þ

R0
fk ¼ 3

2
Rfk

Ns

Nfk

� �2

ð3:126Þ

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

represented as

l0fk ¼ L0lfk þ Lmd

� �
i0fk þ Lmdidk þ 1

2
Lmd irdqs þ irdqs

� �*� �
ð3:127Þ

l0dk ¼ L0ldk þ Lmd

� �
idk þ Lmdi

0
fk þ

1

2
Lmd irdqs þ irdqs

� �*� �
ð3:128Þ
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l0qk ¼ L0lqk þ Lmq

� �
iqk þ j

2
Lmq irdqs

� �*
�irdqs

� �
ð3:129Þ

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.

Vr
ds ¼ Rsi

r
ds þ

d

dt
lrds�vrl

r
qs ð3:130Þ

Vr
qs ¼ Rsi

r
qs þ

d

dt
lrqs þvrl

r
ds ð3:131Þ

V 0
fk ¼ R0

fki
0
fk þ

d

dt
l0fk ð3:132Þ

V 0
dk ¼ R0

dkidk þ
d

dt
l0dk ð3:133Þ

V 0
qk ¼ R0

qkiqk þ
d

dt
l0qk ð3:134Þ

where

lrds ¼ Llsi
r
ds þ Lmd irds þ i0fk þ idk

� �
ð3:135Þ

lrqs ¼ Llsi
r
qs þ Lmq irqs þ iqk

� �
ð3:136Þ

l0fk ¼ L0lfki
0
fk þ Lmd i0fk þ idk þ irds

� �
ð3:137Þ

l0dk ¼ L0ldkidk þ Lmd i0fk þ idk þ irds

� �
ð3:138Þ

l0qk ¼ L0lqkiqk þ Lmq iqk þ irqs

� �
ð3:139Þ

V 0
fk ¼ Ns

Nfk

Vfk ð3:140Þ

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 0
dk ¼ V 0

qk ¼ 0.

Like the induction machine, the current and voltages on the circuit on the n axis

do not contribute to the electromechanical energy conversion. Furthermore, in the

case of the synchronous machine, because the rotor circuit consists of d–q 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 n-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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synchronous machine. To compare the measured values with the field current, i0fk, and
the field voltage, V 0

fk, 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 irns ¼ 0, the input power to

the machine can be expressed as

Pin ¼ 3

2
Vr
dsi

r
ds þVr

qsi
r
qs þV 0

fki
0
fk þV 0

dkidk þV 0
qkiqk

� �
ð3:141Þ

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

–
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Figure 3.6 Equivalent circuit of synchronous machine at rotor reference d–q–n axis.
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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).

Vr
ds ¼ Rsi

r
ds�vrl

r
qs þ p Llsi

r
ds þ Lmd irds þ idk þ i0fk

� �n o
ð3:142Þ

Vr
qs ¼ Rsi

r
qs þvrl

r
ds þ p Llsi

r
qs þ Lmq irqs þ ikq

� �n o
ð3:143Þ

V 0
fk ¼ R0

fki
0
fk þ p L0lfki

0
fk þ Lmd irds þ idk þ i0fk

� �n o
ð3:144Þ

V 0
dk ¼ R0

dkidk þ p L0ldkidk þ Lmd irds þ idk þ i0fk
� �n o

ð3:145Þ

V 0
qk ¼ R0

qkiqk þ p L0lqkiqk þ Lmq irqs þ iqk

� �n o
ð3:146Þ

Pin ¼ 3

2
Rs ir2ds þ ir2qs

� �
þR0

fki
02
fk þR0

dki
2
dk þR0

qki
2
qk

h

þ p
1

2
Lls ir2ds þ ir2qs

� �
þ 1

2
L0lfki

02
fk þ

1

2
L0ldki

2
dk þ

1

2
L0lqki

2
qk

8<
:

þ Lmd

ir2ds
2

þ i02fk
2

þ i02dk
2

þ irdsidk þ irdsi
0
fk þ i0fkidk

0
@

1
A

þ Lmq

ir2qs

2
þ i2qk

2
þ irqsiqk

0
@

1
A)þvr lrds � irqs�lrqs � irds

n o

ð3:147Þ

Like the case of the induction machine in Section 3.2.2, the first part of the right-hand

side of (3.147), Rs

�
ir2ds þ ir2qs

�þR0
fki

02
fk þR0

dki
2
dk þR0

qki
2
qk, represents the copper losses

by the stator and rotor windings.

The next part,

p
1

2
Lls ir2ds þ ir2qs

� �
þ 1

2
L0lfki

02
fk þ

1

2
L0ldki

2
dk þ

1

2
L0lqki

2
qk




þ Lmd

ir2ds
2

þ i02fk
2

þ i02dk
2

þ irdsidk þ irdsi
0
fk þ i0fkidk

 !
þ Lmq

ir2qs

2
þ i2qk

2
þ irqsiqk

 !)

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,

vr lrds � irqs�lrqs � irds
n o

, is expected to be the mechanical output:

Pm ¼ 3

2
vr lrdsi

r
qs�lrqsi

r
ds

n o
ð3:148Þ
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Then the torque can be calculated as Te ¼ Pm=
vr

P=2

n o
from (3.148), whereP is the

number of poles.

The flux linkages in (3.148) can be rewritten as

lrds ¼ Lmd irds þ idk þ i0fk
� �

þ Llsi
r
ds ð3:149Þ

lrqs ¼ Lmq irqs þ iqk

� �
þ Llsi

r
qs ð3:150Þ

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

windings.

Te ¼ 3

2

P

2
Llsi

r
ds þ Lmd irds þ i0fk þ idk

� �n o
irqs� Llsi

r
qs þ Lmq irqs þ iqk

� �n o
irds

h i

¼ 3

2

P

2
Lmd�Lmq

� �
irdsi

r
qs þ Lmdi

0
fki

r
qs þ Lmdidki

r
qs�Lmqiqki

r
ds

h i
ð3:151Þ

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,ve, and that of the rotor,vr, is the same as ve tð Þ ¼ vr tð Þ, then there is
no current in the damper windings as idk ¼ iqk ¼ 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 Lmd ¼ Lmq, 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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wound rotor synchronous machine because the relative permeability of the magnet is

almost unity like air. By using these observations, the equivalent circuit in Fig. 3.6 can

bemodified 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 Lmd ¼ Lmq ¼ Lm, 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

Xm ¼ veLm � 0:2 per unit.
The field flux, lf , by the magnet can be expressed as lf ¼ if � Lm based on the

constant current, if , from the current source.Hence, the torque equation (3.151) can be

N
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S

S

N

N

N

d axis

q axis

Iron core

Permanent magnet

Non-magnetic material

Axis

Figure 3.7 Cross-sectional view of the

rotor of a four-pole surface-mounted perma-

nent magnet synchronous motor (SMPMSM).
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Figure 3.8 Equivalent circuit of

a surface-mounted permanentmag-

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).

Te ¼ 3

2

P

2
Lmif � irqs ¼

3

2

P

2
lf irqs ð3:152Þ

Vr
ds ¼ Rsi

r
ds�vrl

r
qs þ p Lsi

r
ds þ lf

� � ð3:153Þ

Vr
qs ¼ Rsi

r
qs þvrl

r
ds þ p Lsi

r
qs

� �
ð3:154Þ

where Ls ¼ Lls þ Lm and lrqs ¼ Lsi
r
qs; l

r
ds ¼ Lsi

r
ds þ lf .

It can be seen from (3.152) that the torque of SMPMSM is directly proportional to

q-axis current, irqs, because of the constant lf by the permanent magnet. Hence, the

torque can be instantaneously controlled by adjusting irqs. In the case of a general-

purpose SMPMSM themagnitude of the current, if , is usuallymuch larger than that of

the rated current of the machine, and the flux weakening control by negative d-axis

current, irds, 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 hundredwatts, 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 Rc in the circuit in

Fig. 3.8. The value of Rc would vary according to the operating speed.

3.3.3.2 Interior Permanent Magnet Synchronous Machine (IPMSM)

The IPMSMhas themagnet 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

NS

S

N

S

N

N

S

axisq

axisd
Axis

Figure 3.9 Cross-sectional view of the

rotor of a four-pole interior permanent mag-

net machine (IPMSM).

142 Chapter 3 Reference Frame Transformation and Transient State Analysis



Lldk þ Lmd

Rdk
;

Llqk þLmq

Rqk
in Fig. 3.10 are quite small because of the large resistance of the path

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 themagnet. But unlike an SMPMSM, the variation of the flux linkage to themagnet

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 q 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 q axis. The torque of an

IPMSM can be described in (3.155), and the stator voltage equations are (3.156)

and (3.157).

Te ¼ 3

2

P

2
Lmd�Lmq

� �
irdsi

r
qs þ lf irqs

n o
¼ 3

2

P

2
Ld�Lq
� �

irdsi
r
qs þ lf irqs

n o
ð3:155Þ

Vr
ds ¼ Rsi

r
ds�vrl

r
qs þ p Ldi

r
ds þ lf

� � ð3:156Þ

Vr
qs ¼ Rsi

r
qs þvrl

r
ds þ p Lqi

r
qs

� �
ð3:157Þ
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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.)
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where lf ¼ if � Lmd , Ld ¼ Lls þ Lmd ; Lq ¼ Lls þ Lmq, lrqs ¼ Lqi
r
qs; and l

r
ds ¼

Ldi
r
ds þ lf .

Like the conventional salient rotor synchronous machine, the reluctance torque

contributes to the torque of an IPMSM,but unlike thewound rotor salientmachine, the

positive reluctance torque can be obtained with negative d-axis current under positive

q-axis current because LdGLq. 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, irds, 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, Lr=Rr, an IPMSM has

no rotor time constant and the flux is decided directly by the stator current irds and i
r
qs,

and lf by the magnet without any time delay. Hence, highly dynamic flux weakening

control is possible. However, as mentioned in Section 2.9.2, Lmq decreases as the

magnitude of irqs increases because of the magnetic saturation of the core. Also, Lmq

varies according to irds too—that is, the so-called cross-saturation. And the control of

the torque is getting difficult as themagnitude 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.

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 nowinding 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 Lmd =Lmq 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

Axis d axis

q axis

Iron core

Air or Non-magnetic and non-conductive material

Figure 3.11 Cross-sectional view of the

rotor of a four-pole synchronous reluctance

machine (SynRM).
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due to Lmq, 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

Te ¼ 3

2

P

2
Lmd�Lmq

� �
irdsi

r
qs

n o
¼ 3

2

P

2
Ld�Lq
� �

irdsi
r
qs

n o
ð3:158Þ

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 lf because of no magnet in the rotor.

Vr
ds ¼ Rsi

r
ds�vrl

r
qs þ pðLdirdsÞ ð3:159Þ

Vr
qs ¼ Rsi

r
qs þvrl

r
ds þ p Lqi

r
qs

� �
ð3:160Þ

where Ld ¼ Lls þ Lmd ; Lq ¼ Lls þ Lmq, l
r
qs ¼ Lqi

r
qs, and lrds ¼ Ldi

r
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, Lmd , varies by several hundred percentages

according to the magnitude of irds, and it also varies with irqs. 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.

r
dsV

r
qsr λω−

mdL

mqL
r
dsr λωr

qsV

r
dsi

r
qsi

sR

sR

ls
L

ls
L

Figure 3.12 Equivalent circuit

of a synchronous reluctance ma-

chine at rotor reference d–q axis.
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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–q–n reference axes with an arbitrary speed, v. The

transformer windings and connection to the three-phase source and load are shown in

Fig. P 3.2.

The windings of the transformer are balanced and the parameters of the transformer are

as follows.

Number of turns of each primary winding: N1

Number of turns of each secondary winding: N2

Resistance of each primary winding: R1

Resistance of each secondary winding: R2

Leakage inductance of each primary winding: Ll1

Leakage inductance of each secondary winding: Ll2

Mutual inductance between AA0 winding and aa0 winding: Lm

ω
d1i

ω
d2i

ω
d1V

ω
q1i

ω
q2i

ω
q1V

ω
n1i

ω
n1V

+             -

+             -

             +-

             +-+

-

+

-

+

-

Figure P3.1 d–q–n equivalent circuit of a three-phase transformer.
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2. From stationary reference frame d–q–n equivalent circuit of a balanced three-phase

induction machine, which is the circuit in Fig. 3.3 with v ¼ 0, deduce the steady state

per phase equivalent shown in Fig. 2.45.

3. Simulate the starting characteristics of the induction machines, whose parameters are as

follows, by using digital computer. At t ¼ 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-m2

Rs ¼ 0:435W; Rr ¼ 0:816W
Xls ¼ 0:754W; Xlr ¼ 0:754W
Xm ¼ 26:13W

A

A'

a

a'

B
B'
b
b'

c'
c

C

C'

asV A

B

C

A'
B'

C'

bsVcsV

a b

c

''' c,ba ,

LR

LR

LR

Figure P3.2 Windings and connection of a three-phase transformer.
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Induction Machine 2

Rated power: 22 kW; Rated voltage in line-to-line rms: 220 V; Rated speed: 1765 r=min

Rated frequency: 60 Hz; Number of poles: 4; Inertia of the machine: 0:122 kg-m2

Rs ¼ 0:044W; Rr ¼ 0:0252W
Lls ¼ 0:55 mH; Llr ¼ 0:47 mH

Lm ¼ 12:90 mH

Induction Machine 3

Rated power: 185 kW; Rated voltage in line-to-line rms; 440 V
Rated frequency: 60 Hz; Number of poles: 4; Inertia of the machine: 4 kg-m2

Rs ¼ 0:013W; Rr ¼ 0:075W
Lls ¼ 0:1 mH; Llr ¼ 0:1 mH

Lm ¼ 12 mH

Induction Machine 4

Rated power: 2250 Hp; Rated voltage in line-to-line rms: 2300 V; Rated speed: 1786 r=min

Rated frequency: 60 Hz; Number of poles: 4; Inertia of the machine: 63:87 kg-m2

Rs ¼ 0:029W; Rr ¼ 0:022W
Xls ¼ 0:226W; Xlr ¼ 0:226W
Xm ¼ 13:04W

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 Vs
ds;V

s
qs (V), isds; i

s
qs (A),

lsds; l
s
qs; l

s
dr; l

s
qr (Wb-t) regarding time, t. Plot torque (N-m) and input power (W) using

rotor flux, lsdr; l
s
qr, and stator current, isds; i

s
qs, in the stationary reference d–q frame

regarding time, t.

(2) During the starting interval, plot Ve
ds;V

e
qs (V), ieds; i

e
qs (A), leds; l

e
qs; l

e
dr; l

e
qr (Wb-t)

regarding time, t. Plot torque (N-m) and input power (W) using rotor flux, ledr; l
e
qr, and

stator current, ieds; i
e
qs, in the synchronous reference d–q frame regarding time, t.

(3) During the starting interval, plot Vr
ds;V

r
qs (V), irds; i

r
qs (A), lrds; l

r
qs; l

r
dr; l

r
qr (Wb-t)

regarding time, t. Plot torque (N-m) and input power (W) using rotor flux, lrdr; l
r
qr, and

stator current, irds; i
r
qs, in the rotor reference d–q frame regarding time, t.

(4) During the starting interval, plot Vv
ds;V

v
qs (V), ivds; i

v
qs (A), lvds; l

v
qs; l

v
dr; l

v
qr (Wb-t)

regarding time, t. Plot torque (N-m) and input power (W) using rotor flux, lvdr; l
v
qr, and

stator current, ivds; i
v
qs, in the rotating reference d–q frame, whose speed is v and given

as follows, regarding time, t. In the starting interval, during the first 1/3 of the interval

the speed of the d–q axis,v equals zero, during next 1/3 we havev ¼ ve, and during

the last 1/3 we have v ¼ �ve.

5. As shown in Fig. P3.3, there is a synchronous reluctance machine, whose rotor shape is

ellipse. And there are nowindings 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 ¼ Lls þ LA þ LB cos 2ur

Lbs;bs ¼ Lls þ LA þ LB cos 2 ur� 2p
3

� �

Lcs;cs ¼ Lls þ LA þ LB cos 2 ur þ 2p
3

� �
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bsi

csi

asi

rθ

ωr

Figure P3.3 Synchronous reluctance machine (SynRM).

Las;bs ¼ � 1

2
LA þ LB cos 2 ur� p

3

� �

Las;cs ¼ � 1

2
LA þ LB cos 2 ur þ p

3

� �

Lbs;cs ¼ � 1

2
LA þ LB cos 2ur

(1) If the stator flux linkage is represented as

las
lbs
lcs

2
4

3
5 ¼ L

ias
ibs
ics

2
4

3
5

find inductance matrix, L.

(2) Using fabcs ¼ 2

3
fas þ afbs þ a2fcsð Þ, show that

Vabcs ¼ Rsiabcs þ d

dt
Lls þ 3

2
LA

� �
iabcs þ 3

2
LBe

j2ur i*abcs

	 


where Rs stands for the winding resistance of each phase and i
*
abcs is the conjugate of

iabcs.

(3) Derive the following voltage equation of the SynRM at a rotor reference d–q frame

from the voltage equation in part 2, where rotor angle is given by ur ¼ vrt.

Vr
dqs ¼ Rsi

r
dqs þ Lls þ 3

2
LA

� �
pþ jvrð Þirdqs þ 3

2
LB pþ jvrð Þir*dqs

where p is a differential operator such as d=dt.

(4) After finding input power, and prove that the torque of the SynRM is given by

Te ¼ 9

2
� LB irqs � irds
� �

.
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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 LðuÞ ¼ ðLA þ LB cos2urÞe�i. 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.

7. As shown in Fig. P3.5, a-phase terminal of a three-phase induction machine is opened, and

between other two terminals a constant current source, Idc, is connected.When themachine

is run by an external prime mover at constant speed, vrmðrad=sÞ, in the mechanical angle,

represent the following variables in terms of the machine parameters, Rs, Rr, Lm, Lls, Llr,

number of poles, P in the steady state.

(1) isds; i
s
qs

(2) Vs
ds;V

s
qs

(3) isdr; i
s
qr

(4) Torque of the machine

θ

i

r

Figure P3.4 Salient electric machine.

rmω

a

b

c
dcI

Figure P3.5 Single-phase excitation of a three-phase induction machine.
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8. At a rotating reference d–q frame with arbitrary speed v, the torque of the induction

machine can be represented by the following equation.

Te ¼ 3

2

P

2
LmIm ivdqs � iv	

dqr

� �
By using the above equation and the equivalent circuit represented with space

vector variables in Fig. 3.3, derive the following torque equation.

Te ¼ 3

2

P

2

Lm

1� L2m
LrLs

� �
LrLs

Im lvdqs � lv	
dqr

� �

where Im½.� means an imaginary part of ½.�.
9. Derive the reactive power to the machine at the stator terminal of an induction machine

using rotor flux, ledqr ¼ ledr þ jleqr, stator current, i
e
dqs ¼ ieds þ jieqs, 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 asQin ¼ �3

2
Im Vabcsi

*
abcs

� �
,

where i*abcs is the conjugate of iabcs.

(1) Express Vabcs; iabcs in terms of Ve
dqs; i

e
dqs.

(2) Express Ve
dqs in terms of ledqr, i

e
dqs and differential operator, p ¼ d=dt.

(3) Finally, express Qin in terms of ieds; i
e
qs; l

e
dr; l

e
qr and differential operator, p ¼ d=dt.

10. AnSMPMSM,which has the following parameters, is driven by an inverter. At t ¼ 0 s, it is

decelerated from 2000 r/min with�1 N-m torque. If irds ¼ 0 A and the friction and load

torque is negligible, answer following questions. At t¼ 0 s, ur¼ 0.

SMPMSM Parameters:

Lm ¼ 2 mH; Lls ¼ 0:35 mH; Rs ¼ 0:65W; Rated Power: 200W; 4-pole;
lf ¼ Lmif ¼ 0:061Wb--t; Sum of machine and load inertia: JMþL ¼ 1:29
 10�4 kg-m2

(1) Represent irqs(A) in terms of the machine parameters and time, t.

(2) Represent mechanical output of an SMPMSM, Pm(W), in terms of the machine

parameters and time, t.

(3) Represent Vr
qs(V) in terms of the machine parameters and time, t.

(4) Represent electrical input to themachine,Pin(W), in terms of themachine parameters

and time, t.

(5) Show that the summation of, Pm, and copper loss equal to the input power, Pin,

instantaneously. Here, the copper lossmeans the power dissipated by the resistance of

the windings.

11. ASynRM,whose parameters are listed below, is controlled as irds ¼ irqs. Themachine is in the

steadystatewithconstantloadtorque,15N-matconstantspeed,vrm ¼ 1800 r=min.Att¼ 0 s,

the angle of the rotor expressed in mechanical angle, urm, is zero. It is assumed that all

parameters are constant regardless of operating conditions. Answer the following questions.

Rs ¼ 0:232W; Ld ¼ 32 mH; Lq ¼ 2:54 mH

Sum of inertias of load and motor itself: JMþ L ¼ 0:024 kg-m2

4-pole; Rated frequency: 60 Hz;
Rated voltage in line-to-line rms: 170 V;
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Rated output power: 5 Hp

Ld ¼ Llsþ Lmd ; Lq ¼ Llsþ Lmq

(1) Represent irqs(A) in terms of the machine parameters and time, t.

(2) Represent Vr
ds(V) in terms of the machine parameters and time, t.

(3) Represent Vr
qs(V) in terms of the machine parameters and time, t.

(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 Vr
ds ¼ 0;Vr

qs ¼ 0, and the rotor of the machine is driven by an external prime

mover in constant speed, vrmðrad=sÞ, in the mechanical angle. The machine and drive

system are in the steady state.

Find the torque of the prime mover to run the machine and the a-phase rms current to the

machine in terms of vrm in rad/s.

Rs ¼ 0:22W
Lm ¼ 2 mH

Lls ¼ 0:2 mH

8-pole

Rated phase voltage in rms: 87 V
Rated line current in rms: 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?

ReðVs
dqs � ls*dqsÞ

Reðisdqs � ls*dqsÞ

where Re½.� means real part of ½.�.
14. Derive (3.113) from (3.96).

r
qsr λω

lsL

mL
r

dsV

sR

A40=fi

r
qsV

sR
r
dsrλω

lsL

mL

Figure P3.6 Equivalent d–q circuit of SMPMSM.
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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
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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 systemmaywork 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, vbw, 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=
ffiffiffi
2

p
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.

TTo 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, inmany cases the delaywould be themain 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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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 Ractive together with Ra, the armature resistance has been

increased by Ractive, and the eigenvalues of the system have been changed. Further-

more, ifRactive is much larger thanRa, the controller with the active damping would be

robust to the variation of armature resistance, Ra. 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):

ia

Va

¼ 1

sLa þðRa þRactiveÞ ð4:1Þ

If Ractive is set to be much larger than the magnitude of sLa within the control

bandwidth, vbw, then (4.1) can be approximated as

ia

Va

� 1

Ra þRactive

ð4:2Þ

By using the fact that the torque of the separately excited DC machine is

proportional to the armature current (Te ¼ Kia), the voltage, Va, can be set as

activeR activeB

Active Damping

1/K

Va La Te

B

K

TL

J
K

ia

Ra

E

1 1
s s

1 1
ωrm

Figure 4.2 Control block diagram of separately excited DC machine with active damping.
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Va ¼ ðT*
e =KÞ � ðRa þRactiveÞ to get the commanded torque, T*

e , where K is the torque

constant. With this setup, (4.2) can be rewritten as

ia

Va

¼ ia

ðT*
e =KÞðRa þRactiveÞ �

1

Ra þRactive

ð4:3Þ

Hence,

Te

T*
e

¼ Kia

T*
e

� ðRa þRactiveÞ
ðRa þRactiveÞ ¼ 1 ð4:4Þ

As seen from (4.4), if the active damping, Ractive, is 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 Ractive 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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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, i, can bemeasured by sensing the voltage drop of the

resistor, Rm, inserted in series to the circuit, where the current should be measured.

Because of the ohmic loss given by iVR, the magnitude of the current should be

limited.Also, to reduce the loss, the resistance of the resistor should beminimized, 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, themeasured 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 themeasurement of a current that is less than

hundreds of amperes, where a fewmilli-ohms of accurate noninductivemeasurement

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 primarywinding, 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, Rm, the primary current can be measured easily. The

voltage across the resistor is proportional to the current in the primary side.While this

i Rm

VR+ - Figure 4.3 Measurement of current using a resistor.

i

VR

Rm

Figure 4.4 Measurement of current using a current

transformer (CT).

4.2 Current Regulator 159



method is simple and easy to implement, especially in the case of the measurement of

largeACcurrent, DC current cannot bemeasured inherently, becauseDC current does

not incur any flux variation. Hence, thismethod cannot be applied to themeasurement

of the current ofDCmachine and that ofACmachinewhen 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, ia, can be reconstructed byAC source current according

to the gating sequences.While themeasurement 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 100Hz. 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 themagnetic field.Hence, bymeasuring themagnetic 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, i, flows in a semiconductor and themagnetic flux,B, is applied perpendicularly

to the direction of the current flow, then the voltage difference, the so-called “Hall

voltage,” VHall, 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. Themagnitude of thevoltage is proportional to themagnitude of the fluxunder the

constant current. Hence, basically, the Hall sensor measures the magnetic flux passing

through the sensor. Tomeasure 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 ferromagneticmaterial 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,

B

VHall

i

+

-

+ + + + + + + + + + + + + +

-  -   -  -  -   -  -   -  -  -  -   -  -  

Figure 4.5 Voltage by the Hall

effect.
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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 windingwound 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 themagnetic flux, is also used tomeasure themagnetic 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

bemore 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 (PI) 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

Ring-Type Ferrite Core

Current

Hall Effect Element

    Flux
by Current

- - -

Figure 4.6 Currentmeasurement by aHall effect sensor.
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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, Vc, and gating angle, a, is
resolved by using an inverse cosine function as mentioned in Section 2.18.1. Also, the

sourcevoltage 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 ¼ 3
ffiffiffi
2

p

p
VL�L ð4:5Þ

Td ¼ 2p
12ve

ð4:6Þ

where ve is the angular frequency of the source voltage.

In Fig. 4.7, the armature current, ia, 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 TF , and the cutoff angular frequency is 1=TF . 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,Td=2, the delay due to the filter,TF , andDCmachine itself,Ta ¼ La=Ra,

*
a
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s
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R
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PI regulator Controlled rectifier
DC machine

p

+
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-
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Filter for current measurement
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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.
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which is the armature circuit time constant. The first and the second delay can be

added and approximated as one delay:

Gopen-loop ¼ KpsþKi

s
� A

Td
2
sþ 1

�
1
Ra

1þ Tas
� 1

1þ TFs

� KpsþKi

s
� 1

Ra

A

1þ Tas
� 1

1þ Tes

ð4:7Þ

where Te ¼ Td=2þ 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 TaHHTe, and

the term 1þ Tas in (4.7) can be approximated as Tas. And, the open-loop gain can be

simplified as

Gopen-loop �
AKp sþ 1

Ti

� �
s2RaTa

� 1

1þ Tes
ð4:8Þ

where Ti is the integral time constant of PI regulator, which is set by the two gains of

the regulator likeKp=Ki. 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, Ti, is decided by the system damping factor, z. To get the maximum phase

margin, z can be set as 1=
ffiffiffi
2

p
. Then Ti ¼ Te � 1þ 2zð Þ2 and Kp ¼ 1

A
� Ta

1þ 2zð ÞTe. In this
closed-loop system, the bandwidth is around 1=15:1 Te. With this tuning procedure,

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.

i*

iaf

a
Kp +

Ki
Vc Td

Va

Ra

1+TaS

TFS + 1

ia

ia

2

A

s s +1

e 1

1

+ +

-

-

Figure 4.8 Simplified control block diagram.
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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 DCmachine and the rectifier, the gating time point to regulate the armature

current according to the commanded current, i*a, 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 Vs stands for a source line-to-line voltage to which the

conducting two thyristors are connected. According to the conduction of thyristors,

ia

Va

L
a

R
a

Vs

+
−e

+

- Figure 4.10 Equivalent circuit

of a three-phase-controlled rectifier

drive system.
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controlled
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−
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EMF
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ai

aiprei

Figure 4.9 Control blockdiagramof a predictive current regulator for a three-phase controlled

rectifier driving DC machine.

164 Chapter 4 Design of Regulators for Electric Machines and Power Converters



this voltage varies sequentially and is one of among six line-to-line voltages, namely,

Vac, Vbc;Vba;Vca;Vcb;Vab.

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:

La
dia

dt
þRaia þ e ¼ Vs ð4:9Þ

ia ¼ I1cos vet� p
6
�f

� �
þ I2e

�rvetð Þ þ I3 ð4:10Þ

where ve is the angular frequency of the source voltage, f ¼ tan�1 veLa=Rað Þ,
r ¼ Ra=veLa, I1 ¼

ffiffiffi
2

p
V‘�‘rms=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
a þ veLað Þ2

q
, and I3 ¼ �e=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

solutionbybackEMF.Thefirst and the third termare independentof thegatingangle,a.
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.

I2 ¼ i*a�I3� 3

p
I1cos a�fð Þ

� �
� p
3
r � er aþ p

6ð Þ
� �

1

2sinh r p
6

	 
 ð4:11Þ

where a ¼ cos�1 Rai
*
a þ effiffiffi

2
p

V‘�‘rms

� p
3

� �
.

I2 ¼
�
�I3�I1cos

�
a� p

6
�f

��
era

¼
�
�I3�I1cos

�
b� p

6
�f

��
erb

ð4:12Þ

where a stands for the firing angle of the thyristor andb stands for the extinction angle.

In the case of discontinuous conduction, by using the constraint that the averagevoltage

across the inductor, La, equals zero, a, b, and I2 can be calculated by simultaneously

solving (4.12) and (4.13). And based on the calculated a, b, and I2, the instantaneous
armature current can be predicted from (4.10).

ffiffiffi
2

p
V‘�‘rms sin b� p

6

� �
�sin a� p

6

� �� �
þ e

p
3
þa�b

� �
� p
3

Rai
*
a þ e

	 
 ¼ 0 ð4:13Þ

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, Vs, back EMF, e, calculated by the product of

the speed of the machine and back EMF constant, and the instantaneous armature

current, ia, are sampled. Next, the armature current under the assumption that the next

thyristor turns on—that is, the predictive current, ipre—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 themachine 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, fs ¼ 1=Ts, of the power semiconductors

in the power converter is usually much larger than the bandwidth frequency of the

current regulator, fbw ¼ vbw=2p such as fsH10fbw. 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 (PI) Current Regulator [5,6]

If the inertia of themachine and load is large enough to consider backEMFas constant

in the design of the current regulator, then the machine can be modeled as simple R–L

load, Ra�La, with constant disturbance voltage, e, as shown in Fig. 4.12. If the back

EMF voltage can be estimated from the speed of themachine 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 Ra�La 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 (20A/div.).
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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).

Kp ¼ Lavc

Ki ¼ Ravc
ð4:14Þ

iaðsÞ
i*aðsÞ

¼ vc

sþvc

¼ 1

Tcsþ 1
; Tc ¼ 1

vc

ð4:15Þ

As seen in (4.15), the bandwidth of the regulator, vbw, is set as vc. 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, Va, and back EMF, e, of the machine, there are inevitable ripple currents in

the armature current, ia. If the switching period, Ts, of a DC/DC converter, the so-

called PWMchopper, is small enough compared to the armature circuit time constant,

Ta ¼ La=Ra, 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 ¼ 1=Ts, 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 pulsewidth modulation (PWM) of the

converter, the commanded armature voltage can be updated by PWMat 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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Figure 4.12 Proportional and Integral (PI) regulator.
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and there is additional delay due to the execution of the digital algorithmof 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 fs=5, there is time delay

between the actual current and the filtered current by 1:25Ts. 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, 1
2
� 1
2
Ts, to get the average value.

hiai ¼ 1
Ts
2

ðnTs
2

ðn�1ÞTs
2

ia tð Þdt ð4:16Þ

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 othermeans 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,

ia nþ 1ð Þ, can be predicted based on the present commanded voltage,V*
a ðnÞ, estimated

back EMF, ê nð Þ, estimated parameters such as R̂a and L̂a, and the sampled current,

ia nð Þ, as in (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.

ia nþ 1ð Þ ¼ ia nð Þþ Ts

2
V*
a nð Þ�ê nð Þ�R̂a � ia nð Þ
 � 1

L̂a
ð4:17Þ

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 2p � fs
3:5

regardless of the parameter and estimation errors [7].
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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 DCmachine, Va. In this case the magnitude

of the voltage is limited by input source voltage of the amplifierwhatever 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 dowith 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,
Ð t
0
e tð Þdt or

Pn
k¼0 e kð Þ, 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
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Figure 4.13 Control system including regulator, power amplifier, and DC machine.

Table 4.1 Maximum Bandwidth of Digital PI Current Regulator with a Four-Quadrant

Chopper

Current

Measurement

Method

Low-Pass

Filtering

fcut ¼ fs / 5

Sampling at

Peak or Valley

of Carrier

Waveform

Sampling at

Peak and Valley

of Carrier

Waveform

Sampling at

Peak and Valley

of Carrier and

Prediction of

Current

Command volt-

age updating

interval

Once per Ts
synchronized

to the current

sampling

Once per Ts
synchronized

to the current

sampling

Twice per Ts
synchronized

to the current

sampling

Twice per Ts
synchronized

to the current

sampling

Total time delay 2.75 Ts 1.5 Ts 0.75 Ts 0.25 Ts

Maximum

bandwidth,

vccðrad=sÞ

2p � fs

40
2p � fs

21
2p � fs

10
2p � fs

3:5

aHere, Ts ¼ 1
fs
, and fs is the switching frequency of the four-quadrant chopper.
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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 þVcc or�Vcc 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.

V*
c tð Þ ¼ � Rf

R1

err tð Þ� 1

CfR1

ðt
0

err tð Þdt ð4:18Þ

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

C
f R

f

Vcc+

-Vcc

R1

Vc
*

 (t)
err (t)

+

+

−

−−

+

Figure 4.14 PI regulator implemented by an operational amplifier.
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Figure 4.15 PI regulator implemented by an operational amplifier with Zener diodes to limit

output of the integrator.
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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.

In Fig. 4.16b,Ka is usually set as 1=Kp. However, in general, such a setting gives a

reasonable performance, but the anti-wind-up gain, Ka, can be tuned to get better

performance in the range of 1=3�3 of Kp.

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 regulatormentioned 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: eas þ ebs þ ecs ¼ 0. And EMF is

sinusoidal and its angular frequency is ve.

a

b

c

s

R

R

R

L

L

L

ias
eas

ibs
ebs

ics
ecs

Figure 4.17 Balanced three-

phase R–L–EMF circuit.
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The above circuit can be described by

Vas ¼ Rias þ L
dias

dt
þ eas

Vbs ¼ Ribs þ L
dibs

dt
þ ebs

Vcs ¼ Rics þ L
dics

dt
þ ecs

ð4:19Þ

Equation (4.19) can be rewritten in a stationary d–q reference frame as (4.20).

Because of the balanced impedance andEMF, there is no n-termvoltage and current in

d–q–n axes.

Vs
ds ¼ Risds þ L

disds
dt

þ esds

Vs
qs ¼ Risqs þ L

disqs

dt
þ esqs

ð4:20Þ

The equation can be further expressed in synchronously rotating reference frame,

whose rotating speed is ve, as in (4.21):

Ve
ds ¼ Rieds þ L

dieds
dt

� veLi
e
qs þ eeds

Ve
qs ¼ Rieqs þ L

dieqs

dt
þveLi

e
ds þ eeqs

ð4:21Þ

If all electrical variables of the circuit in Fig. 4.17 vary sinusoidally at angular

frequency,ve, then the variables in (4.21) are strictlyDC quantities. Hence, the design

methodology of a PI regulator for the DCmachine 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–q 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, eeds and e
e
qs,

but also coupling terms due to the rotation of the reference frame such as �veL̂i
e
qs in

the d axis and þveL̂i
e
ds in the q axis as in (4.22):

Ve
ds ff ¼�veL̂i

e
qs þ êeds

Ve
qs ff ¼ ve L

_
ieds þ êeqs

ð4:22Þ
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In addition, the output voltage of each axis PI regulator is limited not in d or q axis

separately but in d–q axis simultaneously. Thevoltages are limitedwithin 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, Vs*
dqs, 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, Vs
dqs. 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 vbw,

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 Ractive. In this case the gains of the regulator

are given as

Kp ¼ Lvbw

Ki ¼ ðRþRactiveÞvbw

Ka ¼ 1

Kp

ð4:23Þ

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 samplingmethods and PWMupdate 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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Figure 4.18 PI current regulator for a balanced three-phase AC circuit.
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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 inductionmachine can be represented in terms of the

stator current and stator flux linkage at a synchronous reference frame as

Ve
ds ¼ Rsi

e
ds þ

dleds
dt

�vel
e
qs

Ve
qs ¼ Rsi

e
qs þ

dleqs
dt

þvel
e
ds

ð4:24Þ

Similarly, the voltage equation of the rotor can be represented in terms of rotor

current and rotor flux linkage as

0 ¼ Rri
e
dr þ

dledr
dt

�vsll
e
qr

0 ¼ Rri
e
qr þ

dleqr
dt

þvsll
e
dr

ð4:25Þ

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

leds ¼ Lsi
e
ds þ Lmi

e
dr

leqs ¼ Lsi
e
qs þ Lmi

e
qr

ð4:26Þ

ledr ¼ Lmi
e
ds þ Lri

e
dr

leqr ¼ Lmi
e
qs þ Lri

e
qr

ð4:27Þ

leds ¼ sLsi
e
ds þ

Lm

Lr
ledr

leqs ¼ sLsi
e
qs þ

Lm

Lr
leqr

ð4:28Þ

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,

ðve�vrÞ as shown in (4.29).

dledr
dt

¼ Rr

Lm

Lr
ieds�

Rr

Lr
ledr þðve�vrÞleqr

dleqr
dt

¼ Rr

Lm

Lr
ieqs�

Rr

Lr
leqr�ðve�vrÞledr

ð4:29Þ
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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

Ve
ds ¼ Rs þRr

L2m
L2r

0
@

1
Aieds þsLs

dieds
dt

�vesLsi
e
qs�Rr

Lm

L2r
ledr�vr

Lm

Lr
leqr

Ve
qs ¼ Rs þRr

L2m
L2r

0
@

1
Aieqs þsLs

dieqs

dt
þvesLsi

e
ds þvr

Lm

Lr
ledr�Rr

Lm

L2r
leqr

ð4:30Þ

When the induction machine is controlled with the rotor-flux-oriented vector

control method described in Section 5.2, leqr ¼ 0. Hence, (4.30) can be simplified as

Ve
ds ¼ Rs þRr

L2m
L2r

0
@

1
Aieds þsLs

dieds
dt

�vesLsi
e
qs�Rr

Lm

L2r
ledr

Ve
qs ¼ Rs þRr

L2m
L2r

0
@

1
Aieqs þsLs

dieqs

dt
þvesLsi

e
ds þvr

Lm

Lr
ledr

ð4:31Þ

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.

Vr
ds ¼ Rsi

r
ds þ Ld

dirds
dt

�vrLqi
r
qs

Vr
qs ¼ Rsi

r
qs þ Lq

dirqs

dt
þvrLd i

r
ds þvrlf

ð4:32Þ

Table 4.2 Circuit Parameters

Balance Three-Phase Circuit in (4.21) Induction Machine Synchronous Machine

Resistance R Rs þRr
Lm
Lr

� �2
Rs

Inductance L sLs Ld , Lq
Angular frequency v veð¼ vr þvslÞ vr

Feed-forwarding term in d axis, �veLi
e
qs þ eeds �vesLsi

e
qs�Rr

Lm
L2r
ledr �vrLqi

r
qs

Feed-forwarding term in q axis, veLi
e
ds þ eeqs vesLsi

e
ds þvr

Lm
Lr
ledr vrLd i

r
ds þvrlf
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where lf stands for the flux linkage by the magnet or by the field winding, and

Ld ¼ Lls þ Lmd and Lq ¼ Lls þ Lmq. In the case of the wound rotor synchronous

machinewe have lf ¼ Lmdi
0
fk, and in the case of SynRMwe have lf ¼ 0. For the case

of an SMPMSM or round rotor synchronous machine, Ld ¼ Lq.

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,�veL̂i
e
qs and

ve L
_
ieds. 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
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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 vbw. 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 q-axis

inductance varies by several hundred percentages, the performance improvement by

the complex vector current regulator is eminent [14].

In the figure, ~V
e*

ds 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
e*

qs stands for that in the q 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 bemeasured 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/(1000 r/min), and it includes ripple components due to the

limited number of poles of DCmachine. The output signal of tacho-generator is given

in analog form as voltage, and it is sensitive tomeasurement 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 synchronousmachine 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 (PPR) 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

LED

Condensing
Lens

Rotary
Disk

Light
Receiver

Fixed
Slit

Photo-
Transistor Comparator

Moving
Slit

Figure 4.20 Basic configuration of optical encoder.
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phototransistor, andmicroelectronics 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

bemeasured 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 PPR are

used; but for highly dynamic and very accurate speed and position control, 223PPR is

already available. Such a high PPR is usually obtained by interpolation of several

thousand PPR signals based on digital signal processing. By using this high PPR

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

MSB

LSB

A
B
Z
U
V
W

(b)(a)

Figure 4.21 Slit of optical encoders. (a) Four-bit absolute encoder. (b) Incremental encoder.
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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, R1 and R2, then the output voltage can be described as (4.34).

VR1--R2 ¼ E sinvt ð4:33Þ
VS1--S3 ¼ KE sin vt cos PP urð Þ
VS2--S4 ¼ KE sin vt sin PP urð Þ

ð4:34Þ

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 hasmanymerits; 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 (PPR)

With more PPR, the speed can be regulated in a higher control bandwidth at lower

speed [16]. However, as PPR increases, the cost does and, furthermore, the higher

number of PPR encoder is sensitive to mechanical shock. PPR 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) Excitationvoltage and output voltage according to

the rotor position.
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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, PPR can be doubled

easily. If both edges of both pulse trains are used, PPR can be quadrupled. Though PPR

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

pulsesmay not be constant even at constant rotational speed as shown in Fig. 4.24. So,

sometimes, the multiplication of PPR 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 differentiationmethods, which arewidely used in the

industry, are discussed with their merits and shortcomings [17].

4.3.2.2 “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

NM ¼ ma

Tsp
¼ 60m

PPRTsp
ðr=minÞ ð4:35Þ

where a stands for the rotational angle of the rotor in mechanical degree between two

adjacent pulses, and Tsp 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 60
PPRTsp

(r/min), is constant regardless of the

speed, and at lower speed the relative accuracy and resolution of the speed measure-

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.
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ment is getting poorer. With a conventional several thousand PPR 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 PPR encoder is used such

A Pulse
(ideal)

B Pulse
(ideal)

Quadruple

(a)

Multiplication

(ideal)

B Pulse
(real)

( actual )

Quadruple
Multiplication

A Pulse
(ideal)

B Pulse
(ideal)

A Pulse
(real)

B Pulse
(real)

(ideal)

(actual)

Quadruple
Multiplication

Quadruple
Multiplication

(b)

Figure 4.24 Problems ofmultiplication ofPPR by signal processing. (a) Problem due to phase

errors between “A” and “B” pulse trains. (b) Problems due to nonideal duty factors.

m

Tsp

α

Figure 4.25 “M” method.
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as 223PPR, 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.

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

NT ¼ a fc

m
¼ 60fc

mPPR

ðr=minÞ ð4:36Þ

where fc stands for the frequency of the clock pulse train to measure the time interval

and fc ¼ 1=Tc in the figure.

The “T”method hasmerits such that the speed can bemeasured 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 awould be very large, the number of clock pulsewould 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, TD, is

synchronized to the pulse right after nominal sampling period, Tsp. And TD, which is

the speed sampling interval, varies slightly larger than Tsp by DT 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

m

α

Tc Figure 4.26 “T” method.
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regulator is used for the speed regulation. The speed by thismethod can be represented

as (4.37 ). As seen from (4.37 ),m1 andm2 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 Tmethod,whose shortcoming is that variable

sampling time occurs. And eventually, DT may be larger than the nominal sampling

interval, Tsp; below a certain speed, the speed regulation bandwidth would be reduced

remarkably [18].

NM=T ¼ m1 a

PPR Tsp þDT
	 
 ¼ 60fcm1

m2PPR

ðr=minÞ ð4:37Þ

The speed measurement resolution, Qn r=minð Þ, and the actual speed sampling

interval, TD, according to the speed can be represented as (4.38) and (4.39),

respectively.

QN ¼ 60fcm1

PPR

1

m2�1
� 1

m2

� �
¼ 60fcm1

m2 m2�1ð ÞPPR

ð4:38Þ

TD ¼ Tsp DT ¼ 0ð Þ

TD ¼ Integer
PPRNM=TTsp

60

0
@

1
A

2
4

3
5þ 1

8<
:

9=
; 60

PPRNM=T

DT„0ð Þ

8>><
>>: ð4:39Þ

where IntegerðxÞmeans integer part of the numberx, andNM=T represents speed of the

rotor in r/min.

m
1

Tsp

α

m2

TD

ΔT

Clock pulse train Figure 4.27 M/T method.
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The above equations are plotted in the case of PPR ¼ 1000; fc ¼ 30MHz;
and Tc ¼ 1 ms from 3 r/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 QN=NM=T is almost constant regardless of the speed. To

increase the resolution, m2 should be increased. But increasing m2 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 100 r/min, it is almost constant as the

nominal sampling interval as 1ms in this example. At the extremely low speed, as

shown in Fig. 4.29, the detection time, TD, would be larger, the time delay in the

speed measurement increases, and the delay may limit the speed regulation

bandwidth.

Figure 4.28 Resolution and detection time of speed measurement by the M/T method.

D

sp

Figure 4.29 Time delay of the speedmeasurement by theM/Tmethod 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.

�̂
x ¼ Ax̂þBu ð4:40Þ

where vector x̂ 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 0ð Þ, is known accurately andmatricesA

and ‘B are known correctly, x̂ can be calculated by (4.40). But, usually the initial value

of the state is unknown or even if it is known, matricesA andBmay have errors. Then

the estimated state, x̂, 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 ¼ x�x̂ ð4:41Þ
�
~x ¼ A~x; ~x 0ð Þ ¼ x 0ð Þ�x̂ 0ð Þ ð4:42Þ

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 themagnitude 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

  u(t)
  x(t)

x(t)  ˆ

C

C

L

Process
A, 
B

Model
A, 
B

+_

  y(t)

y(t)  ˆ

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 ¼ Ax̂þBuþL y�Cx̂ð Þ ð4:43Þ

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 ¼ A�LCð Þ~xþG1w ð4:44Þ

where w stands for a vector representing disturbance of the system, and G1 stands for

the matrix to model the effect of the disturbance to the state. The characteristic

equation (4.44) is deduced as

det sI� A�LCð Þ½ � ¼ 0 ð4:45Þ

where det .½ � means the determinant of matrix .½ �.
IfL is set as the systemA--LC to be stable and if all matricesA; B; andC have no

errors, then ~x would converge to zero in the case of no disturbance like w ¼ 0.

Furthermore, by adjusting the gain matrix L, regardless of the initial value, x̂ 0ð Þ, ~x
converges to zero and the convergence rate can be improved compared to the rate

by (4.42). However, even ifA; B; andC have reasonably small errors and if there are

some disturbance likew „ 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.

si ¼ b1;b2; . . . ;bn ð4:46Þ

ae sð Þ ¼ s�b1ð Þ s�b2ð Þ s�bnð Þ ¼ 0 ð4:47Þ

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).

Te ¼ J
dvrm

dt
þBvrm þ TL ð4:48Þ
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d

dt

urm
vrm

TL

2
4

3
5 ¼

0 1 0

0 �B
J

� 1

J

0 0 0

2
664

3
775

urm
vrm

TL

2
4

3
5þ

0
1

J

0

2
664
3
775Te ð4:49Þ

where the state of the system is given by x ¼
u
v
TL

2
4

3
5 and the load torque, TL,

is augumented as a state under the assumption that dTL=dt ¼ 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.

d

dt

ûrm
v̂rm

T̂L

2
4

3
5¼

0 1 0

0 � B̂

Ĵ
�1

Ĵ

0 0 0

2
664
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775 ûrm
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ûrm
v̂rm

T̂L

2
4

3
5

0
@

1
A

ð4:50Þ

Ĵ
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Figure 4.32 Block diagram of a speed observer.
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B Figure 4.31 Control block diagram of a

simple mechancical system.
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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

det sI� A�LCð Þ½ � ¼ s3 þ l1JþB

J
s2 þ l2Jþ l1B

J
s� l3

J
¼ 0 ð4:51Þ

Equation (4.47) can be rewritten as

aeðsÞ ¼ s�b1ð Þ s�b2ð Þ s�b3ð Þ
¼ s3� b1 þb2 þb3ð Þs2 þ b1b2 þb2b3 þb3b1ð Þs�b1b2b3 ¼ 0

ð4:52Þ

By comparing (4.51) and (4.52), the elements of L can be evaluated as

l1 ¼� b1 þb2 þb3ð Þ�B

J

l2 ¼ b1b2 þb2b3 þb3b1ð Þ�B

J
l1

¼ b1b2 þb2b3 þb3b1ð Þþ b1 þb2 þb3ð ÞB
J
þ B

J

0
@
1
A
2

l3 ¼ b1b2b3J

ð4:53Þ

If the roots of (4.52) are set as triple roots as b, then (4.53) can be simplified as

l1 ¼ �3b�B

J

l2 ¼ 3b2�B

J
l1

¼ 3b2 þ 3b
B

J
þ B

J

0
@
1
A
2

l3 ¼ b3J

ð4:54Þ

If the friction of the system is neglected as B ¼ 0, then (4.54) can be further

simplified as

l1 ¼ �3b

l2 ¼ 3b2

l3 ¼ b3J

ð4:55Þ
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The observer bandwidth decided by the root, b 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; andC. 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, ûrm; according to the

reference input, urm. 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.

�̂
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In (4.56 ) and Fig. 4.33, l3 stands for integral gain, l2 stands for proportional gain,

and l1 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 Te ¼ J dvrm

dt
þBvrm; vrm ¼ durm

dt
, and Te ¼ ðJs2 þBsÞurm

into (4.56 ), the transfer function between the estimated angle and measured angle

can be deduced as

ûrm
urm

¼ Js3 þðBþ ĴK1Þs2 þðB̂K1 þK2ÞsþK3

Ĵs3 þðB̂þ ĴK1Þs2 þðB̂K1 þK2ÞsþK3

ð4:57Þ

From (4.57), it can be said that at lower-frequency regions (considering s ¼ jv),
where the magnitude of the sum of the constant and the first order of s term,

ðB̂K1 þK2ÞsþK3, is much larger than that of the sum of the third and the second

order of s term, Js3 þðBþ ĴK1Þs2, 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, Ĵ and B̂, the estimated angle matches well to the real measured angle as long as

+
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Figure 4.34 Representation of an observer as a closed-loop PID regulator. K1 ¼ l1; K2 ¼ Ĵl2;

K3 ¼ �l3.
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Figure 4.33 Physical understanding of an observer as a closed-loop regulator.
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the variation of angle is slow enough to guarantee jðB̂K1 þK2Þjvþ
K3j 	 jJðjvÞ3 þðBþ ĴK1ÞðjvÞ2j. In addition, if ĴK1 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, v̂rm, 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.

v̂rm

vrm

¼ Js3 þðBþ JK1Þs2 þðBK1 þK2ÞsþK3

Ĵs3 þðB̂þ ĴK1Þs2 þðB̂K1 þK2ÞsþK3

ð4:58Þ

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, urm.

ûrm
urm

¼ v̂rm

vrm

¼ Js3 þðBþ ĴK1Þs2 þðB̂K1 þK2ÞsþK3

Ĵs3 þðB̂þ ĴK1Þs2 þðB̂K1 þK2ÞsþK3

ð4:59Þ

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, urm, 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, ûrm, the gains can be adjusted as follows. In the tuning process, the feed-

forwarding term, Te, is kept as zero. And at the second step, all PID gains are set as

zero and then increase the proportional gain, K2, until the output, ûrm, gives 10%
overshoot to the input. If the system is unstable without the differential gain in tuning

of K2, then set K1 as a minimum value to make the system stable and tune K2 as

mentioned before with this minimum K1. After fixing K2 as tuned, next, increases

differential gain, K1, until the overshoot disappears. After setting K1 and K2, increase

the integral gain, K3, again until the output, ûrm, 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 gainsmay be fine-tunedwith themeasured angle andwith 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,TL, can be estimated as a byproduct of the speed observer. By feed-

forwarding this estimated disturbance torque, T̂L, 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*
e , to the mechanical system, that in the disturbance

observer is the sum of the reference torque, T*
e , and the compensated disturbance

torque, T̂L, that is, T
**
e . The gains of the disturbance observer, K1L, K2L, and K3L, can

be tuned separately with the gains of the speed observer to get the best performance in

the disturbance estimation.

Speed 
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Figure 4.36 Feed-forwarding of estimated disturbance torque.
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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 a discrete 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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the figure, Ts stands for the sampling period of the observer and z stands for the z-

transform operator.

The error in the estimated angle varies in impulsemanner 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

s
! Tsz

z�1
¼ Ts

1�z�1
ð4:60Þ

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

s
! Ts

z�1
¼ Tsz

�1

1�z�1
ð4:61Þ

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 transformationmethod, the so-called Tustin’s method,

in (4.62) is the best one to minimize the discretization error.

1

s
! Ts

2

zþ 1

z�1
¼ Ts

2

1þ z�1

1�z�1
ð4:62Þ

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�z�1

Ts
.

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 themost widely used

regulator in the industry, can be described in a speed control system as shown in

Fig. 4.39,where amechanical system is driven by an electricmachine,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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reaction and other stray effects. In the case of an ACmachine, 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, vsc stands for the control

bandwidth of the speed regulator and vcc stands for that of the current regulator.

The transfer function of PI regulator can be described as

GsðsÞ ¼ Ksp þ Ksi

s
ð4:63Þ

whereKsp andKsi 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, GscðsÞ, of the system in Fig. 4.39 can be derived as

GscðsÞ ¼ Ksp þ Ksi

s

� �
� vcc

sþvcc

� K
Js

ð4:64Þ

The Bode plot of GscðsÞ in magnitude can be approximately drawn as the plot in

Fig. 4.40.
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In Fig. 4.40, there are three distinct regions, where the slopes are -40 dB/dec.,

-20 dB/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 vpi 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, vcc.

As mentioned, the current regulation loop can be modeled as unity gain below

vcc as

GccðsÞ ¼ vcc

sþvcc

ffi 1 ð4:65Þ

The cutoff frequency of a PI regulator, vpi, is defined as

vpi ¼ Ksi

Ksp

ð4:66Þ

If vpi is set as a fraction of vsc, the PI regulator can be approximated as (4.67) at

the vicinity of vsc in the frequency region.

GsðsÞ ¼ Ksp þ Ksi

s
� Ksp at s � jvsc ð4:67Þ

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 vsc.

GscðsÞ � Ksp � K
Js

at s � jvsc ð4:68Þ

Hence, the frequency, where jGscðjvscÞj ¼ 1, is the bandwidth of the speed

control loop. So, the proportinal gain, Ksp, is deduced as

Ksp ¼ Jvsc

K
ð4:69Þ

And, the integral gain,Ksi, can be set from the condition that the cutoff frequency,

vpi, of PI regulator should be a fraction of the bandwidth, vsc, as

vpi � vsc

5
ð4:70Þ
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Also, Ksi can be set as

Ksi ¼ Kspvpi ffi Ksp

vsc

5
ð4:71Þ

Ifvpi ¼ vsc=5, the damping coefficient, z, of the speed control system is designed

as
ffiffiffi
5

p
=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.

vrm

v*
rm

¼ KKspsþKKsi

Js2 þKKspsþK �Ksi

¼
KKsps

J
þ KKsi

J

s2 þ K �Ksp

J
sþ K �Ks

J

ð4:72Þ

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.

vrm

v*
rm

¼
K Ksi

J

s2 þ K �Ksp

J
sþ K �Ksi

J

ð4:73Þ

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

vrm

TL
¼ � s

Js2 þKKspsþKKsi

ð4:74Þ

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 KspK is added to the system, the damping

torque acts like an artificial friction torque. And this damping term improves the

stability of the system.
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Figure 4.41 Speed control system employing integral and proportional (IP) regulator.
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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

samevalue 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 ðz ¼ 1Þ and the same bandwidth,

vsc, 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 2eð� 5:44Þ times that of a PI regulator.

4.3.4.3 Blending of PI 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 systemwith

the IP regulator is equivalent to the control system with the PI regulator after filtering

the input command, v*
rm, 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,G1 sð Þ, and the response to the disturbance torque can
be optimized by the regulator, G2 sð Þ. In general, this control concept is called a two-
degree-of-freedom controller [26].

As a simple 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, a, 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 a. But that to the input speed command is dependent on the

factor a as in (4.75 ).

vrmðsÞ
v*
rmðsÞ

¼ KðaKspsþKsiÞ
Js2 þKKspsþKKsi

ð4:75Þ

A 2⋅

eA ⋅

PI

IPωsc

ωsc

t

*
ai

Figure 4.42 Output of IP and PI regulators

with the same damping coefficient ðz ¼ 1Þ and
the same bandwidth at the same step input speed

command.
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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.
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Figure 4.45 Blending of PI and IP regulators for a speed control system.
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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).

vrm

v*
rm

¼ � Ĵ
K̂
K
J
s2 þKsp

K
J
sþKsi

K
J

s2 þKsp
K
J
sþKsi

K
J

ð4:76Þ

As seen from (4.76), if there are no errors in torque constant,K, and the inertia, J,

then Ĵ=K̂ ¼ J=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 systemwhere 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 jv, 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 ofv, which is in (4.77), means the robustness of the control

system against the disturbance torque.

TL

vrm

����
���� ¼ J

jv2 þK �KspjvþK �Ksi

	 

jjvj ð4:77Þ

As seen from (4.77), at lower v 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 v ¼ 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 v 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.
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With the acceleration feedback the dynamic stiffness of the system in Fig. 4.47

can be derived as

TL

vrm

¼
J 1þ Ka

J
� K
K̂

� �
� jvð Þ2 þK �KspjvþK �Ksi

��� ���
jvj j ð4:78Þ

As seen from (4.78), ifK=K̂ is 1, whichmeans no error in torque constant, then the

equivalent inertia can be increased by feedback gain of the acceleration feedback loop,

Ka. By increasing the gain, the dynamic stiffness at the higher-frequency ðvÞ 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-v 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-v region. Also, because the estimated acceleration is basically

calculatedbydoubledifferentiationof themeasuredangle, if the numberofpulses of the

encoder per revolution, PPR, is not large enough, the estimated acceleration could not

improve the performance of the disturbance rejection at all. With higher PPR encoders

such as above 220 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 4.47 Speed control system with acceleration feedback.
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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.
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4.4 POSITION REGULATOR

In somemotion control system, the position of the rotor ormover 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–PI)
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).

Kpv ¼ Ĵ �vsc

Kiv ¼ 1
5
Kpv �vsc

ð4:79Þ

where Ĵ 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, vsc, 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

urm

u*rm
¼ Kp

vsc

sþvsc

1
s

1þKp
vsc

sþvsc

1
s

¼ Kpvsc

s2 þvscsþKpvsc

¼ vn
2

s2 þ 2zvnsþvn
2

ð4:80Þ
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Figure 4.50 Cascaded connection of proportional–proportional integral (P–PI) regulator.
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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, z, should be over unity. If z is set as 1.5, then the proportional gain of the
position regulator and the natural undamped frequency, vn, can be derived as

Kp ¼ vsc

9
; vn ¼ vsc

3
ð4:81Þ

where vsc is the bandwidth of the inner speed control loop.

If the gain is set as (4.81), the bandwidth of the position control loop, vpc, is

0:374vn, which is approximately one-eighth of the bandwidth of the speed control

loop as

vpc ¼ 0:374vn ¼ vsc=8 ð4:82Þ

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 PI

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.
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Figure 4.52 Acceleration feed-

forwarding to a position regulator.
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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 Te ¼ Js2urm.

urm

u*rm
¼ Ĵs3 þKpvs

2 þðKpKpv þKivÞsþKpKiv

Js3 þKpvs2 þðKpKpv þKivÞsþKpKiv

ð4:83Þ

As seen from (4.83), if the inertia is correctly estimated like Ĵ ¼ J, 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 sð¼ jvÞ. 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, ve, then the

three-phase voltage can be represented as
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ea ¼ �Vmsinvet

eb ¼ �Vmsin

�
vet� 2p

3

�

ec ¼ �Vmsin

�
vetþ 2p

3

� ð4:84Þ

where Vm is the peak of the phase voltage. The stationary and synchronous reference

frame d–q voltage can be deduced as (4.85) and (4.86), respectively, from the

definition of d–q variables in Section 3.1.

esd ¼ �VmsinðvetÞ
esq ¼ VmcosðvetÞ

ð4:85Þ

eed ¼ 0

eeq ¼ Vm

ð4:86Þ

where the instantaneous phase angle is given by ue ¼ vet. 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
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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

ue ¼ tan�1 �esd
esq

 !
ð4:87Þ

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, ûe, 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. 4.55c, the voltage is negative. In the figure,~e 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

eed ¼ Vmsinðûe�ueÞ ð4:88Þ
If angle error is small, then (4.88) can be approximated as

eed � Vmðûe�ueÞ ð4:89Þ
In Fig. 4.56, vN 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

ed
e

d

eq
eq

sd

sq

e
d

e
d

eq
eq

d

sq

e
de

(b)(a) (c )

ee θθ = eθ
eθ

ˆ ˆ

ˆ

ˆ
ˆ

ˆ
ˆ

ˆ

ˆ

s

e
d

ed
eq

eq

sd

sq

e
de

eθ
eθ

e e
e

Figure 4.55 Phase angle error and d-axis voltage at synchronous reference frame. (a) ue ¼ ûe,

(b) ueGûe, (c) ueHûe
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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.

ûe ¼
�
Kp þ Ki

s

�
1

s
ð�eedÞ ¼

�
Kp þ Ki

s

�
1

s
Vmðue�ûeÞ

ûe
ue

¼ KpVmsþKiVm

s2 þKpVmsþKiVm

ð4:90Þ

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

voltagewith 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 reasonwhy the positive sequence voltage is used to
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Figure 4.56 Control block diagram of phase angle detector.
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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

Epa

Epb

Epc

2
664

3
775 ¼ 1

3

1 a a2

a2 1 a

a a2 1

2
664

3
775

ea

eb

ec

2
664

3
775

¼

1

2
ea� 1

2
ffiffiffi
3

p
j
eb�ecð Þ

� Epa þEpc

	 

1

2
ec� 1

2
ffiffiffi
3

p
j
ea�ebð Þ

2
666666664

3
777777775

ð4:91Þ

where a ¼ ej
2p
3 .

To devise (4.91), the phase delay by 90� is implemented by the second-order all-

pass filter whose transfer function is given by

s2� ffiffiffi
2

p
vosþv2

o

s2 þ ffiffiffi
2

p
vosþv2

o

ð4:92Þ

where vo is 1þ ffiffi
3

pffiffi
2

p vN � 1:9319vN . At the nominal angular frequency of the AC

source, vN , 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
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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 PWM
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:

VAs ¼ L inter

dia

dt
þVas

VBs ¼ L inter

dib

dt
þVbs

VCs ¼ L inter

dic

dt
þVcs

ð4:93Þ

Equation (4.93) can be rewritten as (4.94) in a synchronously rotating d–q

reference frame by the transformation method in Section 3.1:

eed ¼ �ve Linteri
e
q þ Linter

died
dt

þ eeds

eeq ¼ ve Linteri
e
d þ Linter

dieq

dt
þ eeqs

ð4:94Þ

whereeed ande
e
q standfor theACsourcevoltage,eeds ande

e
qs standfor thevoltagebyPWM

boost rectifier, and ied and i
e
q standfor thecurrentflowing intoPWMboostconverterat 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 ¼ VasiasþVbsibsþVcsics ¼ 3

2
ðesqisq þ esd i

s
dÞ ¼ 3

2
ðeeqieq þ eed i

e
dÞ ¼ 3

2
Vmi

e
q ð4:95Þ
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As seen from (4.95), the power is dependent only on the q-axis current and the

power has nothing to do with the d-axis current. Hence, the q-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.

PF ¼ eedq � iedq
eedq

��� ��� iedq��� ��� ¼
ieqffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ie
2

d þ ie
2

q

q ð4:96Þ

where eedq ¼ eed þ jeeq; i
e
dq ¼ ied þ jieq, and eedq � iedq is the inner product of the source

voltage space vector and the line current space vector. jeedqjjiedqj 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, Vd , increases when the active power from the

AC source is larger than the power consumed by the load—that is,Pout ¼ idclVd —and

vice versa. Hence, DC link voltage can be regulated by adjusting active power to a DC

link from an AC source. Hence, the q-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 IPDC 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.

ie*q ¼ �KpVd þKi

ð
ðV*

d�VdÞ dtþ P̂out=
3

2
Vm

� �
ð4:97Þ

+

−_
+

*
dV

dV

ˆ
out

m

P

V

+

*
qiiK

s

1

pK 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

C

2

dV2
d

dt
¼ Pin�Pout ð4:98Þ

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, ðV*
d�VdÞ, and gains of

IP regulator.

C

2

dV2
d

dt
¼ 3

2
Vm �KpVd þKi

ð
ðV*

d�VdÞ dt
� �

ð4:99Þ

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, Vd0, DC link

voltage can be represented as (4.100) by the small signal analysis.

V2
d � V2

d0 þ 2Vd0ðVd�Vd0Þ ð4:100Þ

Equation (4.100) can be substituted into (4.99), and then a linerized differential

equation at an operating point can be derived as follows:

CVd0

dVd

dt
¼ 3

2
Vm �KpVd þKi

ð
ðV*

d�VdÞ dt
� �

ð4:101Þ

From (4.101), a transfer function between reference DC link voltage and actual

DC link voltage can be deduced as follows:

VdðsÞ
V*
d ðsÞ

¼
3
2
VmKi

CVd0

s2 þ
3
2
VmKp

CVd0

sþ
3
2
VmKi

CVd0

¼ v2
n

s2 þ 2zvnsþv2
n

ð4:102Þ

where vn stands for the natural undamped frequency and z 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:

Kp ¼ 2zvn

CV*
d

3
2
Vm

Ki ¼ v2
n

CV*
d

3
2
Vm

ð4:103Þ
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With these gains, the control bandwidth of aDC link voltage regulation loop,vbw,

is given by

vbw ¼ vn½ð1�2z2Þþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4z4�4z2 þ 2

q
�1 2= ð4:104Þ

Themodeling 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, z, should be above unity. If z is set as 1.2, then vbw is half of

vn by (4.104). For power factor control, which is given by (4.96), a d-axis current

reference can be set as

ie*d ¼ ie*q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�PF*2

p

PF*
ð4:105Þ

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 theAC sourcewith industrial loads such asmotors 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 theDC link voltage

of PWMboost converter is not large enough or smaller compared to the peak of theAC

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. As shown in Fig. P.4.1, DC machine is connected to a roll with a long shaft. The axis has

limited stiffness. The torque of DCmachine is given by Te ¼ T � sin vtð ÞN-m. The friction

torque and load torque are negligible. And the inertia of the long shaft can be neglected.

Inertia of load : JL ¼ 0:5ðkg �m2Þ
Inertia of rotor of electric machine : JM ¼ 0:1ðkg �m2Þ
Stiffness of the shaft : Ksh ¼ 700ðN-m=radÞ

Te

rmω

JLKsh
ω

JM

ia

rl

Figure P4.1 Drive system with mechanical resonance.
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(1) Find the transfer function regarding vrl=Te.

(2) Find the angular frequency of torque, v, where the magnitude of vrl 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, vrl , with

the sinusoidally varying torque as Te ¼ T � sin vtð Þ, where the angular frequency, v, 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, url ¼
Ð
vrl dt, and the angle of the machine,

urm ¼ Ð vrm dt, can be measured ideally. The torque of DC machine can be ideally

estimated by the torque constant and current of machine.

2. For a 3.08-kW permanent magnet DC servo motor with the following ratings and

parameters, answer the following questions.

Ra ¼ 0:26 ðWÞ; La ¼ 1:7ðmHÞ
Rated armature current : 24:9ðAÞ
Rated speed : 3000ðr=minÞ
Rated armature voltage : 139ðVÞ
Inertia of the rotor of the motor : 0:00252ðkg:m2Þ

(1) After finding electric time constant, Ta, and electromechanical time constant, Tm,

specify the speed response to the step change of the armature voltage among under

damped, critically damped, or overdamped. It is assumed that themagnitude of the step

is small enough not to saturate any part of the drive system. And the motor is not

connected to any load.

(2) 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 ðN-m=ðrad=sÞÞ. At time point, 0 s, the armature voltage, whosemagni-

tude is 50V, is applied to the motor in the step function. Plot speed (r/min), armature

current, ia Að Þ, torque, Te N-mð Þ for 0–0.2 s. Also plot Te N-mð Þ and speed (r/min) in the

torque speed plane, where the vertical axis is torque.

(3) Under the same operating conditions as in part 2, a current regulator as shown in

Fig. P.4.2 is inserted into the control loop.

In the figure, the current regulator is a simple proportional gain like Gc sð Þ ¼ Kp.

When all poles of the transfer function,vrm=i
*
a , lie at the real axis ofLaplace domain and

the largestmagnitude of pole is 10 times of themagnitude of the smallest pole, calculate

*
ai ( )sGc K

aa sLR +
1

BJs +
1

K

LT

ai
*
aV

ai-

rmω

Figure P4.2 Insertion of a current regulator.
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Kp. In this gain setting, at time point, 0 s, the armature current reference, i*a , increased

from zero to 50A in the step function. Plot speed (r/min), armature current, ia Að Þ,
torque, Te N-mð Þ for 0–0.2 s. Also, plot Te N-mð Þ and speed (r/min) in the torque-speed

plane.

(4) The gain of the current regulator is changed toKp ¼ 50. Repeat part 3. In this problem,

there is no limitation in the armature voltage, V*
a .

(5) Repeat part 4 with the limitation of the armature voltage, V*
a , within �150 V.

(6) Repeat part 5 with feed-forward compensation of back EMF as shown in Fig. 4.12.

(7) There is a time delay by 200ms in the processing of the armature voltage as shown in

Fig. P.4.3. The armature current reference, i*a, increases from zero to 50A in the step

function at time point 0 s. The armaturevoltage is limited as part 5, and the backEMF is

compensated as part 6. For three different regulator gains as Kp ¼ 1; 10; and 50, plot
speed (r/min), armature current, ia Að Þ, armature current reference, i*a(A) for 0–0.2 s for

each gain.

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,

ê ¼ 0:95e. And the estimated back EMF constant, the torque constant, is 95% of the actual

value as K̂ ¼ 0:95K. The DC link voltage of the four-quadrant DC/DC converter, shown in

Fig. 2.18, is 300Vand the voltage reference, V*
a , is limited within �250 V. The switching

frequency of the converter, which is the frequency of the carrier wave, is 5 kHz.

(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--0:02 s; T*
e ¼ 30 N-m

0:02--0:03 s; T*
e ¼ �30 N-m

0:03 s � 0:04 s; T*
e ¼ 2sin 2000ptð ÞN-m

*
ai K se 0002.0−

aa sLR +
1

BJs +
1

K

ê e

*
aV

LT

K

ai

p

rmω

Figure P4.3 Current control system with time delay.
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Figure P4.4 PI current regulator.
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(A) Though the voltage is limited as�250 V � V*
c � 250 V by a limiter in Fig. P.4.4,

there is no anti-wind-up controller. The control bandwidth of the current regula-

tion loop is 1 kHz. Calculate the gains of the PI regulator by (4.14). Plot the

following responses for 0–0.04 s.

(a) ia and i*a
(b) Te and T*

e

(c) vrm r=minð Þ
(d) V*

a

(e) For 0.039–0.04 s, plot V*
c (output of the limiter) and the actual PWM voltage

waveform to the motor.

(B) With antiwind-up controller, repeat partA. Thegain of the anti-wind-up controller

is set as Ka ¼ 1=Kp.
(2) 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) ia and i*a for 0–0.04 s.

(b) Te and T*
e for 0–0.04 s

(c) vrm r=minð Þ for 0–0.04 s
(d) V*

a for 0–0.04 s

(e) For 0.039–0.04 s, plot V*
c(output of the limiter) and the actual PWM voltage

waveform to the motor.

(f) For 0.039–0.04 s, plot i*a and the filtered armature current, iaf , by the second-order

low-pass filter.
(3) 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 PI regulator. Also, find the bandwidth of the current regulation loop.

At this gain setting, plot the following responses.

(a) ia and i*a for 0–0.04 s.

(b) Te and T*
e for 0–0.04 s

(c) vrm r=minð Þ for 0–0.04 s
(d) V*

a for 0–0.04 s

(e) For 0.039–0.04 s, plot V*
c (output of the limiter) and the actual PWM voltage

waveform to the motor.

(f) For 0.039–0.04 s, plot i*a and the sampled armature current, iaðnÞ, at the peak of the
carrier wave.

(4) 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) ia and i*a for 0–0.04 s

(b) Te and T*
e for 0–0.04 s

(c) vrm r=minð Þ for 0–0.04 s
(d) V*

a for 0–0.04 s

(e) For 0.039–0.04 s, plot V*
c(output of the limiter) and the actual PWM voltage

waveform to the motor.

(f) For 0.039–0.04 s, plot i*a and the sampled armature current, iaðnÞ, 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 achievemaximumcurrent regulation bandwidth, decide

the gains of PI regulator. And, find the bandwidth of the current regulation loop. At this

gain setting, plot the following responses.

(a) ia and i*a for 0–0.04 s

(b) Te and T*
e for 0–0.04 s

(c) vrm r=minð Þ for 0–0.04 s
(d) V*

a for 0–0.04 s

(e) For 0.039–0.04 s, plot V*
c(output of the limiter) and the actual PWM voltage

waveform to the motor.

(f) For 0.039–0.04 s, plot i*a, the sampled armature current, iaðnÞ, at the peak and the
valley of the carrier wave, and predicted current, iaðnþ 1Þ.

4. The servomotor in problem 2 is drivenwith 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 � tG0:005 s v*
rm ¼ 200

0:005
t r=min

0:005 s � tG0:025 s v*
rm ¼ 200 r=min

0:025 s � tG0:055 s v*
rm ¼ 200þ 20sin 400ptð Þ r=min

0:055 s � t v*
rm ¼ 200 r=min

0 � tG0:065 s TL ¼ 0 N-m

0:065 s � tG0:08 s TL ¼ 10 N-m

0:08 s � t TL ¼ 0 N-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*a, is limitedwithin�75 A, and

the anti-wind-up controller is included. The estimated torque constant is 95% of the actual

torque constant as K̂ ¼ 0:95K.
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(1) The speed regulator, which is PI type, is implemented in the analog domain. The

control bandwidth of the speed control loop, fsc, is 200Hz and the damping factor isffiffiffi
5

p
=2.

If the measured speed is identical to the real speed, plot the following responses.

(A) 0–0.09 s: vrm, v
*
rm, i

*
a

(B) 0.045–0.055 s: vrm, v
*
rm, i

*
a

(C) 0.065–0.08 s:Te, TL, vrm, i
*
a

(2) If the speed sampling is done at every 200ms, plot the following responses. The speed

regulator is implemented digitally in the discrete time domain.

(A) 0–0.09 s: vrm, v
*
rm, i

*
a

(B) 0.045–0.055 s: vrm, v
*
rm, i

*
a

(C) 0.065–0.08 s: Te, TL, vrm, i
*
a

(3) If the speed sampling is done at every 2ms, plot the following responses. The speed

regulator is implemented digitally in the discrete time domain.

(A) 0–0.09 s: vrm, v
*
rm, i

*
a

(B) 0.045–0.055 s: vrm, v
*
rm, i

*
a

(C) 0.065–0.08 s: Te, TL, vrm, i
*
a

(4) The speed is measured by the following encoder. The number of pulses per

revolution, PPR, is 8192 and the measured angle has white noise, whose magnitude

is 4%of 2p=8192 in root mean square; the sampling frequency of the noise is 100ms.
Also, the speed is calculated by the “M”method and its sampling time, Tsp, is 1ms.

Repeat part 1, but the speed regulator algorithm is implemented digitally and

executed at every 1ms 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.

(5) 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 TD, and Tsp is set as 1ms, 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.

(6) Design the speed observer, whose bandwidth is 500Hz. Themeasured 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.

B̂ ¼ 0:2B and Ĵ ¼ 0:7 J

(7) If the angle is measured by the encoder in part 4 at every 100ms, 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 1ms.

(8) 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.

(9) 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
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of the acceleration feedback the system works as like the total inertia increased

twofold.At this condition set the feedback gainKa. 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, PPR, is 2
22 and the

measured angle has white noise, whose magnitude is 4% of 2p=222 in root mean

square; the sampling frequency of the noise is 100 ms. The speed is calculated by the
“M” method and its sampling time, Tsp, is 100 ms. Repeat part 4.

(12) By using the encoder in part 11, the angle ismeasured at every 100 ms. 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
ffiffiffi
5

p
=2. It can

be assumed that themeasured speed is identical to the real speed. For 10-r/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 s; vrm, v
*
rm, i

*
a

(B) 0.045–0.055 s; vrm, v
*
rm, i

*
a

(C) 0.065–0.08 s; Te, TL, vrm, i
*
a

6. As shown in Fig. P.4.5, there is a X–Y table driven by two X-axis linear motors and one

Y-axis linear motor.

By adjusting the thrust forces of X1 and X2motors, namely FX1 and FX2, the position and

the speed of the Y axis is controlled. According to the mover position on the Y axis, the

equivalent mass to X1 and X2 motors, namelyM1 andM2, vary from 5 kg to 15 kg. For the

X1
Motor1

X2
Motor1

Y Motor

Figure P4.5 X–Y table driven by three linear motors.

224 Chapter 4 Design of Regulators for Electric Machines and Power Converters



worst-case consideration, assume M1 ¼ 5 kg; M2 ¼ 15 kg. The block diagram of the

mechanical system is shown in Fig. P4.6, where the coupling coefficient, Kcoup, is

106N=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

bothX1 andX2 motors, namelyKP1 and KP2, are the same asKP. Based on the block diagram

of the mechanical system shown in Fig. P4.6, answer the following questions.

+

-
1

1

M s
1

s
1

X1V

X1S

+

2

1

M s
1

s
1

X2V X2S

Kcoup

X1F

-

X2F
+

+

Figure P4.6 Block diagram of mechanical system of X axis of X–Y table.
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2pK 2XF

2XV

+

+
-

+
1pK 1XF

+
+-

*
cca

s
1

∗
xV

∗
xSS

1

1XV

Accel. Feed forward
Decoupling 

Controller
Active damping

?

?

?

?

Accel. Feed forward
Decoupling 

Controller
Active damping

Figure P4.7 Block diagram of a controller.
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(1) Calculate the moving distance if the movers of X1; and X2 motors move exactly

according to the acceleration reference in Fig. P4.8.

(2) When the coupling coefficient is neglected like Kcoup ¼ 0, set the P gain of the speed

regulator if the bandwidth of the transfer function ofVx1=V
*
X is 50Hz. In the calculation

of the gain, the mass of each mover is the same as 10 kg.

(3) If Sx1;Sx2;Vx1; and Vx2 are ideallymeasurable, design the decoupling controller, active

damping terms, and acceleration feed-forward terms to suppress the position errors

defined as S*x�Sx1 and S
*
x�Sx2 are less than 10 mm 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 0 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 0 s to 0.4 s with the

acceleration reference in Fig. P4.8 in the casewithout the decoupling controller, active

damping terms, and acceleration feed-forward terms, with only a P regulator. For these

plots,P gain is thevalue decided at part 2, and themass ofmover ofX1 is 5 kg and that of

X2 is 15 kg. The thrust forces of the linear motors are limited within �700 N.

(4) Design a speed observer that estimatesVx1 based on Sx1;Fx1 as shown in Fig. P4.9. Plot

the estimated speed, V̂x1, and actual speed, Vx1. 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�150Hz of real axis identically.

*

cca

40 m/s2

40 m/s2−

s

0.3 t0.4

0.1

Figure P4.8 Acceleration reference.
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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� 2p rad=s3, 20� 2p rad=s2, and 20� 2p rad=s, respectively.

(1) Keeping the limitations, plot the jerk, acceleration, speed, and position (angle of load)

references simultaneously with regard to time, t, 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=s3,�200 to 200 rad=s2,�200 to 200 rad=s, and�100 to 100 rad, respectively.

(2) If the angle and the speed aremeasured ideally, design a P–PI-type position regulator in

Fig. 4.50, where the bandwidth of the speed control loop is 16Hz and that of the

position loop is 2Hz. In the design of the regulator, the inertia of the electric machine

and load can be assumed to be a single inertia, whichmeans 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 asvc=sþvc, wherevc ¼ 200� 2p rad=s.
The maximum magnitude of the current is limited within 50A and the torque (back

EMF) constant is 2N-m/A. In the design of the controller, the estimated torque

constant is 90% of the real value as K̂ ¼ 0:9K. Also, the estimated inertia is 90% of the

actual value of the total inertia.

(3) 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 from0 s to 3 s.And thevertical axis is for jerk,

acceleration, speed, and position in �1000 rad=s3 to 1000 rad=s3, �200 rad=s2 to

200 rad=s2, �200 rad=s to 200 rad=s, and �100 rad to 100 rad, respectively. Also

calculate the value, which is the time integral of the square of the position error from

time t¼ 0 s to time t¼ 3 s.

(4) 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 t¼ 0 s to

time t¼ 3 s. In the designing of active damping term, the current should not be

oscillatory continuously.

(5) 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 K̂ ¼ 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 t¼ 0 s to

time t¼ 3 s.

(6) After finishing the position control with the control method in part 5, the load torque,

TL ¼ 60 sinð20*p*tÞN-m, is applied from time point t¼ 3 s. After 3 s, the position

reference is constant. Plot the acceleration, speed, position, load torque, TL, and the
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machine torque,Te. In the plot, the horizontal axis is time and its range is from3 s to 4 s.

And the vertical axis is for acceleration, speed, position, and torque in�200 rad=s2 to
200 rad=s2, �200 rad=s to 200 rad=s, �100 rad to 100 rad, and -120Nm to 120N-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

10ms like âðsÞ ¼ aðsÞ*e�:01 s. 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 tomechanical power as amotor. Themechanical

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 excitationflux as amotor (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

formof 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. Inmany high-precisionmotion 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 linkagevector 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

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

230



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 bymeans of the commutator and

the brush regardless of the rotation of the rotor. Hence, the instantaneous torque ofDC

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 armaturewinding and field winding is maintained even if

bothwindings are rotating as shown in Fig. 5.1b. The outer fieldwinding and the inner
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armature windingmay 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 thewinding is the

decided by the instantaneous three-phase AC current in the winding. In Fig. 5.1d, to

have the same position ofMMF in Fig. 5.1c, the current in a-phasewinding 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 c-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 aremaintained. As seen in Fig. 5.1, the instantaneous torque

control of a synchronous machine is exactly the same as in the case of a DCmachine,

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
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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 armaturewinding by three-

phase symmetry winding, as well as rotating inner

field winding.
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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 anMMFwhose 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 (SMPMSM)

The torque of an SMPMSM in Fig. 5.2 can be represented as Te ¼ 3
2
P
2
lf irqs derived in

Section 3.3.3.1. Because the pole number of SMPMSM in Fig. 5.2 is four, the d axis

and q axis are apart by 45o spatially. After measuring the rotor position instantaneous-

ly, if the q-axis current in the measured rotor reference frame is controlled instan-

taneously as

ir
*

qs ¼
Te

*

3
2
P
2
lf

where Te
* 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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The current in the rotor reference d–q frame, irds and i
r
qs, can be obtained through the

calculation in (5.1) using themeasured rotor position, ur, andmeasured phase currents

as explained in Section 3.1.

irdqs ¼ irds þ jirqs ¼ 2

3
ðias þ aibs þ a2icsÞe�jur ð5:1Þ

To get maximum torque per ampere (MTPA), the current at the d axis should be

set to zero as irds ¼ 0 because d-axis current,irds, does not contribute to the torque.

Then, the q-axis current, irqs, which is now equal to the total current, irdqs, is always

perpendicular to the field flux by the magnet. Hence, the torque is regulated

instantaneously by regulating only irqs. 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.

a

a

b

b

c

c

as,d s

rd

sq

rq

rθ

bscs

Figure 5.2 Four-pole surface-

mounted permanent magnet syn-

chronous machine (SMPMSM) and

its rotor reference d–q frame.
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5.1.3 Interior Permanent Magnet Synchronous
Motor (IPMSM)

The torque of the IPMSM in Fig. 5.4 can be represented as

Te ¼ 3
2
P
2
fðLd�LqÞirdsirqs þ lf irqsg 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, lf , by the magnet is kept constant, the pair of irds and irqs is

enormous to generate the given torque reference, T*
e . However, if the total losses are

minimized at the given torque, the pair is uniquely decided. If the iron loss can

be neglected, theminimization of themagnitude of the stator current vector, irdqs, 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 irds and i
r
qs, which minimizes the magnitude of the current

vector and generates the reference torque, and (b) regulating d–q 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 5.3 Control block diagram for instantaneous torque control of SMPMSM.
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mentioned in Section 2.9.2, if the inductances, Ld and Lq, 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 inductionmachine 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 inductionmachine 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

sd

rd

sq

rq

rθ

a

a

b

b

c

c

Figure 5.4 Four-pole interior

permanent magnet synchronous ma-

chine (IPMSM) and its rotor refer-

ence d–q frame.
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machine parameters, especially on rotor time constant, namely Lr=Rr: 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–q reference frame rotating arbitrary

speed, v, 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.

Vv
ds ¼ Rsi

v
ds þ plvds�vlvqs ð5:2Þ

Vv
qs ¼ Rsi

v
qs þ plvqs þvlvds ð5:3Þ

0 ¼ Rri
v
dr þ plvdr�ðv�vrÞlvqr ð5:4Þ

0 ¼ Rri
v
qr þ plvqr þðv�vrÞlvdr ð5:5Þ

where p is the differential operator.

Also, the stator and rotor flux linkage can be written in (5.6)–(5.9):

lvds ¼ Lsi
v
ds þ Lmi

v
dr ð5:6Þ

lvqs ¼ Lsi
v
qs þ Lmi

v
qr ð5:7Þ

lvdr ¼ Lmi
v
ds þ Lri

v
dr ð5:8Þ

lvqr ¼ Lmi
v
qs þ Lri

v
qr ð5:9Þ

Based on the rotor flux linkage and stator current, the torque can be expressed as

Te ¼ 3

2

P

2

Lm

Lr
lvdri

v
qs�lvqri

v
ds

� �
: ð5:10Þ

At the stationary reference frame, where v ¼ 0, the position of the rotor flux

linkage, ue, can be derived as

ue ¼ tan�1
lsqr
lsdr

� �
ð5:11Þ

The rotor flux linkage at the d–q axis in the stationary reference frame can be obtained

as follows. At first, the stator flux linkage in the stationary d–q reference frame can be

calculated by (5.12) and (5.13) from (5.2) and (5.3) by setting v ¼ 0.

lsds ¼
ðt
0

Vs
ds�Rsi

s
ds

� �
dt ð5:12Þ

lsqs ¼
ðt
0

Vs
qs�Rsi

s
qs

� �
dt ð5:13Þ

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).

lsdr ¼
Lr

Lm
lsds�sLsi

s
ds

� � ð5:14Þ

lsqr ¼
Lr

Lm
lsqs�sLsi

s
qs

� �
ð5:15Þ

where s is the leakage factor and is defined as s ¼ LsLr�Lm
2

LsLr
. By substituting (5.14)

and (5.15) into (5.11), the position of the rotor flux linkage can be obtained. According

to the position, ue, the stator current can be represented as (5.16) in the synchronously
rotating reference frame.

iedqs ¼ ieds þ jieqs ¼ iabcse
�jue ð5:16Þ

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 qe axis is inherently null as leqr ¼ 0. By using this condi-

tion, (5.4) can be simplified as

0 ¼ Rri
e
dr þ pledr ð5:17Þ

By using (5.8) and (5.17), iedr can be eliminated and the rotor flux linkage can be

expressed in terms of the machine parameters and d-axis stator current as

ledr ¼ Lmi
e
ds�

Lr

Rr

pledr ð5:18Þ

Equation (5.18) can be rewritten as (5.19) to express the relationship between the

current and the flux linkage explicitly.

ledr ¼
Lm

1þ p Lr
Rr

ieds ð5:19Þ

Therefore, the flux linkage, ledr, can be adjusted by controlling the d-axis current,
ieds: In particular, from (5.19), if ieds is kept as constant for a while ðtH4tr ¼ 4 Lr

Rr
Þ, then

the magnitude of the rotor flux linkage can be approximated as

|lr| ¼ ledr � Lmi
e
ds ð5:20Þ

Themagnitude is proportional to the d-axis current, ieds; under the condition of the
constant d-axis current for a while. At the synchronous d–q frame fixed on the rotor

flux linkage, because leqr ¼ 0, the torque in (5.10) can be simplified as

Te ¼ 3

2

P

2

Lm

Lr
ledri

e
qs ð5:21Þ
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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

Te ¼ 3

2

P

2

L2m
Lr

1

1þ p Lr
Rr

ieds

 !
ieqs ð5:22Þ

If the d-axis current is kept as ieds ¼ lr=Lm for more than 4tr 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 q-axis stator current.

Te ¼ 3

2
� P
2

Lm

Lr
|lr|ieqs ð5:23Þ

In the direct vector control method mentioned above, after the instantaneous

position of the rotor flux linkage, ue, 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

quitedifficult toachieve, especiallyat the lowrotational speedof the inductionmachine.

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 canmeasure 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 themeasured air-gap flux,

lsdm and lsqm, 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

lsdqr ¼ L‘ri
s
dqr þ Lm isdqr þ isdqs

� �
¼ L‘ri

s
dqr þ lsdqm

ð5:24Þ

q

d
Stator

Rotor

Hall
sensor

Hall
sensor

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

isdqr ¼
lsdqm�Lmi

s
dqs

Lm
ð5:25Þ

Finally, the rotor flux can be calculated by the measured air-gap flux and the

stator current as

lsdqr ¼ lsdqm
Lm

�isdqs

0
@

1
AL‘r þ lsdqm

¼ Lr

Lm
lsdqm�L‘ri

s
dqs

ð5:26Þ

The shortcomings of thismethod are (a) the sensitivity ofHall effect sensors to

the temperature variation and (b) the dissection of the induction machine to

install the sensors in the air gap of themachine.Moreover, because the leakage

inductance, L‘r, varies according to the magnitude of the rotor current, iedqr, 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.

2. 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.

lsdqm ¼
ðt
0

esdqmdt ð5:27Þ

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, themagnitude of the sensed voltage, esdqm, by the coils

is getting smaller as the frequency, ve, 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.

jesdqmj / ve ð5:28Þ

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 themachine 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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3. 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).

plsdqs ¼ Vs
dqs�Rsi

s
dqs ð5:29Þ

lsdqr ¼
Lr

Lm
ðlsdqs�sLsi

s
dqsÞ ð5:30Þ

where s is the leakage factor defined as s � LsLr�Lm
2

LsLr
.

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 themethod 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), Sa; Sb; and Sc are the switching functions of the

1R

1R

1R

1R

Figure 5.7 Differential amplifier.

aS bS cS

aS bS
cS

dV Induction 
Machine

Figure 5.8 Operation of three-

phase voltage source inverter with

switching function, Sa; Sb; and Sc.
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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, �Sa; �Sb; and �Sc repre-
sent the inverse logic states of Sa; Sb; and Sc. 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).

Vas ¼ Vd

3
2Sa�Sb�Scð Þ

Vbs ¼ Vd

3
2Sb�Sc�Sað Þ

Vcs ¼ Vd

3
2Sc�Sa�Sbð Þ

ð5:31Þ

where Vd 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 thismethod. 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 bemeasuredwith 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 implementedwith thismethod based on the rotor speedmeasured

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–q reference

frame can be obtained by substitutingv ¼ ve in (5.2)–(5.9). In these equations, under

5.2 Vector Control of Induction Machine [1] 243



the assumption that the rotor flux linkage exists only on d axis like (5.32), then

ler ¼ ledr þ jleqr ¼ ledr.

leqr ¼ 0 ð5:32Þ
By substituting (5.32) into (5.9), we can derive (5.33)

ieqs ¼ � Lr

Lm
ieqr ð5:33Þ

Also, by substituting (5.32) into (5.10), we can derive (5.34), which is the torque

equation:

Te ¼ 3

2

P

2

Lm

Lr
ledri

e
qs ð5:34Þ

Again, by substituting (5.32) into (5.5), the slip angular frequency can be represented

in terms of the rotor flux linkage and q-axis current as

ve�vr ¼ vs‘ ¼ �Rri
e
qr

ledr
ð5:35Þ

From the rotor flux linkage equation in (5.19) and the relationship between the

q-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–q axis stator current.

ve�vr ¼ vs‘ ¼ �Rri
e
qr

ledr
¼ Rr

ledr

Lm

Lr
ieqs ¼ 1þ p

Lr

Rr

� �
1

ieds

� 	
Rr

Lr
ieqs ð5:36Þ

As seen from the (5.34), the instantaneous torque of the induction machine is

directly proportional to the q-axis current, ieqs, under the condition of the constant rotor

flux linkage.Hence, the q-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,ieds. 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, vr.

ue ¼
ðt
0

ve dt ¼
ðt
0

ðvr þvs‘Þ dt ð5:37Þ

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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d–q components current of themachine. As seen from Fig. 5.9 and also from (5.36), in

the implementation of the indirect vector control, the rotor time constant, tr ¼ Lr=Rr,

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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Figure 5.9 Control block diagram of indirect vector control of induction machine based on a current-

regulated PWM inverter.
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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 themethod 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, Rs þ jveL‘s.

In this region, the calculated stator flux linkage can be easily contaminated with the

measurement noise and offsets in themeasured 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 linkagemay have toomuch 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–q frame can be

described as

dlrdr
dt

¼ �Rr

Lr
lrdr þRr

Lm

Lr
irds ð5:38Þ

dlrqr
dt

¼ �Rr

Lr
lrqr þRr

Lm

Lr
irqs ð5:39Þ

where irds and irqs is the stator current at the rotor reference frame. Using

irdqs ¼ isdqse
�jur , irds and irqs can be represented as

irds ¼ isdscosur þ isqssinur ð5:40Þ
irqs ¼ �isdssinur þ isqscosur ð5:41Þ

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–q frame can be deduced by

lsdr ¼ lrdrsinur�lrqrsinur ð5:42Þ
lsqr ¼ lrdrsinur þ lrqrcosur ð5:43Þ

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 regionwhere themagnitude of back EMF is large enough,

thevoltagemodelmethod 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 lsdqr cm

stands for the rotor flux linkage by the current model and lsdqr vm 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:

Kp ¼ K1

Lr

Lm
ð5:44Þ

Ki ¼ K2

Lr

Lm
ð5:45Þ

FromFig. 5.11, the transfer function between the estimated rotor flux linkage and

the flux linkages by two methods can be deduced as

lsdqr ¼
s2

s2 þKpsþKi

lsdqr vm þ KpsþKi

s2 þKpsþKi

lsdqr cm ð5:46Þ

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
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Figure 5.10 Block diagram of a hybrid rotor flux linkage estimator.
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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 sumof the low-pass filtered flux linkage by the currentmodel and

the high-pass filtered flux linkage by the voltage model. Hence, the current model is

dominant in the low-frequency region and the voltagemodel 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.

Kp ¼
ffiffiffi
2

p
vc ð5:47Þ

Ki ¼ vc
2 ð5:48Þ

where vc 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 voltagemodel or the current model,

the performance of the hybrid estimator in the previous section may be worse at the

transition frequency, vc, if there are errors in the machine parameters such as Rr and

Lm. 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.
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Figure 5.11 Simplified block diagram of a hybrid flux estimator.
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In Fig. 5.12, the phase compensation can be done by an exponential function,

e�ja, where a is set by

a ¼ p�tan�1 Kpve

Ki�v2
e

� 	� 	
ð5:49Þ

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 thevariable-speed drive system controlled by a PWMinverter

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 ACmachine, 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 anACmachine is usuallymuch 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, Vsmax, is decided by

DC link voltage, Vd , of a PWM inverter and the PWM method. If the space vector

PWM(SVPWM)method is used,Vsmax obtained in the linear control range isVd=
ffiffiffi
3

p
.

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, Vsmax, can

be set as (5.50), where h can be 0.9–0.95.

Vsmax ¼ Vdffiffiffi
3

p h ð5:50Þ
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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 2Vd=p, and the ACmachine 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, Vsmax, is decided by the inverter, then the d–q axis stator voltage should

satisfy (5.51) regardless of the reference frame.

Vs*2
ds þVs*2

qs ¼ Vr*2

ds þVr*2

qs ¼ Ve*2
ds þVe*2

qs � V2
smax ð5:51Þ

5.4.1.2 Current Constraint

Themaximum current to anACmachine, Ismax, is usually decided by the thermal limit

of the inverter or theACmachine 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 Ismax

is decided, the reference current should satisfy (5.52) regardless of the reference

frame.

is*
2

ds þ is*
2

qs ¼ ir*
2

ds þ ir*
2

qs ¼ ie*2ds þ ie*2qs � I2smax ð5:52Þ

5.4.2 Operating Region of Permanent Magnet
ACMachine 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).

Vr
ds ¼ Rsi

r
ds þ Ld

d

dt
irds�vrLqi

r
qs ð5:53Þ

Vr
qs ¼ Rsi

r
qs þ Lq

d

dt
irqs þvrLd i

r
ds þvrlf ð5:54Þ

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.

Z2
ds irds þ

v2
r Ldlf
Z2
ds

� �2

þ Z2
qs

�
irqs þ

vrRslf
Z2
qs

�2

þ 2vrRs Ld�Lq
� �

irdsi
r
qs � V2

smax

ð5:55Þ
where Zds and Zqs are defined as

Zds �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
s þ vrLdð Þ2

q
; Zqs �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
s þ vrLq
� �2q

ð5:56Þ
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

� v2
r Lqslf

R2
s þv2

r LdLq
; � vrRslf

R2
s þv2

r LdLq

� �

in the current plane. And the major axis of the ellipse is apart from the d axis by
1
2
tan�1 2Rs

vr Ld þ Lqð Þ.

Z2
ds

�
irds þ

v2
r Lqslf

R2
s þv2

r LdLq

�2

þ Z2
qs

�
irqs þ

vrRslf
R2
s þv2

r LdLq

�2

þ 2vrRs Ld�Lq
� ��

irds þ
v2
r Lqlf

R2
s þv2

r LdLq

��
irqs þ

vrRslf
R2
s þv2

r LdLq

�
� V2

smax

ð5:57Þ

In the case of a surface-mounted permanent magnet synchronous machine

(SMPMSM), because Ld ¼ Lq ¼ Ls, (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

� v2
r Lslf

R2
s þv2

r L
2
s
;� vrRslf

R2
s þv2

r L
2
s

� �
in the current plane.

irds þ
v2
r Lslf

R2
s þv2

r L
2
s

� �2

þ irqs þ
vrRslf

R2
s þv2

r L
2
s

� �2

� V2
smax

R2
s þv2

r L
2
s

ð5:58Þ
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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 themachine 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):

vrLdð Þ2
�
irds þ

lf
Ld

�2

þ vrLq
� �2

ir2qs � V2
smax ð5:59Þ

irds þ
lf
Ls

� �2

þ ir2qs �
V2
smax

v2
r L

2
s

ð5:60Þ
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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.

Asmentionedbefore, thecurrent constraint is expressedas the innerpart of a circle,

whose center is the originof the current plane.Thevoltage constraint is expressed as the

inner part of an ellipse. If thevoltage drop in the stator resistance is neglected, themajor

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 ofmajor andminor 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

systemwhether 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. ForMTPA operation, up to

the speed v1f , the current moves on the curve by “OA” and above v1f the current

moves on the boundary of the current constraint circle, which is the curve “AB”.

Above a certain speed,v3f , there is nomore 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 themaximum speed is not limited by

electrical constraints. For MTPA operation, up to the speed v1i, the current moves on
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the curve by “OA.” Also, above v1i 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 v2i 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.

lfHLdIsmax ð5:61Þ
lf � LdIsmax ð5:62Þ

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 v1f , the current moves along the
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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).
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q axis represented as “OA” in the figure. And above v1f the current moves on the

boundary of the current constraint circle, which is the curve “AB”. Above a certain

speed, v3f , 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. ForMTPA operation, up to the speedv1i, the current

moves the q axis, “OA”. Also, above v1i 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 v2i the current moves not on the boundary of the current

constraint circle, but on the line parallel to q 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.
lfHLsIsmax ð5:63Þ
lf � LsIsmax ð5:64Þ

In the case of an SMPMSM, the flux linkage by themagnet is usuallymuch larger than

the flux linkage by the stator current. So, (5.63) holds in the most case of SMPMSM

operation unless Ismax is 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, vb. In Fig. 5.14, it is represented as v1f and v1i. Up to the base speed, the

speed region is called the constant torque region, and above the base speed the region

is called the fluxweakening region. In the infinite-speed drive system, the speedwhere

only voltage constraint limits the operating speed is called the critical speed,vc. 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 q axis. In the case of an IPMSM, the ellipse meets the circle along the MTPA

line at vb. And it can be presented as (5.65) and (5.66), respectively.

vb;SMPMSM ¼ Vs maxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2f þ LsIsmaxð Þ2

q ð5:65Þ

vb;IPMSM ¼ Vsmaxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðLdirds1 þ lf Þ2 þ Lqi

r
qs1

� �2r ð5:66Þ

where

irds1 ¼
lf�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2f þ 8ðLq�LdÞ2I2smax

q
4ðLq�LdÞ and irqs1 ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2smax�ir2ds1

q
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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.

vmax;SMPMSM ¼ Vsmax

lf�LsIsmax

ð5:67Þ

where lfHLsIsmax.

vmax; IPMSM ¼ Vsmax

lf�LdIsmax

ð5:68Þ

where lfHLdIsmax.

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, vc, 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.

vc;SMPMSM ¼ Vs maxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðLsIs maxÞ2�l2f

q ð5:69Þ

where lf � LsIsmax.

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

L2q I2smax�ir2ds
� �2�L2d irds þ lf

Ld�Lq

� �
irds þ lf

Ld

� �
¼ 0:

V2
smax

v2
c;IPMSM

¼ Ldi
r
ds þ lf

� �2 þ L2q I2smax�ir2ds
� � ð5:70Þ

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 systemwith only one fluxweakening

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 Machine

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

systemisoutofcontrol.Byaproperfluxweakeningmethod, thecurrent referencecanbe

set to achieve maximum available torque under the voltage and current constraints. In

this section,severalfluxweakeningmethodsare introducedwith itsmeritsanddemerits.

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 PWMmethod. 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, thevoltagemargin for the regulationof 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 performancewould 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 fluxweakeningmethod 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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Figure 5.15 Flux weakening method using feed-forward compensation.
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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 asmentioned 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, GfwðsÞ, 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 Vd=
ffiffiffi
3

p
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

T*
e

*r
dsi

*r
dsΔi

*r
dsV
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dsV

*r
qsV

Vsmax

Ismax
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Figure 5.16 Flux weakening method by feedback of the output voltage.

258 Chapter 5 Vector Control [1 and 2]



from the battery. In this case, overmodulation is inevitable and PWM is extended to

nonlinearmodulation region, where the output voltage includes low-order harmonics.

The fundamental component of output voltage in the nonlinearmodulation region can

bemaximized 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 ACmachine 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 thevoltage 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.

In Fig. 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 q-axis, which was originally

the input of the anti-wind-up controller in Figs. 4.18 and 4.19. The q-axis current is

also modified to keep the total current within the maximum current, Ismax with the

consideration of the modified d-axis current reference. The cutoff frequency, vc, 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).

vc ¼ Ki

Kp

ð5:71Þ

The a in the figure is a gain deciding the level of flux weakening to resolve the

deficiency of the voltage in the q axis. If a 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.

Voltage utilization factor �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vr2
ds þVr2

qs

q
2
pVd

ð5:72Þ

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.

vcL

sþvcL

s

sþvcH

ð5:73Þ

The flux weakening method for SMPMSM in Fig. 5.17 can be modified as

Fig. 5.18 to accommodate the fluxweakening control of IPMSM,where q-axis current

should also be adjusted according to d-axis voltage error [18].

Like the SMPMSM case, the voltage errors, DVr
ds;DV

r
qs, in the d–q 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–q axis are identical to vbw.

vcd ¼ Ki=Kpd ð5:74Þ
vcq ¼ Ki=Kpq ð5:75Þ

where Kpd and Kpq are given by (5.76) and (5.77) as mentioned in Section 4.2.5.

Kpd ¼ Ldvbw ð5:76Þ
Kpq ¼ Lqvbw ð5:77Þ

The reference of the stator flux linkage is modified according to the voltage

errors. The d–q 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. vMIcon 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 a, as vMIcon increases, the voltage utilization factor

increases and the current regulation is getting worse. Usually, vMIcon 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, vr. If vr is used as vMIcon, there is no need to

tunevMIcon, but thevoltage utilization factorwould vary according to the speed. In this

case, at higher operating speed, the systemwould 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, ie*qs , and the flux component current, ie*ds , 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.

Ve*
ds ¼ Rsi

e*
ds þsLs

die*ds
dt

þ Lm

Lr

dle*dr
dt

�vesLsi
e*
qs ð5:78Þ

Ve*
qs ¼ Rsi

e*
qs þsLs

die*qs

dt
þ Lm

Lr
vel

e*
dr þvesLsi

e*
ds ð5:79Þ

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 fluxweakening

occurs.

With above assumptions, the stator voltage equation in (5.78) and (5.79) can be

approximated as (5.80) and (5.81).

Ve*
ds � �vesLsi

e*
qs ð5:80Þ

Ve*
qs � Lm

Lr
vel

e*
dr þvesLsi

e*
ds ð5:81Þ

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.

le*dr ¼ Lmi
e*
ds ð5:82Þ
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Then, (5.81) can be further approximated as

Ve*
qs � veLsi

e*
ds ð5:83Þ

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–q 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.

vesLsi
e*
qs

� �2
þ veLsi

e*
ds

� �2 � V2
smax ð5:84Þ

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.

Te ¼ 3

2

P

2

Lm
2

Lr
ie*ds i

e*
qs ð5:85Þ

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.

*e
dsi

*e
qsi

3ω=ω e

1ω=ω e

2ω=ω e

321 ω<ω<ω
Figure 5.19 Ellipses at different

operating speed.
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5.4.4.3 Constant Torque Region (ve � vb)

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, Te1 may be obtained by ieds1, but it is larger than i
e
ds rate and

it would result in the severe saturation of the magnetic circuit of the machine. In this

case, i*ds should be set as ieds rate as (5.86) and the operating point should be B in the

figure generating torque, Te2. Also, the maximum available torque is decided only by

the maximum q-axis current, which is given by the current constraint as (5.87 ), and

the maximum torque is always the same as Te2 in this region. Hence, the region is

called the constant torque region.

ie*ds ¼ ieds rate ð5:86Þ

ie*qs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2smax�ie2ds rate

q
ð5:87Þ

*e
qsi

*e
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Figure 5.20 Current constraint circle.
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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, ieds rate. The angular frequency where the constant torque

operation region ends is defined as the base frequency, vb, and it can be deduced

as (5.89).

le*dr ¼ ledr rate ¼ Lmi
e*
ds ¼ Lmi

e
ds rate ð5:88Þ

where ledr rate is the rated rotor flux linkage and the unit is Wb-t.

vb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Vsmaxð Þ2

le
2

dr rate
L2s� sLsð Þ2

L2m
þ sLsIsmaxð Þ2

vuut ð5:89Þ

Unlike a synchronousmachine, because of the slip angular frequency of the induction

machine, the operating speed of the inductionmachine at the base frequency is not the

base frequency, vb. To find the operating speed, the slip angular frequency should be

subtracted or added from vb according to the operation modes of the induction

machine, which are motoring mode or generating mode.

5.4.4.4 Flux Weakening Region I (vbaseGve � v1)

This operation region starts from the base speed,vb, and ends atv1, abovewhich 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 q axis is simply derived as (5.91) from the

current constraint.
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Figure 5.22 Constant torque region.
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Figure 5.23 Flux weakening region I.

ie*ds ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vsmax

ve

� �2
� sLsIsmaxð Þ2

L2s� sLsð Þ2

vuuut ð5:90Þ

ie*qs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2smax� ie*ds

� �2q
ð5:91Þ

Also, the rotor flux linkage reference can be obtained as (5.92) from (5.90).

le*dr ¼ Lmi
e*
ds ¼ Lm

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vsmax

ve

� �2
� sLsIsmaxð Þ2

L2s� sLsð Þ2

vuuut ð5:92Þ

5.4.4.5 Flux Weakening Region II (veHv1)

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,

v1, 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.

v1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2s þðsLsÞ2
2ðLssLsÞ2

s
	 Vsmax

Ismax

ð5:93Þ
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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.

ie*ds ¼
Vsmaxffiffiffi
2

p
veLs

ð5:94Þ

ie*qs ¼
Vsmaxffiffiffi
2

p
vesLs

ð5:95Þ

The rotor flux linkage reference at the point can be obtained as (5.96).

le*dr ¼ Lmi
e*
ds ¼

LmVsmaxffiffiffi
2

p
veLs

ð5:96Þ

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

*e
dsi

*e
qsi

Figure 5.24 Flux weakening region II.
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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.

dledr
dt

¼ Rr

Lm

Lr
ieds�

Rr

Lr
ledr ð5:97Þ

The transfer function between the flux reference and the actual flux can be derived as

ledrðsÞ
le*drðsÞ

¼ Rr
Lm
Lr
ðKpsþKiÞ

s2 þ Rr

Lr
ð1þ LmKpÞsþRr

Lm
Lr
Ki

ð5:98Þ

where Kp is a proportional gain of the regulator and Ki, 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).

Kp ¼ Lr

Lm

vc

Rr

ð5:99Þ

Ki ¼ vc

Lm
ð5:100Þ

ledrðsÞ
le*drðsÞ

¼ vc

sþvc

ð5:101Þ
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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 isvc, 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 conspicuouslywith this feed-forwarding term shown

as the dotted part in Fig. 5.25.

PROBLEMS

1. An SMPMSMwith the following parameters is running in vector control mode. At t ¼ 0 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 ðline-to-line voltage rmsÞ
Rated current : 11:8 A ðphase current rmsÞ
Rated power : 5 Hp
Number of poles : 4
Rs ¼ 0:423W
Ls ¼ 4:76 mH

lf ¼ 0:422 V=ðrad=sÞ
The total inertia, JMþ L, of the drive system is 0:03 kgm2, and the total friction coefficient,

BMþ L, of the drive system is 0:04 N-m=ðrad=sÞ. The internal connection of stator winding
is assumed to be a Y connection.

N-m

r/min

s

1200

0.1

s

t

t

Figure P5.1 Speed pattern.
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(1) Calculate the torque to achieve the given speed variation according to time t, 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 t.

2. An inductionmachinewith the following parameters is controlled in the rotor flux linkage-

oriented vector control mode.

Rated power : 3 Hp

Rated line-to-line rms voltage : 220 V
Rated frequency : 60 Hz

Number of poles : 4

Rs ¼ 0:435W; Xls ¼ 0:754W;
Xm ¼ 26:13W; Xlr ¼ 0:754W;
Rr ¼ 0:816W

The impedances are evaluated at the rated frequency.

The total inertia, JMþ L, of the drive system is 1:0 kgm2, and the total friction coefficient,

BMþL, of the drive system is 0:1 N�m=ðrad=sÞ. The internal connection of statorwinding 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 0.45V/(rad/s). The drive system has been in the steady state.

At t ¼ 0 s, the torque command varies in stepmanner to 20N-m. Plot the “a” phase current

for 0–0.5 s. The current regulator can be assumed as ideal, which means that the transfer

function of the current regulation loop is unity. At t ¼ 0s, 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
ffiffi
2
3

q
times of the rated line-to-line rms voltage of the SMPMSM.The current regulator can

be assumed to be ideal, whichmeans that the transfer function of the current regulation loop

is unity.

(1) Calculate the base speed, vb, 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, BMþ L ¼ 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 andmachine parameters in the following format. In the stator flux linkage

oriented vector control, the q-axis stator flux linkage is controlled as null, which is

leqs ¼ 0.

(1) Te ¼ f leds; i
e
qs

� �
(2) leds ¼ g ieds; i

e
qs;vsl

� �
(3) vsl ¼ h leds; i

e
qs; i

e
ds

� �
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(4) Describe merits and demerits of the stator flux linkage-oriented vector control

compared to those of the rotor flux linkage-oriented vector control.

5. 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 180Vand 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, t. Along with speed pattern in Fig. P5.2, plot torque and

the d–q axes current irqs and i
r
ds. The total inertia, JMþ L, of the drive system is 0:01 kg m2,

and the total friction coefficient, BMþ L, of the drive system is 0:1N-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 t ¼ 0s, 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, Te.

(2) Plot current irqs and irds.

(3) Represent rotor position, ur, in terms of time, t.

(4) Plot “a”-phase current in terms of time, t.

6. A four-pole induction machine with the following parameters is driven by an inverter. The

rotor flux linkage is 0.4Wb-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, GidcH, of the invereter and average capacitor voltage, GVcH, 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, Vd , is constant.

1200 r/min

( )A,
r
ds

r
qs ii

eT (N-m)

0.1
s

s

s

t

t

t

Figure P5.2 Speed pattern.

Rs ¼ 0:4W; L‘s ¼ L‘r ¼ 2 mH; Lm ¼ 70 mH; Rr ¼ 0:8W
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Figure P5.3 Induction machine drive system by a six-step voltage source inverter.

(1) Find the stator current, ieds and i
e
qs, at a synchronous reference frame for a period of the

fundamental frequency in the steady state.

(2) Find the slip angular frequency, vs‘, 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 GVcH;GidcH;Vd .

7. 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 r/min and ieds ¼ 6 A. The torque of the machine is zero.

At t ¼ 0 s, ieqs 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 t ¼ 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 inductionmachine 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, vs‘, and the angular speed of rotor flux linkage of the

machine in electrical angle for 0–0.002 s.

(2) Find the stator voltage, Ve
ds and Ve

qs, at synchronously rotating reference frame for

0–0.002 s.

(3) Find the stator voltage, Vs
ds and Vs

qs, at stationary reference frame for 0–0.002 s.

(4) Find the line-to-line voltage between the “a” and “b” phase, Vab, of the machine for

0–0.002 s.

8. 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, ieds ¼ 7 A. The frequency of the stator

current is 55Hz. At t ¼ 0 s, when the direction of the rotor flux linkage coincides with that

of themagnetic axis of the “a”-phasewinding, the input contactor of themachine is opened

as shown in Fig. P5.4. After t ¼ 0þ , 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.

Rs ¼ 0:55W; Rr ¼ 0:36W
Lls ¼ 1:8 mH; Llr ¼ 1:8 mH

Lm ¼ 59 mH; ðinertia of motor itselfÞ JM ¼ 0:04 kg-m2
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The rated power of the inductionmachine is 5Hp, and the inertia of the load is nine times the

machineinertia,JM .And thefrictioncoefficient,BMþ L, of thedrivesystemis0:1N-m/(rad/s).

(1) Just after the opening of the contactor, find the rotor angular speed,vr 0þð Þ, and the d–q
axis stator flux linkage, lrds 0

þð Þ and lrqs 0
þð Þ, in the rotor reference frame.

(2) Find the rotor angular speed, vr tð Þ; tH0þ , in electric angle.

(3) Find lrdr tð Þ; tH0þ .

(4) Find the “a” phase voltage, Vas tð Þ; tH0þ .

(5) Find the “b” phase voltage, Vbs tð Þ; tH0þ .
(6) Find line-to-line voltage, Vab tð Þ; tH0þ .

9. A four-pole SMPMSMwith 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, ias, and q-axis voltage at the

rotor reference frame, Vr
qs, through following procedures. At t ¼ 0s, 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 : 200W
Number of Poles : 8
Rs ¼ 0:65W
Ls ¼ 2:35 mH

lf ¼ 0:061 V=ðrad=sÞ

Current- 
Regulated

PWM
Inverter

rmω

Vector Controller

Three- 
Phase
Source

Induction
Machine

Three-Phase 
Contactor

Torque, Flux 
Reference

Current of Machine

Figure P5.4 Figure P5.4 vector control of induction machine by a current-regulated PWM inverter.

r/min

1000

0.50.40.1
s

t

Figure P5.5 Speed pattern.
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The total inertia, JMþ L, of the drive system is 1:29	 10�3 kg-m2. 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 0 to 0.5 s.

(2) Derive the expression of q-axis stator current, irqs, at rotor reference frame from 0 to

0.5 s in terms of the speed of the SMPMSM and its parameters.

(3) Derive the expression of an “a” -phase stator current, ias, from 0 to 0.5 s in terms of the

speed of the SMPMSM and its parameters.

(4) Derive the expression of the q-axis phase voltage,Vr
qs, at the rotor reference frame from

0 to 0.5 s in terms of the speed of the SMPMSM and its parameters.

10. 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

10N-m, ie
*

ds ¼ 6 A, and the machine is running in the steady state. The current regulator

can be assumed to be ideal, whichmeans that the transfer function of the current regulation

loop is unity. The rotor resistance set to the vector controller, R̂r, is 0:36W, but the real rotor

resistance is Rr ¼ 0:72W. 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, |lem| ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
le2dm þ le2qm

q
.

(2) Magnitude of rotor flux linkage, |ler | ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
le2qr þ le2dr

q
.

(3) Actual q-axis rotor flux linkage at synchronously rotating reference frame, leqr, with the
parameter error in the rotor resistance.

(4) Actual torque of the inductionmachinewith the parameter error in the rotor resistance.

11. 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 : ledqs ¼ Lm þ Llsð Þiedqs þ Lmi
e
dqr

The first cage rotor flux linkage : ledq1 ¼ Lm iedqs þ iedqr

� �
þ L1i

e
dqr

The second cage rotor flux linkage : ledq2 ¼ Lm iedqs þ iedqr

� �
þ L1i

e
dqr þ L2i

e
dq2

Torque of the machine : Te ¼ 3

2

P

2

Lm

Lm þ L1
Im ledq1 � iedqs
� �

where Im .ð Þ means the imaginary part of the complex number .ð Þ.

sR

e
dqsi e

dqsej λω

lsL
+ −

+

−

e
dqsV

1L

e
dqri

sljω e
dqsl Lj 22iω

+−
2L

− +

2R
1R

e
dq1i

mL

e
dq1λ

e
dq2i

Figure P5.6 The d–q 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

q-axis rotor flux linkage at the first cage is controlled as zero, like leq1 ¼ 0.

(1) Derive vsl in terms of led1; R1; i
e
q1.

(2) Derive vsl in terms of led2; R2; i
e
q2.

(3) Under the assumption that led1 ¼ Lmi
e
ds and l

e
d2 � led1, derive the relationship between

ieq1 and ieqs.

(4) Derive vsl in terms of the machine parameters, ieds and ieqs.

12. An eight-pole SMPMSMwith an equivalent circuit at the rotor reference frame is driven by

the position sensorless control (Fig P5.7). Answer the following questions.

(1) Derive lsdsandl
s
qs in terms of Vs

ds; V
s
qs; i

s
ds; and i

s
qs.

(2) At a certain instant, irds ¼ 0A; irqs ¼ 10 A, lsds ¼ 0:06 Wb-t, and lsqs ¼ �0:0573Wb-t:
Find the rotor position, ur; at that instant.

(3) In the case of part 2, calculate Vs
ds and V

s
qs. 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 Vs
ds; V

s
qs; i

s
ds; and i

s
qs

especially when the machine starts or runs at extremely low speed.

13. A synchronous reluctancemachine (SynRM)with the following parameters is controlled in

the vector control mode achieving maximum torque per ampere (MTPA) operation.

Rs ¼ 0:232W; Ld ¼ 43 mH; Lq ¼ 3:5 mH

Total inertia of the drive sytem : JMþ L ¼ 0:026 kg-m2

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 : BMþ L ¼ 0:1 N-m=ðrad=sÞ
Ld ¼ L‘s þ Lmd ; Lq ¼ L‘s þ 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

sR

220. r
dsi

r
qsr lsL

mLr
dsV 40 A=fi

+

-

+-

sR

0.22
r
qsi

lsL

mLr
qsV

+

-

+ -

2 mH0.2 mH,  L mlsL ==

Ω

Ω

ω λ

r
dsrω λ

Figure P5.7 Equivalent circuit of an SMPMSM at a rotor reference frame.
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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 500Hz. 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–q axis current regulator including feed-forward terms are limitedwithin
300ffiffi
3

p 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 squarewhose length of one side is 300ffiffi
3

p V at

the d–q axis of the rotor reference frame voltage plane.

(1) Find proportional gain, Kp, and integral gain, Ki.

(2) If torque command, T*
e , is given as follows, plot torque command, actual torque, and

speed of the SynRM in r/min simultaneously according to the time from zero to 0.5 s.

Also plot ias; i
r*

ds; i
r
ds; i

r*

qs; and i
r
qs according to the time from 0 s to 0.5 s.

Torque Command : T*
e

0s � t � 0:1 s 20 N-m

0:1sGt � 0:3 s �20 N-m

0:3sGt � 0:5 s 5 N-m

0
@

(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.

14. A four-pole inductionmachinewith the following parameters is controlled in the rotor flux-

oriented direct vector control mode.

Rated power : 5 Hp;
Rated line to line rms voltage : 220 V;
Rated phase rms current : 12 A;
Rated frequency : 60 Hz:
Rated speed : 1739 r=min:
Rs ¼ 0:55W; Rr ¼ 0:36W; L‘s ¼ 1:8 mH; L‘r ¼ 1:8 mH; Lm ¼ 59 mH

Interia of the induction machine : JM ¼ 0:02 kg-m2

Intertia of total drive system : JMþ L ¼ 0:04 kg-m2

The friction and load torque can be neglected from t¼ 0 s to 1 s. From t¼ 1 s, the

load torque comes from friction, and the friction coefficient of the drive system, BMþ L,

is 10N-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

EMFof inductionmachine is canceled out by the feed-forward voltage of the regulator. The

zero of PI regulator cancels out the pole of the inductionmachine. 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

500Hz. It is assumed that the PWMinverter 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 limitedwithin the boundary of the hexagon,where the length of one side of

the hexagon is 200V. The torque command of the induction machine is as follows. Active

damping resistance, Ractive, in the current regulator can be simply set as 10 times the stator

resistance.
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Torque command : T*
e

0 � t � 0:5 s 0 N-m

0:5 sGt � 0:7 s 20 N-m

0:7 sGt � 0:9 s �20 N-m

0:9 sGt � 1:5 s 20 N-m

0
BB@

Wb-t

s

0.4

0.2

e
drλ

t

*

Figure P5.8a Rotor flux linkage reference.
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Figure P5.8b Control block diagram of induction machine with direct vector control.

(1) Find current regulator gains, Kp; Ki, and Ka, 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

torque, ie*qs ; i
e*
ds ; i

e
qs; i

e
ds; lr; l

e*
dr , and the speed in r/min from 0 s to 1.5 s.

(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:

L̂m ¼ 1:1Lm; L̂ls ¼ 1:2Lls; L̂lr ¼ 1:2Llr; R̂s ¼ 0:8Rs; R̂r ¼ 0:7Rr

where ‘^’ means the value used to set the gains and decoupling terms of the current

regulator and vector controller. Plot torque command, actual torque,

ie*qs ; i
e*
ds ; i

e
qs; i

e
ds; lr; l

e*
dr , and the speed in r/min from 0 s to 1.5 s.

(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 aremeasured, and “c”-phase voltage and current are calculated as

follows:

îcs ¼ �ð̂ias þ îbsÞ; V̂cs ¼ �ðV̂as þ V̂bsÞ
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, hiðtÞ, whose
rmsmagnitude is 4% of rated rms phase current. The sampling frequency of thewhite

noise is 100 ms and also the measured current has offset, Ioffset, whose magnitude is

1% of rated rms phase current. And the measured current can be represented as

follows:

îas ¼ ias þhiðtÞþ Ioffset
îbs ¼ ibs þhiðtÞþ Ioffset

In the measurement of the phase voltage, there is white noise, hvðtÞ, whose rms

magnitude is 1% of rated rms phase voltage. The sampling frequency of the white

noise is 100 ms, also, the measured voltage has offset, Voffset; whose magnitude is

0.5% of rated rms phase voltage. And the measured voltage can be represented as

follows:

V̂as ¼ Vas þhvðtÞþVoffset

V̂bs ¼ Vbs þhvðtÞþVoffset

Plot torque command, actual torque, ie*qs ; i
e*
ds ; i

e
qs; i

e
ds; lr; l

e*
dr , and the speed in r/min

from 0 s to 1.5 s.

(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 speedmeasurement is ideal. In the case of parts 3 and 4,

the measured speed, vrm, includes the white noise, hvðtÞ, whose rms magnitude is 1 r/min

and the sampling time of the noise is 100ms. Also, the noise has offset, voffset, whose

magnitude is 0.01 r/min. And the measured speed can be represented as follows:

v̂rm ¼ vrm þhvðtÞþvoffset
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16. 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 10Hz. The maximum value of the flux

component current is limited to the magnitude of the rated current of induction machine.

(1) Find the gains, Kp and Ki, of the flux regulator.

(2) Repeat problem 14, parts 2–4. Themeasured speed in the flux estimator is the same one

in themeasured speed in problem15.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.

17. The induction machine given in problem 14 is controlled in the rotor flux-oriented indirect

vector controlmode. 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 P5.9 Control block diagram of indirect vector control of induction machine.
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controlled by a PI speed regulator. The bandwidth of the speed regulator is 40Hz and the

speed command is as follows. The output of the regulator is limited within �150N-m.

The load torque and friction of the drive system can be neglected. The total inertia, JMþ L, of

the drive system is 0:15 kgm2. The rotor flux linkage reference is 0.4Wb-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

Vsmax ¼ 300ffiffiffi
3

p V ; Ismax ¼ 1:6
ffiffiffi
2

p
Irated;rms

v*
rm

0 s � t � 0:3 s 0 r=min

0:3 sGt 6000r=min

�

(1) Find the gains of the speed regulator, Kp and Ki .

(2) Plot torque command, actual torque, ie*qs ; i
e*
ds ; i

e
qs; i

e
ds; jler j; jiej; Ismax; jVe

dqsj; Vsmax;
and speed in r/min from 0 s utill the speed reaches 6000 r/min.

18. The synchronous reluctancemachine (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 irds and irqs.

(2) Under the constraints Vs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vr2

ds þVr2
qs

q
� Vsmax and is ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ir

2

ds þ ir
2

qs

q
� Ismax, plot the

capability curve of the SynRM in the first quadrant of the torque–speed plane. If the
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Figure P5.10 Control block diagram of flux regulator and estimator.
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operating region of SynRM is classified as the constant torque region where only

current constraint applies, then both (a) the fluxweakening region I where both current

and voltage constraints apply and (b) the flux weakening region II where only voltage

constraint applies represent (a) the speedvbase where the fluxweakening region I starts

and (b) the speed v1 where the flux weakening region II starts in terms of the

parameters of the SynRM and the constraints, Vsmax and Ismax. In this derivation the

voltage drop by the stator resistance can be neglected. At each flux weakening region,

represent a pair irds and i
r
qs where themaximum torque occurs, in terms of the speed,vr,

in electrical angle, the parameters of the SynRM, and the constraints, Vsmax and Ismax.

19. An 11-kW, 6-pole IPMSM with following parameters is controlled in the vector control

mode. The maximum phase voltage, Vsmax, is 170Vand the maximum phase current, Ismax,

is 60A. 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.

Rs ¼ 0:109W; Ld ¼ 3:6 mH; Lq ¼ 4:5 mH; lf ¼ 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 ACmachine 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

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

283



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 theACmachine 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 referencemodel of theACmachine [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

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 twomore 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 severalmicroseconds. 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

problemcan be lessened but cannot be totally removed. The directmeasurement 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 ACmachine, 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

ACmachine but also position control of theACmachinewould 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 ACmachines [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 (MRAS) [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.

Vs
s ¼ Rsi

s
s þ

d

dt
ls
s ð6:1Þ

ls
s ¼ Lsi

s
s þ Lmi

s
r ð6:2Þ

ls
r ¼ Lmi

s
s þ Lri

s
r ð6:3Þ

where Rs stands for the stator winding resistance, Ls stands for the stator self-

inductance, Lr stands for the rotor self-inductance, and Lm stands for the mutual

inductance.

From (6.3), rotor current can be expressed as

isr ¼
ls
r�Lmi

s
s

Lr
ð6:4Þ
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By substituting (6.4) into (6.2), the stator flux linkage can be deduced as

ls
s ¼ Lsi

s
s þ Lm

lsr�Lmi
s
s

Lr
¼ Lm

Lr
ls
r þ Ls� L2m

Lr

� �
iss ¼

Lm

Lr
ls
r þsLsi

s
s ð6:5Þ

where sLs ¼ Ls�L2m=Lr 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

Vs
s ¼ Rsi

s
s þ

d

dt

Lm

Lr
lsr þsLsi

s
s

� �
ð6:6Þ

From (6.6), the rotor flux linkage can be deduced as

l̂
s

r ¼
Lr

Lm

ðt
0

Vs
s�Rsi

s
s

� �
dt�sLsi

s
s

� �
ð6:7Þ

where l̂
s

r represents the estimated value of the rotor flux linkage, ls
r.

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,
Lr
Lm

Vs
s� Rs þsLssð Þiss

� �
.

l̂
s

r ¼
Tcs

1þ Tcs

Lr

Lm

1

s
Vs

s�Rsi
s
s

� ��sLsi
s
s

� �
¼ Tc

1þ Tcs

Lr

Lm
Vs

s� Rs þsLssð Þiss
� � ð6:8Þ

where Tc is the inverse of the cutoff frequency of HPF, vc—that is, Tc ¼ 1=vc—and

s denotes Laplace operator.

In this case, with constant voltage offset Vs
s o ¼ Vs

ds o þ jVs
qs o

� �
and with

constant current offset iss o ¼ isds o þ jisqs o

� �
, the steady-state error of the estimated

rotor flux linkage due to the offsets can be deduced as

lim
t!1 l̂

s

r o tð Þ ¼ lim
s! 0

sl̂
s

r o sð Þ ¼ lim
s! 0

s
Tc

1þ Tcs

Lr

Lm

Vs
s o

s
�Rs

iss o

s

� �� �

¼ Tc
Lr

Lm
Vs

s o�Rsi
s
s o

� � ð6:9Þ

It can be seen from (6.9) that with smaller Tc the offsets result in less error in the

estimation of the flux linkage. Also, from (6.9), if there is no HPF, which means

Tc ¼ 1, then the flux linkagewould diverge evenwith 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 Tc of HPF increases. Also, as the operating frequency
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increases and/or Tc of HPF increases, the magnitude approaches to unity.

d ¼ tan�1 1

Tc vej j
� �

ð6:10Þ

Magnitude ¼
����� Tcveffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þðTcveÞ2
q

����� ð6:11Þ

Hence, Tc 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.

l̂
s

r ¼
Tc

1þ Tcs

Lr

Lm
Vs

s� Rs þsLssð Þiss
� �þ 1

1þ Tcs
ls*
r ð6:12Þ

where ls*
r ¼ ls*dr þ jls*dr ¼ le*dr cosûe þ jle*dr sinûe, and ûe 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 betweenls*
r andls

r ¼ Lr
Lm

1
s
ðVs

s �Rsi
s
sÞ�sLsi

s
s


 �
, the error due

to HPF is ideally compensated. That can be easily understood by (6.13) and (6.14).

l̂
s

r vm ¼ Lr

Lm

1

s
Vs

s�Rsi
s
s

� ��sLsi
s
s

� �
ð6:13Þ

where l̂
s

r vm is the estimated rotor flux linkage by the stator voltage model only.
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s
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Figure 6.2 Block diagram of estimator of rotor flux linkage of induction machine.

288 Chapter 6 Position/Speed Sensorless Control of AC Machines



Then, (6.12) can be rewritten as

l̂
s

r ¼
Tcs

1þ Tcs
l̂
s

r vm þ 1

1þ Tcs
ls*
r ð6:14Þ

From (6.14), if l̂
s

r vm equals l̂
s*

r , then there is no error due to HPF in the overall

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.

6.1.1.2 Calculation of Rotor Flux Linkage Angle

To implement the estimator in Fig. 6.2, the control angle, ûe, which is used for

coordinate transformation, should be calculated. In Fig. 6.3, ûe is the angle used in the
estimator and û

*

e is the angle of the rotor flux linkage. For sensorless control, it should

be controlled that ûe tracks û
*

e . In Fig. 6.3, g
* is the angle between the stator current

complex space vector, iss, and the d axis of estimated synchronous reference frame. g
is the angle between estimated rotor flux linkage and the stator current vector. ie*qs is the

q-axis component current of the stator current, which is defined as the synchronous

reference frame onwhich the estimator is based. The q-axis component current can be

expressed as

ie*qs ¼ iss
�� ��sin g* ð6:15Þ

In Fig. 6.3, ieqs stands for the q-axis component current of the stator current defined at

the estimated rotor flux axis. And it can be expressed as

ieqs ¼ iss
�� ��sin g ð6:16Þ

To match both angles, ûe and û
*

e , g
* should match g. From (6.15) and (6.16) it

means that ie*qs should match to ieqs.

ˆ eaxisq
axisq s

∗e

qsi

e
qsi

s
si

s
rλ ˆ eaxisd

axisd s
∗
eθ̂ eθ̂

*γ
γ Figure 6.3 Estimated rotor flux

linkages and relationship between

angles.
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Equation (6.16) can be rewritten in terms of d–q components of the stator current

and estimated rotor flux linkage at a stationary reference frame as (6.20) by using the

following procedures.

ieqs ¼ iss
�� ��sing¼ iss

�� ��sin gþ û
*

e

� �
�û

*

e

� �
¼ iss
�� �� sin gþ û

*

e

� �
cosû

*

e�cos gþ û
*

e

� �
sinû

*

e

� �
ð6:17Þ

Also,

iss
�� ��cos gþ û

*

e

� �
¼ isds

iss
�� ��sin gþ û

*

e

� �
¼ isqs

ð6:18Þ

where

cos û
*

e

� �
¼ l̂

s

drffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l̂
s

dr

� �2
þ l̂

s

qr

� �2r

sin û
*

e

� �
¼ l̂

s

qrffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l̂
s

dr

� �2
þ l̂

s

qr

� �2r
ð6:19Þ

By substituting (6.18) and (6.19) into (6.17), (6.20) can be obtained.

ieqs ¼
isqsl̂

s

dr�isdsl̂
s

qrffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l̂
s

dr

� �2
þ l̂

s

qr

� �2r ð6:20Þ

In Fig. 6.4, a block 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 ie*qs and ieqs, the estimated rotor speed is obtained through a

proportional and integral (PI) regulator. The synchronous speed is calculated by

addition of estimated slip speed, v̂sl , and the estimated rotor speed. Then, the control

angle, ûe, is derived by integrating the synchronous speed. In these calculations, the

eθ̂

22 s
qr

s
dr

s
qr

s
ds

s
dr

s
qs

ˆˆ

ˆiˆi

λλ

λλ

+

−

PI
s
si

s
rλ̂

s

1eω̂

slω̂

rω̂

e
qsi

*e
qsi

Figure 6.4 Calculation of control angle, ûe.
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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.

v̂sl ¼ 1

t̂r

L̂m

le*dr
ie*qs ð6:21Þ

where t̂r is the estimated rotor time constant, L̂r=R̂r.

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).

0 ¼ Rri
s
r þ

d

dt
ls
r�jvrl

s
r ð6:22Þ

0 ¼ Rr

1

Lr
ls
r�

Lm

Lr
iss

� �
þ d

dt
ls
r�jvrl

s
r ð6:23Þ

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

dt
ls
r ¼ Rr

Lm

Lr
iss�

Rr

Lr
ls
r þ jvrl

s
r ð6:24Þ

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

ls
s ¼ Lsi

s
s þ Lmi

s
r ¼ Lsi

s
s þ Lm � Lm

Lr
iss þ

1

Lr
ls
r

� �

¼ Ls� L2m
Lr

� �
iss þ

Lm

Lr
ls
r ¼ sLsi

s
s þ

Lm

Lr
ls
r ð6:25Þ

By substituting (6.25) into (6.1), the stator voltage can be expressed in terms of

the stator current and rotor flux linkage as

Vs
s ¼ Rsi

s
s þ

d

dt
ls
s ¼ Rsi

s
s þsLs

d

dt
iss þ

Lm

Lr

d

dt
ls
r

¼ Rsi
s
s þsLs

d

dt
iss þ

Lm

Lr

 
Rr

Lm

Lr
iss�

Rr

Lr
ls
r þ jvrl

s
r

!

¼ Rs þRr

 
Lm

Lr

!2
8<
:

9=
;iss þsLs

d

dt
iss�Rr

Lm

L2r
ls
r þ
 
Lm

Lr

!
jvrl

s
r ð6:26Þ
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Equation (6.26) can be rewritten in the form of a differential equation regarding

the stator current as

d

dt
iss ¼ �

Rs þRr
Lm
Lr

� �2� 

sLs

iss þ
Rr

Lm
L2r

� �
sLs

ls
r�

Lm

sLsLr
jvrl

s
r þ

1

sLs
Vs

s ð6:27Þ

By the leakage factor, s, 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).

s ¼ 1� L2m
LsLr

ð6:28Þ

tr ¼ Lr

Rr

ð6:29Þ

Rs þRr
Lm
Lr

� �2� 

sLs

¼ Rs

sLs
þ

L2m
LsLr

Rr

Lr
s

¼ Rs

sLs
þ ð1�sÞ 1

tr

s
¼ Rs

sLs
þ ð1�sÞ

str
ð6:30Þ

Rr
Lm
L2r

� �
sLs

¼ Lm
Rr

Lr

sLsLr
¼ Lm

1
tr

sLsLr
¼ Lm

sLsLr

1

tr
ð6:31Þ

Rr

Lm

Lr
¼ Lm

Rr

Lr
¼ Lm

tr
ð6:32Þ

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

dt
iss ¼ � Rs

sLs
þ ð1�sÞ

str

� 

iss þ

Lm

sLsLr

1

tr
ls
r�

Lm

sLsLr
jvrl

s
r þ

1

sLs
Vs

s ð6:33Þ

d

dt
ls
r ¼

Lm

tr
iss�

1

tr
ls
r þ jvrl

s
r ð6:34Þ

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, is, and the rotor flux linkage

vector, lr, is expressed in vector form as (6.36).

d

dt

is
lr

� �
¼ A11 A12

A21 A22

� �
is
lr

� �
þ B1

0

� �
Vs ¼ AXþBVs ð6:35Þ

is ¼ CX
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X ¼ isds isqs lsdr lsqr
� �T ð6:36Þ

where; is ¼ isds isqs
� �T

and lr ¼ lsds lsqr
� �T

:

A11 ¼ � Rs

sLs
þ 1�sð Þ

str

8<
:

9=
;I ¼ ar11I

A12 ¼ Lm

sLsLr

 
1

tr

!
I-vrJ

8<
:

9=
; ¼ ar12Iþ ai12J

A21 ¼ Lm

tr
I ¼ ar21I

A22 ¼ �
 

1

tr

!
IþvrJ ¼ ar22Iþ ai22J

B1 ¼ 1

sLs
I ¼ b1I

C ¼ I 0½ �
In the above matrix equations, we have

I ¼ 1 0

0 1

" #

J ¼ 0 �1

1 0

� �

Also, the elements in the matrix are as follows.

ar11 ¼ � Rs

sLs
þ 1�sð Þ

str

8<
:

9=
;; ar12 ¼ Lm

sLsLr
� 1
tr

¼ 1

c
� 1
tr
;

ai12 ¼ � Lm

sLsLr
vr ¼ � 1

c
vr

ar21 ¼ Lm

tr
; ar22 ¼ � 1

tr
; ai22 ¼ vr; b1 ¼ 1

sLs
; c ¼ sLsLr

Lm

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

dt
X̂ ¼ ÂX̂þBVs þGð̂is�isÞ ð6:37Þ

where the hat (^) stands for the estimated value andGmeans an observer gain matrix

represented as

G ¼ g1 g2 g3 g4
�g2 g1 �g4 g3

� �T
ð6:38Þ

Equation (6.37) can be expressed elementwise as

d

dt

î
s

ds

î
s

qs

l̂
s

dr

l̂
s

qr

2
6666664

3
7777775
¼

ar11 0 ar12 �âi12

0 ar11 âi12 ar12

ar21 0 ar22 �âi22

0 ar12 âi22 ar22

2
666664

3
777775

î
s

ds

î
s

qs

l̂
s

dr

l̂
s

qr

2
6666664

3
7777775
þ

b1 0

0 b1

0 0

0 0

2
666664

3
777775

Vs
ds

Vs
qs

" #

þ

g1 �g2

g2 g1

g3 �g4

g4 g3

2
666664

3
777775

î
s

ds �isds

î
s

qs �isqs

2
4

3
5 ð6:39Þ

From (6.35) and (6.37), the dynamics of the state error can be deduced as

d

dt
X�X̂
� � ¼ AX�ÂX̂

� �
þG is�îs

� �

d

dt
e ¼ AX� AþDAð ÞX̂� �þGC X�X̂

� �

¼ AþGCð Þe�DAX̂

ð6:40Þ

where e ¼ X�X̂, DA ¼ Â�A ¼ 0 �DvrJ=c
0 DvrJ

� �
, C ¼ I 0½ �, c ¼ sLsLr

Lm
, and

Dvr ¼ v̂r�vr. If a Lyapunov function is defined as (6.41), then the differentiation

of the function V regarding time, t, can be calculated as

V ¼ eTeþðv̂r�vrÞ2=g ð6:41Þ
where g is a positive real number.
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d

dt
V ¼ d

dt
eTeþ eT

d

dt
eþ 2ðv̂r �vrÞ d

dt
v̂r=g

¼ eT AþGCð ÞT þ AþGCð Þ
 �
e� X̂

T
DATe� eTD AX̂þ 2Dvr

d

dt
v̂r=g

¼ eT AþGCð ÞT þ AþGCð Þ
 �
e� 2Dvr eidsl̂

s

qr � eiqsl̂
s

dr

� �
=cþ 2Dvr

d

dt
v̂r=g

ð6:42Þ

where eids ¼ isds�î
s

ds; and eiqs ¼ isqs�î
s

qs.

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).

d

dt
v̂r ¼

g eidsl̂
s

qr � eiqsl̂
s

dr

� �
c

ð6:43Þ

If (6.43) holds and the gainmatrix,G, is set in order that the first termon 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 inductionmachine 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.

v̂r ¼ Kp eidsl̂
s

qr�eiqsl̂
s

dr

� �
þKi

ð
eidsl̂

s

qr�eiqsl̂
s

dr

� �
dt ð6:44Þ

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

d

dt
X ¼ ÂXþBVs þG îs � is

� �
ð6:45Þ

where X ¼ î
s

s l̂
s

r

h iT
î
s

s ¼ î
s

ds þ ĵi
s

qs

l̂
s

r ¼ l̂
s

dr þ jl̂
s

qr

iss ¼ isds þ jisqs

Vs
s ¼ Vs

ds þ jVs
qs
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Â ¼ âr11 âr12 þ jâi12
âr21 âr22 þ jâi22

� �

B ¼ b1
0

� �

G ¼ g1 þ jg2
g3 þ jg4

� �

The poles of the system including the observer can be found by solving the

following characteristic equation of the system.

det sI� ÂþGC
� �h i

¼ det
s� âr11 þ g1 þ jg2ð Þ � âr12 þ jâi12ð Þ
� âr21 þ g3 þ jg4ð Þ s� âr22 þ jâi22ð Þ

" #
¼ 0 ð6:46Þ

where det .½ � means the determinant of the matrix .½ �.
By using the relationships as âr22 ¼ �câr12; âi22 ¼ �câi12, the characteristics

equation in (6.46) can be deduced as

s2� âr11 þ âr22 þ g1ð Þþ j âi22 þ g2ð Þf gs� âr12 þ jâi12ð Þ
� câr11 þ cg1 þ âr21 þ g3 þ j cg2 þ g4ð Þf g ¼ 0 ð6:47Þ

The characteristic equation of the induction machine can be obtained simply

making all elements of gainmatrix be zero (g1 ¼ g2 ¼ g3 ¼ g4 ¼ 0), and it is given in

s2� âr11 þ âr22ð Þþ jâi22f gs� âr12 þ jâi12ð Þ câr11 þ âr21ð Þ ¼ 0: ð6:48Þ
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).

s2�k âr11 þ âr22ð Þþ jâi22f gs� k2 âr12 þ jâi12ð Þ câr11 þ âr21ð Þ ¼ 0 ð6:49Þ
where k is a proportional constant. The elements of the gainmatrix can be obtained by

comparing the coefficients of (6.47) and (6.49). And the elements can be expressed as

following equations:

g1 ¼ ðk�1Þðâr11 þ âr22Þ ð6:50Þ

g2 ¼ ðk�1Þâi22 ð6:51Þ

g3 ¼ ðk2�1Þðcâr11 þ âr21Þ�cg1 ¼ ðk2�1Þðcâr11 þ âr21Þ�cðk�1Þðâr11 þ âr22Þ
ð6:52Þ

g4 ¼ �cg2 ¼ �cðk�1Þâi22 ð6:53Þ

By employing the above adaptive speed observer, the reasonable performance of

torque/speed control without speed/position sensor can be obtained down to the
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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 SMPMSMhad 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.

In Fig. 6.5, feed-forwarding terms,Vr
ds ff and V

r
gs ff , can be represented as (6.54)

and (6.55).

Vr
ds ff ¼ R̂si

r*
ds�L̂sv̂ri

r*
qs ð6:54Þ

Vr
qs ff ¼ R̂si

r*
qs þ L̂sv̂ri

r*
ds þ v̂rl̂f ð6:55Þ

where vr is the rotor angular speed in electrical degree and Ls ¼ Lm þ Lls. In the

equations, the hat (^)means the estimated value of themachine parameters, the speed,

or angle.
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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).

Vr
ds ¼ Rsi

r
ds�vrLsi

r
qs þvrlf sin uerr ð6:56Þ

Vr
qs ¼ Rsi

r
qs þvrLsi

r
ds þvrlf cos uerr ð6:57Þ

where uerr stands for the angle error definded by

uerr ¼ ûr�ur ð6:58Þ
where ur stands for real rotor angle and ûr for estimated rotor angle.

With the angle error, uerr, 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 R̂s � Rs; L̂s � Ls, and v̂r � vr. 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, Rs, does not affect the control performance,

whereas the error in the synchronous inductance, Ls, does. However, Ls 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.

Vr
ds error ¼ Rsðirds�ir*dsÞ�vrLsðirqs�ir*qsÞþvrlf sin uerr ð6:59Þ

If the currents at d–q axes is well-regulated and uerr is small enough, then the

output voltage of PI regulator, which is the d-axis current regulator, can be approxi-

mated as

Vr
ds fb � Vr

ds error � vrlf sin uerr � vrlf uerr ð6:60Þ
Based on (6.60), the angle error can be obtained after dividing the output of PI

regulator by the estimated speed, v̂r, and permanentmagnet flux linkage, lf . 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 Imax, is 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, v*
r start; 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, v*
r thres, then

298 Chapter 6 Position/Speed Sensorless Control of AC Machines



the sensorless control algorithmmay be engaged in period III, where themagnitude 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 themachine

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 q-axis currents should be regulated to

achievemaximum 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.

ttt
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*
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Figure 6.7 Variation of reference speed of the rotating

current vector for the starting of an SMPMSM.
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Figure 6.6 Block diagram of current regulator for starting and initial acceleration of an SMPMSM.

6.3 Sensorless Control of Interior Permanent Magnet Synchronous Machine 299



In the figure,

1

L̂dq

¼

1

L̂d
0

0
1

L̂q

2
666664

3
777775; L̂

0 ¼

0
L̂q

L̂d

� L̂d

L̂q
0

2
6666664

3
7777775

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

d

dt

irds

irqs

" #
¼

� Rs

Ld

vrLq

Ld

�vrLd

Lq
�Rs

Lq

2
666664

3
777775

irds

irqs

" #
þ

1

Ld
0

0
1

Lq

2
666664

3
777775

Vr
ds

Vr
qs

" #
þ

0

�vrlf
Lq

2
64

3
75 ð6:61Þ

where lf 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

d

dt

irds

irqs

" #
¼

� Rs

Ld

vrLq

Ld

�vrLd

Lq
�Rs

Lq

2
666664

3
777775

irds

irqs

" #
þ

1

Ld
0

0
1

Lq

2
666664

3
777775

Vr
ds

Vr
qs

" #
þ

�vrlf
Ld

sinuerr

�vrlf
Lq

cosuerr

2
666664

3
777775

ð6:62Þ
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Figure 6.8 Block diagram of the sensorless control of an IPMSM.
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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

matrix, G ¼
g11 g12
g21 g22
g31 g32
g41 g42

2
664

3
775.

erdq ¼
êrd

êrq

" #
¼ �v̂rl̂f sinuerr

�v̂rl̂f cosuerr

" #
ð6:63Þ

d

dt

î
r

ds

î
r

qs

êrd

êrq

2
66666664

3
77777775
¼

� R̂s

L̂d

v̂rL̂q

L̂d

1

L̂d
0

� v̂rL̂d

L̂q
� R̂s

L̂q
0

1

L̂q

0 0 0 0

0 0 0 0

2
6666666666664

3
7777777777775

î
r

ds

î
r

qs

êrd

êrq

2
66666664

3
77777775

þ

1

L̂d
0

0
1

L̂q

0 0

0 0

2
666666666664

3
777777777775

Vr
ds

Vr
qs

" #
þ

g11 g12

g21 g22

g31 g32

g41 g42

2
6666664

3
7777775

irds�î
r

ds

irqs�î
r

qs

2
4

3
5 ð6:64Þ

If all poles of the observer are located at the fixedposition 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).

v1;2 ¼ �vcd zd �
ffiffiffiffiffiffiffiffiffiffiffi
z2d�1

q� �
; v3;4 ¼ �vcq zq �

ffiffiffiffiffiffiffiffiffiffiffi
z2q�1

q� �
ð6:65Þ

where vcd ; vcq; zd ; and zq are design variables.

s2 þ 2zdvcdsþv2
cd

� �
s2 þ þ 2zqvcqsþv2

cq

� �
¼ 0 ð6:66Þ
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G ¼

g11 g12

g21 g22

g31 g32

g41 g42

2
666664

3
777775 ¼

� R̂s

L̂d
þ 2zdvcd

vrL̂q

L̂d

�vrL̂d

L̂q
� R̂s

L̂q
þ 2zqvcq

v2
cd L̂d 0

0 v2
cqL̂q

2
66666666666664

3
77777777777775

ð6:67Þ

The estimated rotor speed, v̂r, can be calculated from

v̂r ¼ sign �êrq

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
êrd
� �2 þ êrq

� �2r
=l̂f ð6:68Þ

where sign �êrq

� �
is a signum function, whose value is either 1 or�1 according to the

sign of �êrq.

As seen from (6.63), the augumented state, erdq, 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.

uerr ¼ arctan
erd
erq

 !
ð6:69Þ

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 uerr 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, erdq, 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].

6.4 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 ACmachine 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

rω̂
ˆ

PWM

LPF

BPF

r
dqs1i

*r
dqs1i

*r
dqshv

*r
dqs1v

s
dqsi

Injection of High-
Frequency Volage

Current 
Regul-

ator

Current 
Regul-

ator

Inverter

PWM
Inverter

Signal
Processing

&
Estimator

Signal
Processing

&
Estimator

High-Frequency
Current Signal

je

je−

AC
Motor

rθ

rθ̂

rθ̂

(a)

AC
Motor

rω̂

BPF

*r
dqs1i

s
dqsi

*r
dqshi

*r
dqsv

r
dqsi

e−

θ r
ˆ

e θj
r

ˆ

θ r
ˆj

(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 anACmachine 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 q 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 ACmachine [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

Vr
ds ¼ Rsi

r
ds�vrl

r
qs þ p Ldi

r
ds þ lf

� � ð6:70Þ

Vr
qs ¼ Rsi

r
qs þvrl

r
ds þ p Lqi

r
qs

� �
ð6:71Þ

In the case of the SynRM, because of no permanent magnet, lf¼ 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 q axis of the rotor reference frame can

be approximated as

Zdh � vdh

idh
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
dh þðvhLdhÞ2

q
ð6:72Þ

Zqh � vqh

iqh
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
qh þðvhLqhÞ2

q
ð6:73Þ

where Rdh � Rsjv¼vh
, Ldh � Ld jv¼vh

at the d axis, Rqh � Rsjv¼vh
, Lqh � Lqjv¼vh

at

the q axis and vh is the angular frequency of the injected signal.
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From (6.72) and (6.73), if the signal is injected to arbitrary angle, u, of the d–q
axis of the rotor reference framewhen the rotor position is ur, then the high-frequency
impedance at the angle, u, can be described as

Zh uð Þ ¼ Zha � 1

2
Zhp cos 2 ur�uð Þ ð6:74Þ

where Zha stands for the average value of the d–q impedance; that is, Zha ¼ Zdh þZqh
2

and Zhp stands for the difference of the impedance, Zhp ¼ Zqh�Zdh.

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, Zha, decreases as the

magnitude of the fundamental frequency component of the stator current of an

IPMSM increases, while the difference, Zhp, 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 q 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 permanentmagnet. And, thanks to this local saturation, the d 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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Figure 6.10 High-frequency impedance of a six-pole, 11-kW IPMSM at various injection frequencies

(fh ¼ vh=2p) according to the injected angle oriented to the rotor angle with no load.
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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.

Ve
ds ¼ Rs þRr

L2m
L2r

0
@

1
Aieds þsLs

dieds
dt

�vesLsi
e
qs�Rr

Lm

L2r
ledr�vr

Lm

Lr
leqr

Ve
qs ¼ Rs þRr

L2m
L2r

0
@

1
Aieqs þsLs

dieqs

dt
þvesLsi

e
ds þvr

Lm

Lr
ledr�Rr

Lm

L2r
leqr

ð6:75Þ

If the stator frequency,ve, 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.

Ve
dsh � Rs þRr

L2m
L2r

þ jvhsLs

0
@

1
Aiedsh � Rdh þ jvhLdhð Þiedsh

Ve
qsh � Rs þ jvhsLsð Þieqsh � Rqh þ jvhLqh

� �
ieqsh

ð6:76Þ

where Rdh � Rs þRr
Lm

2

Lr
2

� �
jv¼vh

; Rqh � Rsjv¼vh
, and Ldh � sLsjv¼vh

at the d axis,

and Lqh � sLsjv¼vh
at the q axis.

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, sLs, 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 q axis resistance as

Rdh > Rqh ð6:77Þ

Rs j Lh sω σ 

Z d h 
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L
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Figure 6.11 High-frequency equivalent circuit at a synchronous reference frame.
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However, even if there is some difference between Rdh and Rqh, still the

impedance difference mainly comes from the difference between leakage induc-

tance, Ldh and Lqh. The difference between Ldh and Lqh 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 associatedmain 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 q axis of the synchronous reference frame as

shown in Fig. 6.12, while the q 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 q 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 q 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 Ldh and Lqh reveals the information of the rotor

flux position.

Ldh > Lqh ð6:78Þ
And, the high-frequency impedance at d axis is larger than that at the q axis as

Zdh > Zqh ð6:79Þ
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Figure 6.12 Conceptual diagramof the path of themain flux and the leakage flux in the case of two-pole

induction machine.
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The high-frequency impedance according to the angle where the high-frequency

fluctuating signal is injected can be represented as

Zh uð Þ ¼ Zha þ 1

2
Zhp cos 2 ue�uð Þ ð6:80Þ

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 anglewhen rotor flux linkage lies and the anglewhere

the high-frequency fluctuating signal is injected. In the figure, Vp stands for the peak

value of the injected high-frequency voltage signal.
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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
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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.
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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 impedancevariation 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 donewith 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, ur�u, equals
zero, the magnitude of the impedance is maximum. And when ur�u equals 908 or
–908, 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 q or –q axis,

the impedance is minimum. The physical reasonwhy the largest impedance is at the d

axis can be understood like the case of an inductionmachine 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.
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Figigure 6.15 Variation of high-frequency impedance of an 11-kW, eight-pole SMPMSM at various

injection frequencies (fh) 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 aremany signal processingmethods 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 458 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 q axis of the estimated d–q 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

machinewith no saliencyon the rotor such as an SMPMSMand an inductionmachine,

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, ~ur � ur�ûr, 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
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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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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].

vdqshr̂ ¼ Vp cosvht

0

� �
ð6:81Þ
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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–q axis current at the measurement axis. If there is

no angle error, which means ~ur ¼ 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.

« � imdsh
�� ��2� imqsh

��� ���2
¼ LPF imdshcosvht

� �
 �2 þ LPF imdshsin vht
� �
 �2

� LPF imqshcos vht
� �n o2

� LPF imqshsin vht
� �n o2

¼ � V2
p

4v2
hLdhLqh

2 RavgDRþv2
hLavgDL

� �� ffiffiffi
2

p
DRð Þ2 þ vhDLð Þ2

� �
cos2~ur

n o
sin2~ur

ð6:84Þ
where

Ravg � Rdh þRqh

2
; DR ¼ Rdh�Rqh

2
; Lavg � Ldh þ Lqh

2
; DL ¼ Ldh�Lqh

2

ð6:85Þ
In (6.84), the value inside the curly brackets is independent of the angle error

and its polarity is decided by DR or DL. 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.

« ¼ K 0
err sin 2~ur � Kerr

~ur ð6:86Þ

ûr
ur

¼ KerrKPcorrsþKerrKIcorr

s2 þKerrKPcorrsþKerrKIcorr

ð6:87Þ
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K 0
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The test results of the sensorless control with typical ACmachines 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 0 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
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Figure 6.17 Sensorless speed

control of an IPMSM with speed

reference changes from 0 r/min to

50 r/min and back to 0 r/min.
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with 100% step load torque disturbance is displayedwith 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�p rad to p rad and back to�p rad. In these
figures, it can be seen that except for a short transient time interval the position error
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Figure 6.19 Sensorless position control of an IPMSMwith 100% step load torque disturbances at zero

position reference.
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Figure 6.18 Sensorless speed control of an IPMSM with 100% step load torque disturbances at zero

speed 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*
p , is 50Vand the injected frequency, fh, is 550Hz.

In Fig. 6.21, the speed control performance with 100% load torque at zero speed

reference is demonstrated. In this operating speed, the back EMFmethod 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%
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Figure 6.21 Sensorless speed control of a squirrel cage induction machine with 100% load torque at

zero speed reference.
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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 0 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

Measured
Speed 100 [(r/min)/div]

Estimated
Speed 100 [(r/min)/div]

Estimated
Flux Position 4 [rad/div]

Estimated
Torque 60 [N-m/div]

Time 2 [sec/div]

0 r/min

0 r/min

0 rad

0 N-m

Figure 6.22 Sensorless speed control of a squirrel cage induction machine against 100% load torque

disturbances at zero speed reference.
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main flux linkage—that is, the flux linkage by the permanent magnet in the case of

the machinewith 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, vr, cannot

be estimated when the synchronous speed of the machine is null as ve ¼ 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, l
_

r
s, when the

stator frequency of the induction machine is very low as ve � 0.

3. In the 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, l̂
s

r.

ue ¼ arctan
l̂
s

dr

l̂
s

qr

 !

(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, l
_

r
s, when the

stator frequency of the induction machine is very low as ve � 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 t¼ 0 to 1 s, the SMPMSM starts using the method in

Fig. 6.6 and 6.7, where v*
r start ¼ 10 r=min and v*

r thres ¼ 150 r=min.

The duration of period I is 0.3 s, and that of period II, 0.7 s.

Rated power : 11 kW; Rated speed : 1500 r=min; Rated current : 58:6 AðrmsÞ
Equivalent circuit parameters: Rs ¼ 0:0217W; Ls ¼ 0:7 mH; lf ¼ 0:1473Wb-t

Inertia of the machine itself : JM ¼ 0:0281 kg-m2
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(1) If the speed reference,v*
rm, and the load torque, TL, are as listed below, then, plot speed

reference, actual speed, actual torque, the d–q axis current, irds; i
r
qs with their references,

and error between estimated rotor position and actual position along with time from 0

to 5 s. It is assumed that the PWM inverter is ideal and the output of the current

regulator is directly applied to the SMPMSMwithout anydelay or distortion. The exact

parameters of the SMPMSMhave been known to the controller. And all control is done

in an analog domain.

v*
rm ¼

0 s 	 t < 1 s ðStartingÞ
1 s 	 t < 3 s 500 r=min

3 s 	 t < 5 s 50 r=min

3 s 	 t < 5 s�50 r=min

8>>>><
>>>>:

TL ¼

0 s 	 t < 2 s 0 N-m

2 s 	 t < 2:5 s 60 N-m

2:5 s 	 t < 4 s 0 N-m

4 s 	 t < 4:5 s 60 N-m

4:5 s 	 t < 5 s 0 N-m

8>>>>>>><
>>>>>>>:

(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.

R̂s ¼ 0:9Rs; L̂s ¼ 0:9Ls; l̂f ¼ 0:95lf

(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.

îcs ¼ �ð̂ias þ îbsÞ; V̂cs ¼ �ðV̂as þ V̂bsÞ

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, hiðtÞ, whose rms

magnitude is 4% of rated rms phase current. The sampling frequency of the white

noise is 100ms and also themeasured current has offset, Ioffset, whosemagnitude is 1%

of rated rms current. Also, the measured current can be represented as follows.

îas ¼ ias þhiðtÞþ Ioffset

îbs ¼ ibs þhiðtÞþ Ioffset

In the measurement of the phase voltage, there is white noise, hvðtÞ, whose rms

magnitude is 3V. The sampling frequency of the white noise is 100ms and also the

measured voltage has offset, Voffset, whose magnitude is 0.5V. Also, the measured

voltage can be represented as follows.

V̂as ¼ Vas þhvðtÞþVoffset

V̂bs ¼ Vbs þhvðtÞþVoffset

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 systemparameters.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 t¼ 0, the rotor position of the IPMSMhas been known to the sensorless controller,

which means ûr ¼ ur ¼ 0.

To achieve maximum torque per ampere (MTPA), the current irds and irqsshould 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 ðrmsÞ
Equivalent circuit parameters : Rs ¼ 0:109W; Ld ¼ 3:6 mH; Lq ¼ 4:5 mH;

lf ¼ 0:2595Wb-t

Inertia of IPMSM itself : JM ¼ 0:0281 kg-m2

(1) If the speed reference, v*
rm, and the load torque, TL, are as listed below, then plot

speed reference, actual speed, actual torque, the d–q axis current, irds and i
r
qs with their

references, and error between estimated rotor position and actual rotor position along

with time from0 to 5 s. It is assumed that the PWM inverter is ideal and the output of the

current regulator is directly applied to the IPMSMwithout any delay or distortion. The

exact parameters of the IPMSM have been known to the controller. And all control is

done in analog domain.

v*
rm ¼

0 s 	 t < 2 s 500 r=min

2 s 	 t < 3 s 50 r=min

3 s 	 t < 5 s �50 r=min

TL ¼

0 s 	 t < 1 s 0 N-m

1 s 	 t < 2:5 s 60 N-m

2:5 s 	 t < 4 s 0 N-m

4 s 	 t < 4:5 s 60 N-m

4:5 s 	 t < 5 s 0 N-m

8>>>>>>>><
>>>>>>>>:

8>>>>>>>><
>>>>>>>>:

(2) Repeat part 1 under the assumption that the phase voltage and the phase current can be

measured ideally, but the parameters of the IPMSMfor the controller setting have errors

as follows.

R̂s ¼ 0:9Rs; L̂d ¼ 0:9Ld ; L̂q ¼ 0:8Lq; l̂f ¼ 0:95lf

(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.

îcs ¼ �ð̂ias þ îbsÞ; V̂cs ¼ �ðV̂as þ V̂bsÞ
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, hiðtÞ, whose rms

magnitude is 4% of rated rms phase current. The sampling frequency of the white noise is

100ms and also themeasured current has offset, Ioffset, whose magnitude is 1% of rated rms
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current. Also, the measured current can be represented as follows.

îas ¼ ias þhiðtÞþ Ioffset

îbs ¼ ibs þhiðtÞþ Ioffset

In the measurement of the phase voltage, there is white noise, hvðtÞ, whose rms

magnitude is 3V. The sampling frequency of the white noise is 100ms; also, the measured

voltage has offset, Voffset, whose magnitude is 0.5V. Also, the measured voltage can be

represented as follows.

V̂as ¼ Vas þhvðtÞþVoffset

V̂bs ¼ Vbs þhvðtÞþVoffset

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 q axis of the estimated d–q axis in terms of SMPMSMparameters

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. 6.16 d, 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 Kerr ¼ 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, Td , in the signal processing

as « ¼ Kerr
~ure

�Td s, where Kerr is unity and Td is 2ms, derive the transfer function in terms

of Kerr, Td , 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 problemdue 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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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

polevoltage 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 anAC

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 n 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 compensationmethod 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 polevoltage 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 7.1 Three–phase PWMinverter with anACmachine employing an IGBTas an active switching

devices.
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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 ) Tset ¼ Torg
On sequence ) Tset ¼ Torg�Tdead

ð7:1Þ

For negative polarity of the current

Off sequence ) Tset ¼ Torg�Tdead
On sequence ) Tset ¼ Torg

ð7:2Þ

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 (ZCC) [2]

Thevoltage distortion due to the dead time is getting severe as themodulation index of

PWM decreases, which is that the magnitude of pole voltage decreases. In particular,

when themagnitude 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 anACmachine 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 situationwouldbecontinueduntil themodulation index ishigh 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,Cst, is larger than that the threshold value,Czcc, given

by themagnitude of the phase current, i, the dead time, Tdead , andDC link voltage,Vd ,

as (7.3). This phenomenon occurs regularly in a region where the current is small

enough to satisfy the inequality as Cst > Czcc. To understand this phenomenon, the

pole voltage from an inverterwhere the active switching devices areMOSFETs can be

investigated as follows.

Czcc ¼ jij Tdead
Vdc

ð7:3Þ

As shown in Fig. 7.3, if the polarity of the current is positive and themagnitude 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 aDC 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, Vd , to zero for

the case of the lower switch. Hence the pole voltage varies from a half of DC link to a

negative half ofDC link as shown in Fig. 7.4a.At another instant, if the gating signal of
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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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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 themagnitude

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 themagnitude of the phase current is becoming

small.

In Figs. 7.4a and 7.4b, Tfall 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 Trise 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, Tc, as shown in Fig. 7.5.

V*
an

� � ¼ 1

Tsamp

ðTsamp

0

V*
anðtÞ dt ð7:4Þ

Vanh i ¼ 1

Tsamp

ðTsamp

0

VanðtÞ dt ð7:5Þ

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, Tc, as shown in Fig. 7.6. The

compensation time, Tc, 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 directmeasurement 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
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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 tsw2. In Fig. 7.8,

the current at tsp1 is totally different from the current at the switching instant at tsw2.

Hence, if the dead time compensation is done based on the current at tsp1, then the

voltage distortion would be severe. To predict the current at tsw2 based on the sampled

current at tsp1, the time difference between tsp1 and tsw2 should be calculated. As seen

from Fig. 7.8, the difference, which is noted as Tsw, is the sum of the sampling period,

Tsamp, and the gating time, Toff.

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.

Ve
ds ¼ Rsi

e
ds þsLspi

e
ds þ

Lm

Lr
pledr�vesLsi

e
qs

Ve
qs ¼ Rsi

e
qs þsLspi

e
qs þve sLsi

e
ds þ

Lm

Lr
ledr

0
@

1
A ð7:6Þ

where p is the differential operator, that is, d=dt. If the rotor flux is kept as constant as
ledr ¼ Lmi

e
ds, then (7.6) can be simplified as follows:

Ve
ds ¼ Rsi

e
ds þsLspi

e
ds�vesLsi

e
qs

Ve
qs ¼ Rsi

e
qs þsLspi

e
qs þveLsi

e
ds

ð7:7Þ

Usually, because the time difference,Tsw, ismuch smaller than the stator transient

time constant, defined as ts ¼ sLs=Rs, 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
ds ¼ Ve*

ds ; Ve
qs ¼ Ve *

qs

ieds ¼ ie mds þ ie Pds

� �
=2; ieqs ¼ ie mqs þ ie Pqs

� �
=2

pieds � ie Pds �ie mds

� �
=Tsw; pieqs � ie Pqs �ie mqs

� �
=Tsw

ð7:8Þ

where Ve*
ds and V

e*
qs are the commanded reference d–q voltages, iemds and iemqs are the

sampled d–q currents at tsp1, i
eP
ds and i

eP
qs are the predicted d-q currents at tsw2. By

substituting (7.8) into (7.7), (7.9) can be obtained with the reference d–q voltages

instead of the actual d–q voltages.

iePds
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qs

" # !
ð7:9Þ

where a ¼ Rs=2þs Ls=Tsw; b¼�vesLs=2; c¼ vesLs=2; and d ¼ sLs=Tsw�Rs=2:
Because Tsw is small, and Rs;veLs << sLs=Tsw. 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).
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After finding d–q currents at tsw2, the a-phase current at tsw2 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

ACmachine 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 currentmeasurement 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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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).

Gf sð Þ ¼ 2pfnð Þ2
s2 þ 4pz fnsþ 2pfnð Þ2 ð7:12Þ

Td ¼ t1 þ 1

2pfx
tan�1 2zfx=fnð Þ

1� fx=fn

� �2� 	 ð7:13Þ

whereGf sð Þ is the transfer function of a typical second order LPF, t1 is the sum of the

delay due to the parts in the measurement system except LPF, fx stands for input

frequency to LPF, fn stands for the natural undamped frequency of LPF, and z stands
for damping coefficient of LPF. If fx is small enough compared to fn, (7.13) can be

approximated as

Td ¼ t1 þ z

pfn
ð7:14Þ

Asmentioned 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, i0as, is decreasing, but the sampled current, Ifas,

which comes from the filtered current, ifas, is larger than the actual current at the

sampling point, I0as. The difference depends on the slope of the current at the sampling
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Figure 7.9 Block diagram of current measurement system of digitally controlled drive system.
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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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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, Td , 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 Td.

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 sumof threephase 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.

ics ¼ �ðiasþ ibsÞ ð7:15Þ
If the current measurement system shown in Fig. 7.9 is used, then the digitally

converted currentmay have offset because of sensor, LPF, andA/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 dias and dibs, respectively,
then the digitally converted current of all three phases, ias AD, ibs AD, and ics AD, can be

expressed as (7.16)–(7.18) in terms of the actual currents, ias and ibs.

ias AD ¼ ias þ dias ð7:16Þ
ibs AD ¼ ibs þ dibs ð7:17Þ

ics AD ¼ �ðias AD þ ibs ADÞ ð7:18Þ
The above three-phase currents can be expressed in the synchronously rotating

reference d–q frame, whose rotating speed is ve as (7.19) and (7.20).

ieds AD ¼ ieds þ dieds ð7:19Þ
ieqs AD ¼ ieqs þ dieqs ð7:20Þ

If the offset has fixed DC value, then the offsets in the d–q reference frame can be

derived as (7.21) and (7.22).

dieds ¼
2ffiffiffi
3

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
di2as þ diasdibs þ di2bs

q
sinðvetþaÞ ð7:21Þ

dieqs ¼
2ffiffiffi
3

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
di2as þ diasdibs þ di2bs

q
cosðvetþaÞ ð7:22Þ

where a ¼ tan�1
ffiffi
3

p
dias

dias þ 2dibs

� �
.

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, ve. In the case of the vector-controlled induction machine
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drive systembased on the rotor flux linkage, these offsets result in torque ripples. If the

synchronous speed, ve, is large enough compared to the inverse of the rotor time

constant, tr ¼ Lr=Rr, 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 ie*ds ¼ ieds AD and ie*qs ¼ ieqs AD,

then the actual d–q-axis current can be represented as (7.23) and (7.24).

ieds ¼ ieds AD�dieds ð7:23Þ

ieqs ¼ ieqs AD�dieqs ð7:24Þ
And from the torque equation (5.21), the actual torque due to the offsets can be

deduced as

Te ¼ T*
e�dTe ¼ KTi

e*
qs�KTdi

e
qs ð7:25Þ

whereKT ¼ 3
2
P
2
Lm
Lr
ledr and i

e*
qs is the reference of the q-axis components current, which

is the torque component current. The error in the torque can be derived as

dTe ¼ KTdi
e
qs ¼ KT

2ffiffiffi
3

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
di2as þ diasdibs þ di2bs

q
cosðvetþaÞ ð7:26Þ

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, ve, then there should be speed

ripple due to the torque ripple by (7.26). And in the system, byminimizing the speed

ripple whose frequency is ve, 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 SMPMSMdrive systemwhere 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, vr. In the case of an IPMSM drive

system, where q-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 vr but also that whose frequency is 2vr 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 mainlyvr component. In this case, the speed ripple

whose frequency is vr can be minimized for offset adjustment. In the SynRM drive

system, not onlyvr component and but also 2vr 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 ACmachine drive

system.
ias AD ¼ I cosðue þfÞ ð7:27Þ

ibs AD ¼ I cosðue�2

3
pþfÞ ð7:28Þ

where I is the magnitude of the phase current, ue is the instantaneous angle of the

synchronous reference frame defined as ue ¼ vet, and f, 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

ka and kb, respectively, then the actual phase current can be expressed as (7.29)

and (7.30) considering scale errors.

ias ¼ I cosðue þfÞ
ka

ð7:29Þ

ibs ¼
I cosðue� 2

3
pþfÞ

kb
ð7:30Þ

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 ie*ds ¼ ieds AD and ie*qs ¼ ieqs AD,

then the d–q-axis current error in complex vector form can be described as

diedqs ¼ iedqs AD�iedqs ¼ ðieqs AD�ieqsÞþ jðieqs AD�ieqsÞ ¼ dieds þ jdieqs

¼
�
ka�1

ka

	
I cos fð Þ�

�
ka�kb

kakb

	
Iffiffiffi
3

p
�
sin

�
2vet� 2p

3
þf

	
�sin

�
f� 2p

3

	�

þ j


�
ka�1

ka

	
I sin fð Þ�

�
ka�kb

kakb

	
Iffiffiffi
3

p
�
cos

�
2vet� 2p

3
þf

	

þ cos

�
f� 2p

3

	��

ð7:31Þ
where iedqs AD stands for the synchronous reference frame d–q-axis current in complex

vector form, which is used in the digitally implemented current regulator, while iedqs
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, ve, is large enough compared to the inverse of the rotor time

constant, tr ¼ Lr=Rr.

dTe ¼ T*
e�Te ¼ 3

2

P

2

L2m
Lr

ie*ds i
e*
qs�iedsi

e
qs

� �
� 3

2

P

2

L2m
Lr

diedsi
e*
qs þ dieqsi

e*
qds

� �

¼ 3

2

P

2

L2m
Lr

diedsI sin fð Þþ dieqsI cos fð Þ
n o ð7:32Þ
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After substituting dieds and dieqs given by (7.31) into (7.32), it can be seen that

torque error has a DC component due to the scale error and 2ve 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 2ve, 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 2vr frequency component ripple torque. Hence by

minimizing 2vr frequency component speed ripple, the difference can be resolved.

In the case of an IPMSM drive system, by setting ie*ds ¼ 0 for the scale adjustment

purpose, the scale difference can be adjusted by minimizing 2vr frequency

component speed ripples like the case of an SMPMSM. In an SynRM drive system,

not only the 2vr component and but also the 4vr 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 6ve or 6vr. 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.

7.2 Measurement of Phase Current 341



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, 1.5Tsamp, and the

output voltage of the regulator has errors in themagnitude and angle. These errors can

be neglected when the synchronous speed, ve, is low enough compared to the

sampling frequency—for example, if ve � 1
40

2p
Tsamp

. 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 fe ¼ ve

2p
increases above one-twentieth of the sampling frequency, then in addition to the error

discussed in Section 7.3.1, themagnitude 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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Figure 7.13 Block diagram of three-phase AC current regulator in complex vector form.
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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

Ve
dqs ff ¼ eedqs ¼ � Lm

Lr
vbrl

e
dqr ð7:33Þ

wherevbr ¼ Rr=Lr�jvr, and for the inductionmachine, the resistance and inductance

of the load in Fig. 7.13 can be expressed as

L ¼ Ls � Ls� L2m
Lr

; R ¼ Rs þ Lm

Lr

� 	2

Rr ð7:34Þ

In the case of an SMPMSM, the feed-forward term can be expressed as

Vr
dqs�ff ¼ erdqs ¼ jvrlf ð7:35Þ

where lf 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 ¼ Ls; R ¼ Rs ð7:36Þ
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 ue, 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*
dqs ¼ Ve*

dqse
jue ð7:37Þ

ie*dqs ¼ is*dqse
�jue ð7:38Þ

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, 1.5Tsamp.
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Figure 7.14 Voltage reference in synchronous

and stationary reference frames
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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,Ve*
dqs. At the time

point, t, the current is sampled and the regulator algorithm is executed from time

point, t to time point tþ Tsamp. After then, the updated PWM signals are kept for

the next sampling period, which is from tþ Tsamp to tþ 2Tsamp. During algorithm

calculation and PWM, the synchronous reference frame rotates from ue to

ue þ 2Tsampve under the assumption of the constant synchronous speed, ve. Because

of this rotation, the output of the regulator, which is supposed to be applied to an AC

machine at ue, is applied to the machine from ue þ Tsampve to ueþ 2Tsampve. Hence,

the output of the regulator has error due to the rotation of the axis. The average voltage

applied to an AC machine from ue þ Tsampve to ue þ 2Tsampve can be deduced

as (7.39) from the original reference voltage, Ve*
dqs, after considering the rotation of

axis. The average voltage can be rewritten as (7.40) from (7.39).

Vs*
dqs�digital

D E
¼ 1

Tsamp

ð2Tsamp

Tsamp

Ve*
dqse

j vetþ ueð Þdt ð7:39Þ

Vs*
dqs�digital

D E
¼ K ve; Tsamp

� �
e j 1:5Tsampve þ ueð ÞVe*

dqs ð7:40Þ

where

K ve; Tsamp

� � ¼ 2

veTsamp

sin
veTsamp

2

� 	
ð7:41Þ
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It can be seen from (7.40) and (7.41) that the voltage has magnitude error by

K ve;Tsamp

� �
and phase angle error by 1:5Tsampve. 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.

Kðve; TsampÞejð1:5TsampveÞ ð7:42Þ

If the synchronous frequency, fe ¼ ve=ð2pÞ, is less than one-twentieth of the

sampling frequency, fs ¼ 1=Tsamp, the magnitude error is less than 5%. And the

magnitude error may be neglected. However, the phase angle error is 27� even at

fe ¼ fs=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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of the error due to the digital control delay.
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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

5 kHz. It can be seen that the sampled current at rotor reference d–q frame is far from

the average value for a sampling period, Tsamp.

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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Themethod 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 1:5Tsamp, 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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rent in a d–q-axis current plane for a

sampling period ðfsamp ¼ 10 kHz;

fe ¼ 1500 HzÞ.
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current as (7.50) through the following procedures.

Vr
ds

Vr
qs

" #
¼ Rs �

irds

irqs

" #
þ Ld �Lq

Ld Lq

" #
� d
dt

irds

irqs

" #

þ 0 �vr � Lq
vr � Ld 0

" #
�

irds

irqs

" #
þ 0 0

vr 0

" #
� lf

0

" #
ð7:43Þ

The rotor reference frame d–q-axis voltages, which have the angle displacement,

u, in a sampling period, can be expressed in terms of the reference voltages as

Vr
ds

Vr
qs

" #
¼

cos u sin u

�sin u cos u

" #
�

Vr*
ds

Vr*
qs

" #
¼

Vr*
ds � cos uþVr*

qs � sin u

�Vr*
ds � sin uþVr*

qs � cos u

" #
ð7:44Þ

The angle displacement, u, 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

Vr
ds

� �
Vr
qs

D E
2
4

3
5 ¼ 1

u1�u2ð Þ �
Ð u1
u2

Vr
ds � duÐ u1

u2
Vr
qs � du

2
4

3
5 ¼ 1

u1�u2ð Þ �

Vr*
ds � sin u1�sin u2ð Þ�Vr*

qs � cos u1�cos u2ð Þ
Vr*
ds � cos u1�cos u2ð ÞþVr*

qs � sin u1�sin u2ð Þ

" #
ð7:45Þ

If the sampling frequency, fsamp is finite, then, as seen from Fig. 7.22 u1 is always
larger than u2. Also, the cross-coupling terms of the right-hand side of (7.45) can be

zero only if u2 ¼ �u1. That means that in discrete time control the angle for reference

frame transformation should be in the center of the sampling interval. And u1 can be
set as (7.46) to nullify the cross-coupling terms under the assumption of the constant

rotor speed.

u1 ¼ Tsamp

2
�vr ð7:46Þ

2θ

1θ

Time (s)

sampT

Figure 7.22 Trajectory of angle displacement with time.
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The average voltage, Vr
ds

� �
and Vr

qs

D E
, with the average current, irds

� �
and irqs

D E
,

for a sampling period can be deduced as (7.47) from (7.43).

Vr
ds

� �
Vr
qs

D E
2
4

3
5 ¼ Rs �vr � Lq

vr � Ld Rs

� �
�

irds
� �
irqs

D E
2
4

3
5þ 0 0

vr 0

� �
� lf

0

� �
ð7:47Þ

Also, the average voltage can be calculated as (7.48) from (7.45) under the

condition of u2 ¼ �u1.

Vr
ds

� �
Vr
qs

D E" #
¼ 1

2 � u1 �
Ð u1
�u1

Vr
ds � duÐ u1

�u V
r
qs � du

" #
¼ 1

2 � u1 �

Vr*
ds � sin u1 þ sin u1ð Þ�Vr*

qs � cos u1�cos u1ð Þ
Vr*
ds � cos u1�cos u1ð ÞþVr*

qs � sin u1 þ sin u1ð Þ

" #
¼ sin u1

u1
� Vr*

ds

Vr*
qs

� �

ð7:48Þ
From (7.46–7.48), the average current in a sampling period can be expressed as

irds
� �
irqs

D E" #
¼ Rs �vr � Lq

vr � Ld Rs

� ��1

�
Vr
ds

� �
Vr
qs

D E" #
� 0 0

vr 0

� �
� lf

0

� � !

¼ 1

R2
s þv2

r � Ld � Lq
� Rs vr � Lq

�vr � Ld Rs

� �
�

2

vr � Tsamp

� sin vr � Tsamp

2

0
@

1
A � Vr*

ds

Vr*
qs

� �
� 0 0

vr 0

� �
� lf

0

� �0
@

1
A

ð7:49Þ

Finally, the average current in (7.49) can be represented in terms of the sampled

current and parameters of IPMSM as

irds
� � ¼ a1 � irds samp þ a2 � vr*ds þ a3 � vr*qs þ a4 �vr � lf
irqs

D E
¼ b1 � irds samp þ b2 � vr*ds þ b3 � vr*qs þ b4 �vr � lf ð7:50Þ

where the coefficients of terms in (7.50) can be expressed as follows under the

assumption of Rs << vr � Ld , Rs << vr � Lq.

a1 ¼ a � 1

cos u1
; a2 ¼ 0;a3 ¼ 1

vr �Ld �
�
a� 1

cos u1

	
; a4 ¼ 1

vr �Ld �
�
a � 1

cos u1
�1

	

b1 ¼ a � 1

cos u1
; b2 ¼� 1

vr �Lq �
�
a� 1

cos u1

	
; b3 ¼ 0; b4 ¼ 0

where a¼ sinu1=u1.
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 ACmachines can be

derived.
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PROBLEMS

1. In the inverter shown in Fig. 7.1, the gating signals of the upper switch and the lower switch

of each phase have the dead time by 3 ms 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.

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 ¼ 1W; L ¼ 1mH. 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 3ms.

(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 3 nF 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, Tdead ¼ 3 ms, and Vd ¼ 300V.

When the phase current is a�2A constant, the lower switch is turned off, which is

defined as time point zero ðt ¼ 0 sÞ.
(1) For t ¼ 0--3ms, plot the pole voltage and the phase current together.

(2) Calculate compensation time, Tc, 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 vc, has been

added in front of the current measurement system. The fundamental frequency of the phase

Pole Voltage
Reference

+  Gating

-  Gating

3 µs

1.5 µs PWM
Inverter

1  mH1

a
ai

b

c

 V60* =asV

300 V

Ω

=120 rad/sωe

(a) (b)

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.
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current isve, and the current is transformed to the value in the synchronous reference frame

as mentioned in Section 3.1 [8].

(1) Derive the relationship between the synchronous reference frame current with no LPF

ðieds; ieqsÞ, and that with LPF ðiedsf ; ieqsf Þ, as the following equation. Derive

a11; a12; a21; and a22.

iedsf
ieqsf

� �
¼ a11 a12

a21 a22

� �
ieds
ieqs

� �

(2) When vc ¼ 1000p rad=sð Þ;ve ¼ 120p rad=sð Þ, the bandwidth of the synchronous

reference frame current regulator in Fig. 4.18 is set as vbw ¼ 500p rad=sð Þ. Here,
active damping resistance,Ractive, is set as zero.At a givenvbw, calculate the attenuation

rate of the LPF at the synchronous reference frame, which is given by
�� iedsf
ie
ds

��
v¼ve

¼ ja11j,
and calculate the magnitude of the cross-coupling term, ja12j ¼ ja21j.

(3) Describe the effects of the cross-coupling terms, a12; and a21, to the performance of the

vector control of an AC machine drive system.

4. A three-phase PWMinverter, shown inFig. 7.1, supplies voltages to a series-connectedR-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 ¼ 1W; L ¼ 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*
as ¼ 100 cosð200ptÞ ½V	

V*
bs ¼ 100 cos 200pt� 2p

3

0
@

1
A V½ 	

V*
cs ¼ 100 cos 200ptþ 2p

3

0
@

1
A V½ 	

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 t ¼ 0--20ms answer the following questions.

(1) Plot the instantaneous a-phase current and its sampled one if the current is sampled at

the peak and valley of a PWM carrier.

 

e
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c
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ω
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Figure P7.2 Current measurement system with LPF to prevent the aliasing phenomenon.
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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.

(3) Plot the instantaneous a-phase current and its sampled one if the filtered current, iasf , is

sampled with delay by Td, which is calculated from (7.14), from the peak and valley of

a PWM carrier. In (7.14), t1 can be neglected.

5. In the current regulator shown in Fig. 7.13, L ¼ 5 mH and R ¼ 0:5W. And the bandwidth

of the regulator is set as 100Hz. The gains of PI controller are calculated as discussed in

Section 4.2.5. Here,Ractive ¼ 0W and the current regulator is implemented in discrete form

and its sampling period, Tsamp, is 300ms. And, there is 1:5Tsamp 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,

iedqs=i
e*
dqs when ve ¼ 60p and 600p, 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.

Vs*
dqs ¼

2

veTs
sin

veTs

2

� 	
ej 1:5Tsveð Þ � ejueVe*

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

inductionmachine. The bandwidth of the speed regulator is set as 20Hz. 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 inductionmachine are the same as the ones in problem14 inChapter 5

except for the total inertia. The total inertia, JMþ L, 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 ¼ 0--1 s; v*
rm ¼ 0 r=minð Þ

t � 1 s; v*
rm ¼ 600 r=minð Þ

In themeasurement of the phase current, there is white noise, hiðtÞ, whose rmsmagnitude 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

100ms and also themeasured currents have offset, dias and dibs, whosemagnitude is 1% of rated

( )
( )

2

22

20000

40000 20000s s

π

π π+ +
asfiasi

Figure P7.3 Second-order low-pass filter (LPF).
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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.

ias AD ¼ ias þ dias þhiðtÞ
ibs AD ¼ ðibs þ dibs þhiðtÞÞ=0:99

(a) For t ¼ 0--5 s, plot T*
e ðN-mÞ, TeðN-mÞ, ie*qsðAÞ; ie*dsðAÞ, ieqsðAÞ; iedsðAÞ, ieds AD Að Þ; ieqs AD Að Þ,

ledrðWb-tÞ, le*drðWb-tÞ and vrmðr=minÞ.
(b) For t ¼ 3--5s, plot the magnitude of the frequency spectrum of T*

e ðN-mÞ, TeðN-mÞ,
ie*qsðAÞ; ie*dsðAÞ, ieqsðAÞ; iedsðAÞ, ieds AD Að Þ; ieqs AD Að Þ, ledrðWb-tÞ, le*drðWb-tÞ and vrmðr=minÞ
using fast fourier transform (FFT).
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AppendixA

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
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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, Ra

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, La

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 themagnitude of the step voltage by the

slope of the current. Because the inductance varies according to themagnitude of the

armature current, iao, the test should be done at several values of iao 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.
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Figure A.1 Estimation of armature inductance by step voltage input.
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A.1.1.3 Field Winding Resistance, Rf

The resistance of the field winding can be easily measured by a resistancemeter 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, Lf

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, K¼KTlf

In MKS unit system, as seen from (2.19) and (2.20), Ke is the same with KT . Hence,

identifying the torque constant, K ¼ Kelf , 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 bemore 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, lf , 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 Ra, 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 Ra, 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, Kð¼ Kelf Þ, can be

guessed. The value from this process can be named as K1. 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 K2. The torque constant from

the former process, K1, is always larger than the constant from the latter process

like K1 > K2. 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 K2.

Also, in the calculation of K1, 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 K1. Hence, the constant, K, can be set as

the average of K1 and K2, as K � ðK1 þK2Þ=2.

A.1.2 Estimation of Parameters of Induction Machine

A.1.2.1 Rated Value of Rotor Flux Linkage, led r

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.

Ve
ds ¼ Rs þRr

L2m
L2r

0
@

1
Aieds þsLs

dieds
dt

�vesLsi
e
qs�Rr

Lm

L2r
ledr

Ve
qs ¼ Rs þRr

L2m
L2r

0
@

1
Aieqs þsLs

dieqs

dt
þvesLsi

e
ds þvr

Lm

Lr
ledr

ðA:1Þ

Because sLsi
e
ds ¼ Ls� L2m

Lr

� �
ledr
Lm

� �
¼ Ls

Lm
� Lm

Lr

� �
ledr � Lls þ Llr

Lm
ledr << ledr, we

have Lm
Lr

� 1 and vr ¼ ve at no load. At rated operating speed, we have

Rs þRr
L2m
L2r

� �
ieqs << vr

Lm
Lr
ledr. Hence, the q-axis voltage in (A.1) can be approximated

as (A.2) at near rated operating speed with no load:

Ve
qs � vrl

e
dr ¼ vel

e
dr ðA:2Þ

In this operating condition, we haveVe
ds � Ve

qs. And the peak of the phase voltage

is Vs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ve2

ds þVe2
qs

q
� Ve

qs. 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, ve, of the machine. For accurate setting of the flux linkage, the voltage

drop by the stator winding resistance and stator transient reactance asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
s Isj j2 þðvesLsÞ2 Isj j2

q� �
, where Isj j 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 veðLm=LrÞ for more

accurate flux linkage. For example, the approximated value of the rated rotor flux

linkage can be obtained by
ffiffi
2

pffiffi
3

p 220
� �

=ð60 � 2 � pÞ ¼ 0:4765Wb-t in the case of a line-

to-line three-phase 220-Vrms, 60-Hz induction machine because veðLm=LrÞ � ve

and also because there are no data regarding Lm and Lr.

A.1.2.2 Stator Transient Inductance, sLs [2]

The stator transient inductance of the induction machine can be defined and

approximated as

sLs ¼ Ls� L2m
Lr

� Lls þ Llr ðA:3Þ

Asmentioned 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.

lsdqr ¼
Lr

Lm
ðlsdqs�sLsi

s
dqsÞ ðA:4Þ

If sLs is not accurately reflected in the estimation of the rotor flux linkage, the

torque of the inductionmachine 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

asV

adV

asi

1t 2t

t

t
Figure A.2 Short pulse voltage and its

associated current to induction machine to

estimate stator transient inductance.
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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

Vas ¼ ðRs þRrÞias þðLls þ LlrÞ dias
dt

� ðRs þRrÞias þsLs
dias

dt

ðA:5Þ

If the width of the voltage pulse is small enough compared to the stator time

constant defined as ts � sLs=ðRs þRrÞ, most of the voltage would be applied to the

stator transient inductance and (A.5) can be approximated as

Vas � sLs
dias

dt
ðA:6Þ

Hence, the transient inductance, sLs, can be estimated by

sLs ¼ Vad

t2�t1

iasðt2Þ�iasðt1Þ ðA:7Þ

The voltage to the machine, Vad , is decided by the switching function of the

inverter and the DC link voltage, Vd . When the switching functions are

Sa ¼ 1; Sb ¼ 0; and Sc ¼ 0; the voltage of the “a” phase is 2Vd=3. The duration of

the voltage pulse, t2�t1, should be set so that the peak of “a”-phase current, ias, 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

mL

sR lsL lrL

rRtsinI hhs ω=I

sV

r

r
h

L

R>>ω

-

+

Figure A.3 Current path of an induction machine when high-frequency current is injected to the stator.
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frequency, vh, is high enough compared to the inverse of the rotor time constant,

tr ¼ Lr=Rr, 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].

ieds ¼ Id þ~i
e

ds ¼ Id þ Ihsinvht ðA:8Þ

where Id 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

~V
e

ds ¼ Rs þRrð Þ~ieds þvh Lls þ Llrð ÞIhcosvht ðA:9Þ

From (A.9), we can derive (A.10).

ð~Ve

ds�ðRs þRrÞ~iedsÞ2 ¼ v2
hðLls þ LlrÞ2I2h

1þ cos2vht

2
ðA:10Þ

Byapplying low-pass filter to (A.10), theDCcomponent of the left-hand term can

be used to estimate the transient inductance as

sLs � ðLls þ LlrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2LPF½ð~Ve

ds�ðRs þRrÞ~i edsÞ2�
v2
hI

2
h

s
ðA:11Þ

Here, if the rotor resistance is unknown, the sum of both resistances can be

approximated as Rs þRr � 2Rs 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

360 Appendix A Measurement and Estimation of Parameters of Electric Machinery



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, Lm

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, ve, 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 inductionmachinevaries according to themagnitude 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 differentwith 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 estimationmethod does not need any extra tool or setup for the test. And it is

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 systemcan be described as a

block diagram shown in Fig. A.4. In the figure, rðsÞ is the reference input, yðsÞ is the
output, and nðsÞ, dðsÞ, and nðsÞ stand for system uncertainty, disturbance, and sensor

noise, respectively. In the figure, if the controlled plant is depicted as PðsÞ and the
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controller is represented as CðsÞ, then the transfer function between the reference

input and the output can be derived as

yðsÞ ¼ CðsÞPðsÞ
1þCðsÞPðsÞ ðrðsÞ�nðsÞÞþ PðsÞ

1þCðsÞPðsÞ nðsÞþ
1

1þCðsÞPðsÞ dðsÞ

ðA:12Þ
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 termmeans that of disturbance

to the output. The error between the reference input and the output, errðsÞ, can be

represented as the sum of terms driven by rðsÞ, nðsÞ, dðsÞ, and nðsÞ as

errðsÞ ¼ 1

1þCðsÞPðsÞ ðrðsÞ�dðsÞ�nðsÞÞ� PðsÞ
1þCðsÞPðsÞ nðsÞ ðA:13Þ

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).

jCðsÞPðsÞj >> 1 ðA:14Þ
With this condition and assumption, the control input to the plant, PðsÞ, can be

approximated as

ucðsÞ ¼ CðsÞ
1þCðsÞPðsÞ rðsÞ�

CðsÞPðsÞ
1þCðsÞPðsÞ nðsÞ

� CðsÞ
1þCðsÞPðsÞ rðsÞ�nðsÞ

ðA:15Þ

From (A.15), the input to the plant can be expressed as

uðsÞ ¼ ucðsÞþ nðsÞ ¼ CðsÞ
1þCðsÞPðsÞ rðsÞ ðA:16Þ

u sc ( )

v( )s d s( )

n s( )

C s( ) P s( )
u s( ) y s( )r s( )

_
+ + ++ +

++

err s( )

Figure A.4 Block diagram of typical single-input and single-output feedback control system.
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It can be seen from (A.16) that the system uncertainty, nðsÞ, from the modeling

error due to parameter variations is added to the output of the controller, ucðsÞ. Hence,
if the input to the physical plant, uðsÞ, is not distorted because of the condition

in (A.14), then the output of the controller, ucðsÞ, would be distorted because of nðsÞ.
To remove the distortion of the output, yðsÞ, 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

aDCmachine drive system,whose control block diagram is shown in Fig. 4.12, can be

used. By adjusting the feed-forwarding term, ê, which is given by ê ¼ Kvrm, the

integral term of a PI regulator can be kept as constant at the same armature current, i�a,
regardless of the operating speed of themachine. 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, i�a. 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, Rs [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, V0s
dqs is the distorted

voltage due to the dead time and nonlinearity of the inverter. Rce stands for the

conducting resistance of the active switch of PWM inverter, and Rd stands for

that of the freewheeling diode of the inverter. If the current is well-regulated
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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 q-axis current is regulated as null and the d-axis

current reference is is*ds1, which is a constant DC value, then the d-axis voltage can

be described as

Vs*
ds1 ¼ R0

s i
s*
ds1�V 0s

ds1 ðA:17Þ

where R0
s 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, is*ds2, 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.

Vs*
ds2 ¼ R0

s i
s*
ds2�V 0s

ds2 ðA:18Þ

By solving (A.17) and (A.18) simultaneously, the equivalent resistance can be

calculated as (A.19). Here, Rs is the winding resistance and R0
s is the equivalent

resistance in the viewpoint of the control system. For the control of the AC machine

using the PWM inverter, not Rs butR
0
s should be used to estimate the flux linkage and

to set the current regulator gain. Hence R0
s is the proper value for the tuning of the

regulators.

R0
s ¼ Rs þ Rce þRd

2
¼ Vs*

ds1�Vs*
ds2

is*ds1�is*ds2
ðA:19Þ

In the above derivation, it is assumed that R0
s and V 0s

dqs are independent of the

current. In this method, the magnitude of both currents and the difference of the

currents, is*ds1 and is*ds2, should be large enough to enhance nose-to-signal ratio. To

Current Regulator
AC

Machine

∗s
dqsi

*

2 dqs
dce RR

i
+

s
dqsi

∗s
dqsV

s
dqsV′

s
dqsV′ ; Distorted voltage due to dead time effect

+

-

+

+

+
-

Figure A.5 Block diagram of a current-regulated AC machine drive system.
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sample the voltage, Vs*
ds1 and V

s*
ds2, 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, ia ¼ Idc; ib ¼ �Idc=2; ic ¼ �Idc=2; next ia ¼ �Idc=2; ib ¼ Idc, and

ic ¼ �Idc=2; next ia ¼ � Idc
2
; ib ¼ � Idc

2
, and ic ¼ Idc; next ia ¼ �Idc; ib ¼

Idc=2; ic ¼ Idc=2; next ia ¼ Idc=2; ib ¼ �Idc, and ic ¼ Idc=2; finally ia ¼ Idc=2;
ib ¼ Idc=2, and ic ¼ �Idc. The average value of R0

s 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, tr¼ Lr/Rr

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, PðsÞ, and the controller,

which is a PI-type speed regulator, CðsÞ, can be described as (A.20) and (A.21),

respectively.

PðsÞ ¼ 1

Jms
ðA:20Þ

CðsÞ ¼ Kp þ Ki

s
ðA:21Þ

where Kp and Ki 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

)(srm
∗ω +

− s
K

K i
p +

)(sTe

∗
+

+ )(sTe

sJ m

1 )(srmω

)(
~

sTe

)(serr

Figure A.6 Control block diagram of a speed regulation system.
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the output of the speed regulator, T�
e , to the ramp input of the system, shown in

Fig. A.7a, would be a squarewave 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,
~Te, to the regulator output, T

�
e . 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, ~Te, the output of the speed regulator would be distorted and the

output of the regulator, T�
e , looks like thewaveforms 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 thismethod, 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

a )(

∗
eTb)(

∗
eTc)( ee TT

~+=

∗
eTd)( ee TT

~+=

rmω
t

t

t

t

Figure A.7 Output of a speed regulator with a different rotor time constant to the ramp input of a speed

reference.
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the PI regulator, the integral term, errðsÞ � Ki

s
in Fig. A.6, instead of whole output of

PI regulator, can be used to identify the rotor time constant.

A.2.4.2 Estimation of Stator Self-Inductance, Ls , and
Stator Transient Inductance, sLs

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, CðsÞ, is given by (A.22). And, from the stator voltage equation

(4.31), the controlled plant, PðsÞ, can be described as (A.23).

CðsÞ ¼ Kp þ Ki

s
ðA:22Þ

PðsÞ ¼ 1

Rs þRr

L2m
L2r

� �
þsLss

ðA:23Þ

The integral term of the output of the q axis current regulator can be used to

identify the inductance. The control block diagram including plant, PðsÞ, 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.

Ve*
qs ff ¼ veL̂si

e
ds�vsl

L̂
2

m

L̂r
ieds ðA:24Þ

If the rotor time constant has been set by themethod in SectionA.2.4.1, then it can

be assumed that the d-axis current, ieds, andvsl arewell-matched to their actual values.

If there is error in the estimated stator self-inductance, L̂s, by DLs, then feed-

forwarding component can be described as (A.25). If this test is done at near the rated

speed, then the third term, vsl

L̂
2

m

L̂r
ieds, on the right-hand side of (A.25) is small enough
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Figure A.8 Control block diagram of a q-axis current regulator of vector-controlled induction machine

drive system.
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compared to the second term, veDLsieds. And the third term has nothing to do with the

synchronous angular frequency, ve, but the magnitude of the second term is

proportional to ve.

Ve*
qs ff ¼ veL̂si

e
ds�vsl

L̂
2

m

L̂r
ieds

¼ veLsi
e
ds þveDLsieds�vsl

L̂
2

m

L̂r
ieds

ðA:25Þ

And, when ve 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 q-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,ve, with constant d-axis

current ieds. In Fig. A.9, the waveforms of the integral term of the current regulator

( ) ( )∫ −
t e

qs
e
qsi dtiiKd

*

0

( ) ( )∫ −
t e

qs
e
qsi dtiiKe

*

0

0,0 <Δ<Δ ss LL σ

( ) rma ω

( ) e
qsib

( ) ( )∫ −
t e
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e
qsi dtiiKc

*

0

0,0Δ =Δ= ss LL σ

0,0Δ >Δ> ss LL σ

t

t

t

t

t

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 q-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 q-axis current would be

the trace as shown in Fig. A.9a under the assumption that speed is well-regulated and

that themechanical load can be considered asmainly inertia load. If there is no error in

the stator transient inductance, the trace of the integral termwould 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, L̂s, 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,

sL̂s, can be identified similarly. For the identification of sL̂s, 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,

DsLs, in the estimated sL̂s, 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.

Ve*
qs ff ¼ ve

L̂m

L̂r
le*dr þvesL̂si

e
ds�vsl

L̂
2

m

L̂r
ieds ðA:26Þ

Ve*
qs ff � ve

L̂m

L̂r
le*dr þvesL̂si

e
ds

¼ ve

L̂m

L̂r
le*dr þvesLsi

e
ds þveDsLsieds

ðA:27Þ

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. Themutual 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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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 SMPMSMcan be derived from

the equivalent circuit in Fig. A.10 as mentioned in Section 3.3.3.1.

Vr
ds ¼ Rsi

r
ds þ Ls

dirds
dt

�vrLsi
r
qs

Vr
qs ¼ Rsi

r
qs þ Ls

dirqs

dt
þvrLsi

r
ds þvrlf

ðA:28Þ

where lf represents the flux linkage of the permanentmagnet to the statorwinding and

it can be expressed in terms of the equivalent current source, if , and the mutual

inductance, Lm, as lf ¼ Lmif . And the torque can be represented as

Te ¼ 3

2
� P
2
� lf irqs ðA:29Þ

A.2.5.1.1 Rotor Position, ur . If the rotor position, ûr, used for the transforma-

tion of reference frame, is different from the actual rotor position, ur, then not only the
performance of the vector control is degraded due to the coupling of the d–q axis but

also the estimated parameters of SMPMSMwould be inaccurate. And, to estimate the

sL

r
dsV

sL

r
qsV

r
dsi

r
qsi

sR

sR

r
qsr λω−

r
dsr λω

mL

mL

fi

Figure A.10 Equivalent circuit of surface-mounted permanent magnet synchronous machine.
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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–q-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.

Vr*
ds ¼ Vr*

ds fb þVr*
ds ff

Vr*
qs ¼ Vr*

qs fb þVr*
qs ff

ðA:30Þ

where Vr*
ds ff and Vr*

qs ff can be given by

Vr*
ds ff ¼ �vrL̂si

r
qs

Vr*
qs ff ¼ vrL̂si

r
ds þvrl̂f

ðA:31Þ

If the angle, ûr, has a difference with regard to the rotor position by uerr as shown
in Fig. A.11, then the back EMF would appear not only in the d axis but also in the q

axis as

erds-err ¼ �vrlf sin uerr ðA:32Þ
Hence, this voltage appears at the output of the d-axis feedback controller,Vr*

ds fb.

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 SMPMSMvaries 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

as axis

bs axis

cs axis

axisrdaxisrq

ˆ
rθ

ˆ axisrd

ˆ axisrq

errθ

rθ

Figure A.11 Angle error of an

SMPMSM.
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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,Ls, as seen from (A.28), the d–q voltage to SMPMSM should be measured

under the variation of the d-axis current or the q-axis current. If q-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 q-axis voltage equation can be derived as

Vr
qs ¼ Rsi

r
qs þvrLsi

r
ds þvrlf ðA:33Þ

In (A.33), if irds varies as the first trace in Fig. A.13 and if L̂s < Ls, then the output

of q-axis current regulator would be the second trace in Fig. A.13. Or if L̂s > Ls, it

would be the third trace in Fig. A.13. Hence, by keeping the output of the q-axis

current regulator as a direct line with adjustment of L̂s, 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, lf ¼ Lmi f . The flux link-

age, lf , 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

r
d si

*r
fb_qsV

t

t

t

ˆ
s sL L<

ˆ
s sL L>

*r
fb_qsV

Figure A.13 Estimation of Ls by injecting an AC current to d axis.
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there is error in l̂f , then the integral term of a q-axis current regulator varies according

to the speed at constant q-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 d–q-axis currents as

zero when the SMPMSM is running at near the rated speed. In this case, the q-axis

voltage to the SMPMSM is only the back EMF term as in (A.34). And by dividing

the voltage by the rotor speed, vr, the flux linkage can be easily identified.

Vr
qs ¼ vrlf ðA:34Þ

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,

�vrlf sinðuerrÞ, to angle error would be reduced. Hence, tuning of the angle would be
difficult. The inductances, Ld and Lq, of IPMSM can be estimated by injecting a

sinusoidal current to an IPMSM.Unlike an SMPMSM, to estimate both Ld and Lq, the

current should be injected to both d–q axes of the rotor reference frame of the IPMSM.

LdðLd ¼ Lls þ LmdÞ can be identified by using the output of the q-axis current

regulator and LqðLq ¼ Lls þ LmqÞ by the output of the d axis. As mentioned in

Section 2.9.2, Lq varies widely according to the currents, irqs and irds. Hence, Lq
should be identified at several pairs of the currents, irqs and i

r
ds. 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 IPMSMwould 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 tm ¼ J=B, of the drive system of

the IPMSM tofilter out the sinusoidal torque by themechanical 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 IPMSMfor

inductance estimation should be above or near the base speed of the IPMSM to

enhance the accuracy of the estimation.

A.3 ESTIMATION OF MECHANICAL PARAMETERS

A.3.1 Estimation Based on Mechanical Equation

The mechanical parameters of a drive system are the inertia, Jm½kg-m2�, the friction
coefficient,B½N-m=ðrad=sÞ�, and the stiffness,Ksh½N-m=rad�. The friction coefficient,
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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 bymeasuring or by estimating torque based on the flux linkage and current,

the friction coefficient can be evaluated at different speeds as

B ¼ Te=vrm ðA:35Þ
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, Te acc, and deceleration, Te dec,

and the rate of speed variation, Dvrm

Tset=2
.

Jm ¼ Te acc�B �vrm

Dvrm

Tset=2

� Te dec�B �vrm

Dvrm

Tset=2

 !
=2 ðA:36Þ

The acceleration and deceleration rate can be set as large as possible to enhance

signal-to-noise ratio. In order tominimize 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. Theminimum speed of

the test, vrmo, 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 t ¼ 0 s, then the speed

t

t

_e accT

_e decT

rmoω
setT setT2

rmωΔ

Figure A.14 Estimation of inertia by acceleration and deceleration of rotor.
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of the rotor would decay as (A.37) under the assumption of no mechanical

load.

vrm ¼ vrmoe
� B

Jm
t ðA:37Þ

At t ¼ 0þ s, the slope of the speed variation can be evaluated like

dvrm

dtt¼0þ
¼ �vrmo � B

Jm
ðA:38Þ

wherevrmo is the speed just after the turning-off of the power to themachine. By doing

the above-mentioned test at several different speeds, vrmo1;vrmo2; and vrmo3; . . ., the
inverse of themechanical time constant,B=Jm, 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, Ksh, 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 vsh, 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.

vsh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ksh

1

Jm1

þ 1

Jm2

� �s
ðA:39Þ

Hence, from (A.39) if vsh, Jm1, and Jm2 are known, then the stiffness, Ksh, 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

1mJ 2mJ
shK

eT

Figure A.15 Two inertia loads connected

with a long shaft.
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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, thismethod 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, Cm is the maximum friction at standstill,

representingColumb friction;Td is the disturbance torque includingmodeling error of

the system, and it is assumed that it varies slowly. From the figure, the torque equation

can be derived as

Te ¼ Jm þ JLð Þ dv
dt

þBvþ signðvÞCm�Td ðA:40Þ

ωeT +
+

-
( )sJJ Lm +

1

dT

B

C
m

Figure A.17 Control block diagram of a

mechanical system considering Coulomb friction

and disturbance torque.
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Figure A.16 Speed response of two inertia loads with step torque.
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where “sign” is sign function, whose value is 1 or�1 according to the sign of the

variable. Bymultiplying angular acceleration, dv=dt, on both sides of (A.40), we can
obtain (A.41).

Te
dv

dt
¼ Jm þ JLð Þ dv

dt

� �2

þBv
dv

dt
þ T 0

d

dv

dt
ðA:41Þ

where T 0
d ¼ sign vð ÞCm�Td . If T 0

d varies slowly and its differentiation regard-

ing time can be neglected, then by integrating both sides of (A.41), we can

derive (A.42).ðt2
t1

Te
dv

dt
dt ¼ Jm þ JLð Þ

ðt2
t1

dv

dt

� �2

dtþB

ðt2
t1

v
dv

dt
dtþ þ T 0

d

ðt2
t1

dv

dt
dt ðA:42Þ

where t1 is the initial time point where the estimation process start, and t2 is the

ending time point. The second term on the right-hand side of (A.42) can be

expressed as

B

ðt2
t1

v
dv

dt
dt ¼ B

2
v2
at t¼t2

�v2
at t¼t1

� �
ðA:43Þ

If the torque, Te, of the electric machine is well-regulated according to its

reference, T*
e , then Te ¼ T*

e . From (A.42), the inertia can be identified by

JT ¼ Jm þ JL ¼
Ð t2
t1
T*
e

dv

dt
dt

Ð t2
t1

dv

dt

� �2

dt

�B

2

v2
at t¼t2

�v2
at t¼t1

� �
Ð t2
t1

dv

dt

� �2

dt

�T 0
d

vat t¼t2�vat t¼t1ð ÞÐ t2
t1

dv

dt

� �2

dt

ðA:44Þ
In (A.41), the angular acceleration, dv=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 t2�t1 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 t1 and at t2 are the

same, then the second and the third terms should be zero. And the inertia can

be estimated only by the first termwithout 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.

JT ¼

ðt2
t1

T*
e

dv

dt
dt

ðt2
t1

dv

dt

� �2

dt

ðA:45Þ

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*
e

dt

dv

dt
¼ Jm þ JLð Þ d

2v

dt2
dv

dt
þB

dv

dt

� �2

ðA:46Þ

By integrating both sides of (A.46), we can derive (A.47).

ð t2

t1

dT*
e

dt

dv

dt
dt ¼ JT

ð t2

t1

d2v

dt2
dv

dt
dtþB

ð t2

t1

dv

dt

� �2

dt ðA:47Þ

The first term on the right-hand side of (A.47) can be expressed as

JT

ðt2
t1

d2v

dt2
dv

dt
dt ¼ JT

2

dv

dt

� �2

at t¼t2

� dv

dt

� �2

at t¼t1

 !
ðA:48Þ

By substituting (A.48) into (A.47), the friction coefficient can be estimated as

B ¼

ð t2

t1

dT*
e

dt

dv

dt
dt

ð t2

t1

dv

dt

� �2

dt

� JT

2

dv

dt

� �2

at t¼t2

� dv

dt

� �2

at t¼t1

 !
ð t2

t1

dv

dt

� �2

dt

ðA:49Þ

Like the estimation of the inertia, in (A.49), if the estimation time is long enough

or if the acceleration is the same at t1and at t2, then (A.49) can be simplified as

B ¼

ð t2

t1

dT*
e

dt

dv

dt
dt

ð t2

t1

dv

dt

� �2

dt

ðA:50Þ

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
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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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AppendixB

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,v, 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 q 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 q 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

fvdqn ¼ TðuÞfabc ðB:1Þ

where fvdqn and fabc are column vectors of variables given as (B.2) and (B.3).

fvdqn ¼ ½f vd f vq f vn �T ðB:2Þ

fabc ¼ fa fb fc½ �T ðB:3Þ

[. . .]T means the transpose of a matrix or a vector.

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 B.1 Relation of

reference frames.

The transformation matrix, TðuÞ, can be defined as

TðuÞ � 2

3

cosu cos

�
u-

2

3
p
�

cos

�
uþ 2

3
p
�

�sinu �sin

�
u� 2
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p
�

�sin
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3
p
�

1ffiffiffi
2

p 1ffiffiffi
2

p 1ffiffiffi
2

p

2
66666666664

3
77777777775

ðB:4Þ

where u is the angle between the magnetic axis of an “a” phase ðdsÞ and an arbitrary
speed rotating d axis ðdvÞ and is given by

u ¼
ðt
0

vðzÞdzþ uð0Þ ðB:5Þ

where u 0ð Þ is the initial angle between two axes at time point zero. It is conventionally

set as zero, such as uð0Þ ¼ 0.

TðuÞmay be defined differently. If TðuÞ 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
ffiffiffi
3

p
=

ffiffiffi
2

p
. But, the power and torque

calculated by d–q–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, TðuÞ�1 ¼ TðuÞT . Hence the matrix in (B.6) is an orthogonal
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matrix.

TðuÞ ¼
ffiffiffi
2

3

r
cosu cos

�
u� 2

3
p
�
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�
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3
p
�

�sinu �sin

�
u� 2

3
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�sin

�
uþ 2

3
p
�

1ffiffiffi
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p 1ffiffiffi
2

p 1ffiffiffi
2

p

2
66666666664

3
77777777775

ðB:6Þ

However, ifTðuÞ is defined as (B.7), then themagnitude of phase variables in the d–q

reference frame is the same as the corresponding variables in the three-phase axis

like the casewith (B.4). But, the power and torque calculated by d–q–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 transformationmatrix 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.

TðuÞ ¼ 2

3

cosu cos

�
u� 2

3
p
�

cos

�
uþ 2

3
p
�

�sinu �sin

�
u� 2

3
p
�

�sin

�
uþ 2

3
p
�

1

2

1

2

1

2

2
6666666664

3
7777777775

ðB:7Þ

In this text, the transformationmatrix in (B.4) is used as a nominal transformation

matrix. In this case, the magnitude of the d–q 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
ffiffiffi
2

p
.

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–q–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.

TðuÞ�1 ¼ 3

2
TðuÞT ¼

cosu �sinu
1ffiffiffi
2

p

cos

�
u� 2

3
p
�

�sin

�
u� 2

3
p
�

1ffiffiffi
2

p

cos

�
uþ 2

3
p
�

�sin

�
uþ 2

3
p
�

1ffiffiffi
2

p

2
66666666664

3
77777777775

ðB:8Þ
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TðuÞ d

dt
TðuÞ�1

� �
¼

0 �v 0

v 0 0

0 0 0

2
64

3
75 ðB:9Þ

d

dt
TðuÞ

� �
TðuÞ�1 ¼

0 v 0

�v 0 0

0 0 0

2
64

3
75 ðB:10Þ

TðuÞ ¼ RðuÞTð0Þ ðB:11Þ
where

RðuÞ ¼
cos u sin u 0

�sin u cos u 0

0 0 1

2
64

3
75 ðB:12Þ

and

Tð0Þ ¼ 2

3

1 � 1

2
� 1

2

0

ffiffiffi
3

p

2
�

ffiffiffi
3

p

2

1ffiffiffi
2

p 1ffiffiffi
2

p 1ffiffiffi
2

p

2
66666666664

3
77777777775

ðB:13Þ

By transformation matrix in (B.4), the variables in the three-phase axis can be

converted to the variables in the stationary d–q–n reference frame as

fsdqn ¼ Tð0Þfabc ðB:14Þ

Similarly, thevariables in the stationary d–q–n reference frame can be converted to the

variables in arbitrary speed rotating d–q–n reference frame as

fvdqn ¼ RðuÞfsdqn ðB:15Þ

For example, the relationship to convert the variables in the three-phase axis to the

variables in the stationary d–q–n reference frame can be expressed as (B.16), (B.17),

and (B.18) from (B.14).

f sd ¼ ð2fa�fb�fcÞ
3

ðB:16Þ
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f sq ¼ ðfb�fcÞffiffiffi
3

p ðB:17Þ

f sn ¼
ffiffiffi
2

p ðfb þ fb þ fcÞ
3

ðB:18Þ

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 fb þ fb þ fc ¼ 0, then

f vn ¼ 0 ðB:19Þ
f sd ¼ f sa ðB:20Þ

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–q

reference frame as (B.21) and (B.22).

f ed ¼ f sdcos ue þ f sqsin ue ðB:21Þ

f eq ¼ �f sd sin ue þ f sqcos ue ðB:22Þ

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).

f sd ¼ f ed cos ue�f eq sin ue ðB:23Þ

f sq ¼ f ed sin ue þ f eq cos ue ðB:24Þ

The instantaneous power by three-phase variables can be calculated as

Power ¼ Vasias þVbsibs þVcsics ðB:25Þ
And, by using the transformationmatrix, the power can be represented in terms of

d–q–n variables as

Power ¼ VT
abcIabc ¼ ½TðuÞ�1Vv

dqn�T ½TðuÞ�1Ivdqn�
¼ 3

2
Vv

dqnI
v
dqn ¼ 3

2
ðVv

dsi
v
ds þVv

qsi
v
qs þVv

nsi
v
nsÞ

ðB:26Þ

where

Vabc ¼ Vas Vbs Vcs �T
� ðB:27Þ

Iabc ¼ ias ibs ics �T
� ðB:28Þ
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Vv
dqn ¼ Vv

ds Vv
qs Vv

ns �T
� ðB:29Þ

Ivdqn ¼ ivds ivqs ivns �T
� ðB:30Þ

From (B.26), it can be seen that the power by d–q–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 inductionmachine can be

represented as (B.31) and (B.32), respectively.

Vabcs ¼ RsIabcs þ plabcs ðB:31Þ

Vabcr ¼ RrIabcr þ plabcr ðB:32Þ

where p means p ¼ 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).

Vabcs ¼ ½Vas Vbs Vcs�T ðB:33Þ

Iabcs ¼ ½ias ibs ics�T ðB:34Þ

labcs ¼ ½las lbs lcs�T ðB:35Þ

Vabcr ¼ ½Var Vbr Vcr�T ðB:36Þ

Iabcr ¼ ½iar ibr icr�T ðB:37Þ

labcr ¼ ½lar lbr lcr�T ðB:38Þ

The stator and rotor flux linkage can be expressed in terms of inductances and

currents as

labcs

labcr

� �
¼ Ls Lsr

ðLsrÞT Lr

� �
Iabcs
Iabcr

� �
ðB:39Þ
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where

Ls ¼

Lls þ Lms � 1

2
Lms � 1

2
Lms

� 1

2
Lms Lls þ Lms � 1

2
Lms

� 1

2
Lms � 1

2
Lms Lls þ Lms

2
6666666664

3
7777777775

ðB:40Þ

Lr ¼

Llr þ Lmr � 1

2
Lmr � 1

2
Lmr

� 1

2
Lmr Llr þ Lmr � 1

2
Lmr

� 1

2
Lmr � 1

2
Lmr Llr þ Lmr

2
6666666664

3
7777777775

ðB:41Þ

and

Lsr ¼ Lsr

cos ur cos

�
ur þ 2p

3

�
cos

�
ur� 2p

3

�

cos

�
ur� 2p

3

�
cos ur cos

�
ur þ 2p

3

�

cos

�
ur þ 2p

3

�
cos

�
ur� 2p

3

�
cos ur

2
66666666664

3
77777777775

ðB:42Þ

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–q–n variables as (B.43), (B.44), and (B.45) at arbitrary speed rotating d–q–n

reference frame.

Vv
ds ¼ Rsi

v
ds þ plvds�vlvqs ðB:43Þ

Vv
qs ¼ Rsi

v
qs þ plvqs þvlvds ðB:44Þ

Vv
ns ¼ Rsi

v
ns þ plvns ðB:45Þ

Similarly, the rotor voltage equation can be expressed in terms of d–q–n variables

as (B.46), (B.47), and (B.48) at arbitrary speed rotating d–q–n reference frame. Here,

the rotational speed of the rotor is vr as shown in Fig. 3.2.

Vv
dr ¼ Rri

v
dr þ plvdr�ðv�vrÞlvqr ðB:46Þ
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Vv
qr ¼ Rri

v
qr þ plvqr þðv�vrÞlvdr ðB:47Þ

Vv
nr ¼ Rsi

v
nr þ plvnr ðB:48Þ

In particular, in the case of squirrel cage inductionmachine, because the rotor is short-

circuited by the end ring, the rotor voltages at the d–q–n axis are zero as

Vv
dr ¼ Vv

qr ¼ Vv
nr ¼ 0.

Also, the stator flux linkage can be represented in terms of d–q–n variables

as (B.49), (B.50), and (B.51).

lvds ¼ Lsi
v
ds þ Lmi

v
dr ðB:49Þ

lvqs ¼ Lsi
v
qs þ Lmi

v
qr ðB:50Þ

lvns ¼ Llsi
v
ns ðB:51Þ

Similarly, the rotor flux linkage can be expressed in terms of d–q–n variables

as (B.52), (B.53), and (B.54).

lvdr ¼ Lmi
v
ds þ Lri

v
dr ðB:52Þ

lvqr ¼ Lmi
v
qs þ Lri

v
qr ðB:53Þ

lvnr ¼ Llsi
v
nr ðB:54Þ

where Lm ¼ 3
2
Lms; Ls ¼ Lm þ Lls; and Lr ¼ Lm þ Llr.

The torque of the inductionmachine can be found by differentiating the coenergy,

Wc, 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, Wf ,

expressed as (B.56).

Te ¼ P

2

@Wc

@urm
ðB:55Þ

where P is the number of poles.

Wc ¼ Wf ¼ 1

2
ðIabcsÞTðLs�LlsIÞðIabcsÞþ ðIabcsÞTLsrðIabcrÞ

þ 1

2
ðIabcrÞTðLr�LlrIÞðIabcrÞ ðB:56Þ

In (B.56), the first term and the last term on the right-hand side of (B.56) is

independent of the displacement, urm. Hence, the torque can be found by differenti-

ating the second term as

Te ¼ P

2
ðIabcsÞT @Lsr

@urm
ðIabcrÞ ðB:57Þ
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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–q–n stator flux

linkage and stator current as (B.58) by using the transformationmatrix in (B.4) and the

characteristics of the matrix in (B.8)–(B.10).

Te ¼ 3

2

P

2

Lm

Lr

�
lvdri

v
qs�lvqri

v
ds

	 ðB:58Þ

Based on (B.43)–(B.54), the equivalent circuit of the induction machine at an

arbitary speed rotating d–q–n reference frame can be depicted as Fig. B.2.
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Figure B.2 Equivalent circuit of the induction machine at an arbitary speed rotating d–q–n reference

frame. (from the top: d axis, q axis, and n axis.)
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B.3 d–qMODELINGOF SYNCHRONOUSMACHINE USING
TRANSFORMATION MATRIX

Similaly, the synchronousmachine can bemodeled in d–q–n referencevariables 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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Index

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, obw

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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BPF. 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, 36–41

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–q 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
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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, Im, 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 tomaximize 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

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, 186–188

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–q 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, Lls, 66, 74, 82, 83,

122, 125, 136, 241, 307, 308, 369

Light-emitting diode (LED), 180
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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

MMF. 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. SeeModel 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

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, Tc, 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, 66–70, 81, 86

Permanent magnet synchronous

machine, 370

interior permanent magnet synchronous

machine (IPMSM), 374

d–q 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–q-axis current, 339

scale error, 337–341

d–q-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
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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, 286–288, 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

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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Steady-state operation analysis, 41. See also

DC machine

separately excited shunt machine, 42–45

series excited DC machine, 45–46

Stiffness, 205, 206, 374, 376

Super-capacitor, 33

Surface-mounted permanent magnet

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

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

Y-connected three-phase circuit, 116

drive system, 331, 337

steady-state operation, 340

d–q–n modeling of induction

machine, 119–120

equivalent circuit, 120–125

torque, 125–127

d–q–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 armaturewinding of DCmachine

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
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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

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–q–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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