ELECTRIC
MOTOR DRIVES

4\ ’ﬂd’g‘!l.llg, .-'\lft?lj!SfS. t".'lm’ Cﬂ.’lf raf

R. KRISHNAN

N
POWER IR




ELECTRIC MOTOR DRIVES

Modeling, Analysis, and Control

-

POWEREN.IR



ELECTRIC MOTOR DRIVES

Modeling, Analysis, and Control

R. Krishnan
Virginia Tech, Blacksburg. VA

-

POWEREN.IR

Prentice

Hall

———— e

Upper Saddle River. New Jersey 07438



Library of Congress Catalog-in-Publication Data

Krishnan, R. (Ramu)
Electric motor drives: modeling, analysis, and control / R. Krishnan.
p-cm.
Includes bibliographical references and index.
ISBN 0-13-091014-7
I. Electric driving. 1. Title.

TK4058.K73 2001
621.46'—dc21 00-050216

Vice President and Editonial Director, ECS: Marcia J. Horton
Acquisitions Editor: Eric Frank

Editorial Assistant: Jessica Romeo

Viee President of Production and Manufacturing, ESM: David W. Riccardi
Executive Managing Editor: Vince O'Brien

Managing Editor: David A. George

Production Editor: Lakshmi Balasubramanian

Creative Director: Jayne Conte

Art Editor: Adam Velthaus

Manufacturing Manager: Trudy Pisciotti

Manufacturing Buyer: Pat Brown

Marketing Manager: Holly Stark

Marketing Assistant: Karen Moon

© 2001 Prentice Hall
Prentice Hall, Inc.
Upper Saddle River, New Jersey (17458

e author and publisher of this book have used their best efforts in preparing this book. These efforts include the
development, research, and testing of the theories and programs (o determine their effectiveness. The author and
publisher make no warranty of any kind, expressed or implied, with regard to these programs or the
documentation contained in this book. The author and publisher shall not be liable in any event of incidental or
consequential damages in connection with, or arising out of, the furnishing, performance, or use of these programs.

All nights reserved. No part of this book may be reproduced, in any form or by any means, without permission in
writing from the publisher.

Printed in the United States of America
987654321
[SBN 0-13-0910147

Prentice-Hall International (UK) Limited, London
Prentice-Hall of Australia Pty. Limited, Sydney
Prentice-Hall of Canada Inc., Toronto

Prentice-Hall Hispanoamericana, S.A., Mexico
Prentice-Hall of India Private Limited, New Delhi
Prentice-Hall of Japan, Inc., Tokyo

Prentice-Hall Asia Pre. Ltd., Singapore

I=ditora Prentice-Hall do Brasil, Ltda., Rio de Juneiro



In fond memory of:
My grandfather. Mr. A. Duraiswami Mudaliar, an Indian Freedom Fighter,
My grandmother, Mrs. D. Rajammal,
and

My father-in-law, Prof. S. K. Ekambaram, B.Sc.(Hons.)., M.A.(Cantab).



Preface

Electronic control of muchines is a course taught as an elective at senior level and as
an introductory course for the graduate-level course on motor drives. Many wonderful
books address individually the senior-level or graduate-level requirements, mostly
from the practitioner’s point of view, but some are not ideally suited for classroom
teaching in American universities. This book is the result of teaching materials devel-
oped over a period of twelve years at Virginia Tech. Parts of the material have been
used extensively in seminars both in the United States and abroad.

The area of electric motor drives is a dependent discipline. It is an applied and
multidisciplinary subject comprising electronics, machines, control, processors/com-
puters, software, electromagnetics, sensors, power systems, and engineering applica-
tions. It is not possible to cover all aspects relevant to motor drives in one text.
Therefore, this book addresses mainly the system-level modeling analvsis, design and
inregration of motor drives. In this regard, knowledge of electrical machines. power
converters, and linear control systems is assumed at the junior level. The modeling
and analysis of electrical machines and drive systems is systematically derived from
first principles. The control algorithms are developed, and their implementations
with simulation results are given wherever appropriate.

The book consists of nine chapters. Their contents are briefly described here.

Chapter 1 contains the introduction and discusses the motor-drive applica-
tions, the status of power devices, classes of electrical machines, power converters,
controllers, and mechanical systems.

Chapter 2 is on dc machines, their principle of operation, the steady-state
and dynamic modeling, block-diagram development. and measurement of motor
parameters.

Chapter 3 describes phase-controlled d¢ motor drives for variable-speed
operation. The principle of de machine speed control is developed. and four-quad-
rant operation is introduced. The electrical requirements for four-quadrant opera-
tion are derived. Realization of these voltage/current requirements for
four-quadrant operation with phase-controlled converters is studied. In that
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process, the operation and control of phase-controlled converters are developed.
The closed-loop speed-controlled de motor drive system is considered for analysis
and controller synthesis. The synthesis of current and speed controllers is devel-
oped. The dynamic simulation procedure is derived for the motor drive system
from the subsystem differential equations and functional relationships. The same
procedure is adopted throughout the book. Impact of harmonics both on the util-
ity and on the machine is analyzed. Supply-side harmonics can cause resonance in
the case of interaction with the power systems, as is illustrated with an example,
and machine-side harmonics cause increased resistive losses, resulting in derating
of the machine. Some application considerations for the drive are given. An appli-
cation of the drive is described. A more or less similar approach is taken for all
other drives in this book.

Chopper-controlled de motors are described in Chapter 4. The principle of
operation of a four-quadrant chopper. realization of dc input supply, regeneration,
modeling of a chopper. the closed-loop speed-controlled drive and its current- and
speed-controller synthesis, harmonics. and their impact on electromagnetic torque,
losses. and derating are developed and presented.

The principle of operation of induction machines and their steady-state and
dynamic modeling are presented in Chapter 5. The concept of space-phasor model-
ing 1s also introduced. to enable readers to follow literature mainly from Germany.
A number of illustrative examples are included.

The principle of speed control of induction motors is introduced in Chapter 6.
The rest of the chapter is devoted to the stator-phase control and slip-energy-
recovery control of induction motors. Only steady-state aspects are covered. Their
dynamic analysis is left to the interested reader. Emphasis is placed on efficiency,
energy savings, speed-control range, harmonics, and application for these drives.

Variable-frequency control of induction machines with both variable voltage and
variable current is introduced in Chapter 7. The realization of variable voltage and
variable frequency with two-stage controllable converters and single-stage pulse-
width-modulated (PWM) inverters is introduced. Reducing harmonics with multiple
mverters or with one PWM inverter is discussed and is illustrated with examples.
Steady-state analysis using fundamental and harmonic equivalent circuits, direct
steady-state evaluation, and the use of a dynamic model with boundary-matching
conditions 1s systematically developed in this chapter. Various control strategies for
variable-voltage, variable-frequency drives are explained. They are V/Hz, constant-
slip-speed, and constant-air gap-flux controls. The limitations and merits of each con-
trol scheme and relevant modeling to evaluate their dynamic performance are
developed. Effects of harmonics on the machine losses, with the resultant derating and
torque pulsation due to six-step voltage input to the machine. are quantified. Torque
pulsations are calculated by using harmonic equivalent circuits of the induction motor
fed from voltage-source inverters. The concept of current source is introduced by using
a PWM mverter with voltage-source and current-feedback control. A two-stage cur-
rent-source inverter drive with thyristor converter front end and autosequentially
commutated inverter is considered for both steady-state and dynamic performance
evaluation. The design aspects of the current-source drive control are considered in
adequate detail,



Preface ix

The high-performance induction motor drive is considered from the control
point of view in Chapter 8. The principle of vector control and design and its various
implementations, their strengths and weaknesses, impact of parameter sensitivity,
parameter-compensation methods, flux-weakening operation, and the design of a
speed controller are explained with detailed algorithms and illustrated with
dynamic simulation results and example problems. Tuning of the vector controller
and position-sensorless operation are not dealt in detail. Interested readers will be
helped by the cited references.

Chapter 9 deals with permanent magnet (PM) synchronous and brushless dc
motor drives. The salient differences between these two types of motors are
derived. Vector control and various control strategies within the scope of vector
control, such as constant-torque-angle control, unity-power-factor control, con-
stant-mutual-flux-linkages control, and maximum-torque-per-unit-current control
are derived from the dynamic and steady-state equations of the PM synchronous
motor. Two types of flux-weakening operation and their implementations. speed-
controller design, position-sensorless control, and parameter sensitivity and its
compensation are developed with control algorithms. Ample dynamic simulation
results are included to enhance the understanding of the PM synchronous motor
drive operation. Similar coverage is carried out for the PM brushless dc motor
drive. In addition, an analytical method to evaluate torque pulsation and various
unipolar/half-wave inverter topologies is included for low-cost but high-reliability
motor drive svstems.

A list of symbols has been given to enable readers who skip some sections to
follow the text they are interested in. The material in this book 1s recommended for
two semesters. In the author's experience, the subject matter that can he covered for
each semester is given only to serve as a guideline. Depending on the strength of the
program in each school. course instructors can flexibly choose the material from the
book for their lectures. The introductory course that can be taught at senior elective
or at graduate level includes the following:

Chapters 1.2, 3. and 4. Chapter 5 (covering only the steadv-state operation and model
ing ol induction motors). Chapter 6, and Chapter 7 (excluding the dyvnamic perfor-
mance evaluation or parts that use dyvnamic model of the induction motor).

The advanced graduate course can consist of the following:

Dynamic modeling of induction machines from Chapter 5. voltage- and current-source
drive dynamic performance from Chapter 7.and Chapters 8 and Y

The author’s many graduate and undergraduate students have enriched this book
in the course of its development. Some of them deserve my special thanks and grat

itude. They are Mr. Praveen Vijavraghavan, Dr. Shiyoung Lee, Dr. AL S, Bharadway,
Dr. Byeong-Seok Lee and Dr. Ramin Monajemy. Without their crucial help. this
endeavor would still be in the manuscript stage. The Chapter 5 development draws
heavily from the work of one of my doctoral supervisors, Dr_ I F. Lindsay’s mater-
1al taught in 1980; the portion on the space-phasor model is from Prof. Dr. Ing-
). Holtz’s research work. I have been fortunate to have Drs. I F Lindsay and
V. R. Stefanovie as my doctoral supervisors, and a long-time professional and personal
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association with them helped me in my understanding of the subject matter. I am in
eternal debt to them. Prof. B. K. Bose’s evaluation and encouragement of the early
manuscript in 1988 was inspiration to carry out this task. Prof. S. Bolognani of
University of Padova provided opportunities to stay and lecture in University of
Padova, which advanced the refinement of Chapters 5 and 8, and his help is grate-
fully acknowledged. Prof. M. Kazmierkowski of Warsaw University of Technology
and Prof. Frede Blaabjerg of Aalborg University in Denmark arranged a Dan Foss
Professorship to complete Chapter 9, and their assistance is gratefully acknowl-
edged. Prof. J. G. Sabonnadiere, INPG, LEG, Grenoble hosted my sabbatical and
provided me a lively environment for writing, and I am deeply indebted to him.

My editor at Prentice-Hall, Eric Frank smoothed all the glitches and provided
advice on many aspects of the book. Lakshmi Balasubramanian, production editor,
interfaced pleasantly during copy editing, proofreading and production. Brian
Baker/WriteWith Inc. copy edited in a very short time. Robert Lentz took care of
the proofreading. Laserwords provided the graphic work. All of them made the
process of bringing the book to reality with such ease, pleasantness and clockwork
schedule. I am grateful to this incredible team for working with me.

But for mv wife, Vijava's, encouragement and help. this book would not have
been possible. To her, | owe the most.

R. KRISHNAN

p
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State-transition matrix

Turns ratio

Product of L, and o

Bearing friction coefficients, N-m/(rad/sec)

Load constant

Normalized friction coefficient, p.u.

Total friction coefficient, N-m/(rad/sec)

Capacitance of the filter, F

Winding pitch factor

Winding distribution factor

Filter capacitance, F

Value of the C-dump capacitor, F

Duty cycle

Critical duty cycle

Instantaneous induced emf, V

Steady-state induced emf and also used as C-dump capacitor voltage, V
RMS air gap induced emf in AC machines, V

RMS rotor-induced emf in AC machines, V

Induced emf in phase a (instantaneous), V

Steady-state rms phase a induced emf, V

Induced emf in b phase (instantaneous), V

Induced emf in ¢ phase (instantaneous), V

Instantaneous normalized induced emf, p.u.

Normalized steady-state induced emf. p.u.

Peak stator phase voltage in PM brushless DC machine, V
Modified reactive power and its reference, VAR
Position-dependent function in the induced emf in a phase
Position-dependent function in the induced emf in b phase
Control frequency, and PWM carrier frequency, Hz
Position-dependent function in the induced emf in ¢ phase
Natural frequency of the power system, Hz

System frequency, Hz

Utility supply frequency or stator supply frequency, Hz
Stator frequency command, Hz

Normalized stator frequency, p.u.

Speed-to-load-torque transfer function
Speed-to-applied-voltage transfer function

Average duty cycle of phase switches in half-wave converter topologies in Ch. 9
Harmonic number in Ch.7

Inertial constant in normalized unit, p.u.

Gain of the current transducer, VIA
Field-current-transducer gain, VIA

Gain of the speed filter, V/(rad/sec)

Zero-sequence current, A

Sixth-harmonic armature current, A

Normalized peak sixth-harmonic armature current, p.u.
DC machine armature current, A

Armature current reference, A

Steady-state minimum armature current, A
First-harmonic armature current (instantaneous). A
First-harmonic armature current (steady state), A
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Li Steady-state maximum armature current, A

Lie abc phase current vector

igi Initial armature current, A

Ly Fundamental system input phase current, A

1 Normalized armature current in dec machine, p.u.

i Normalized armature current reference, p.u.

L Normalized phase a stator current, p.u.

98 Rated armature current in dc machine, A

i Instantaneous stator phase a current, A

f0s Normalized phase a stator current (instantaneous). p.u.

o Normalized average armature current, A

I, Base current in 2-phase system, A

I, Base current, A

Ips Base current in 3-phase system, A

1 v Instantaneous b and ¢ stator phase currents, A

o s s a,b,c phase-current commands. A

I Core-loss current per phase, A

| n'-harmonic capacitor current. A

I, Average diode current, A

ige Instantaneous dc link current or inverter input current. A

L Steady-state dc link current, A

i Normalized dc link current. p.u.

Gic Conjugates of i§, and i,

gresloer Fictitious rotor currents in 4 and g axis, A

id,.iq, d and ¢ axis stator currents, A

i Instantaneous field current in de machines or flux-producing component of the
stator—current phasor in ac machines, A

L Steady-state field current or flux-producing component of the stator-current phasor
in ac machines, A

i Field-current reference, A

| 5 P Rated values of [, in SI and normalized units

 E Magnetizing current per phase. A

€5 Fundamental magnetizing current. A

I n'""-harmonic current. A

9 No-load RMS phase current. A

il Stator and rotor zero-sequence currents. A

L, Peak stator-phase current in PM brushless dc machine. A
Lo Fundamental phase current. A

& Peak stator-phase current in PM synchronous machine. A
iqdo qdo current vector

i Current in the dc link, A

I, RMS rotor current referred to the stator, A

L, Stator-referred fundamental rotor-phase current, A

| £ RMS armature current, A

L. Normalized stator-referred rotor-phase current, p.u.

L, Actual RMS rotor-phase current, A

La Fundamental rotor-phase current. A

I, RMS stator-phase current, A

L Steady-state source current to phase-controlled converter. A
I, RMS stator-phase current when the rotor is locked, A

| I Short-circuit current, A

i dih Normalized stator- and rotor-current phasors in the arbitrary reference frame. p.u.
ip Torque-producing component of the stator-current phasor, A

Iy Reference-torque-producing component of stator-current phasor, A



il

| P

FAARFARARRA
R ol =

”~

Ji Effrf‘a"a"?""?‘

Frr
é—r.

g

Tof plat o b sl ol sl al ol o o ol il o

Symbols  xxiii

Steady-state values of iy, and iy in Chapters 8 and 9

RMS current of the chopper switch, A.in Ch. 4

Rated values of I in SI and normalized units

Power-switch current (RMS), A

Current with superscript s for stator. r for rotor, e for synchronous and ¢ for arbi-
trary reference frames, and subscript xy for g and 4 axes and n for normalized unit.
Without subscript », the variable is in SI units

Two-phase instantaneous currents, A

Currents in the new rotor reference frames. A

Total moment of inertia. Kg-m’

Moment of inertia of load, Kg-m’

Moment of inertia of motor, Kg-m’

Ratio between control-voliage and rotor-speed references, V/irad/sec
Induced-emf constant. V/(rad/sec)

Control-voltage to stator-frequency converter. Hz/V

Gain of the current controller

Equivalent gain of the current to its reference

Integral gain of the current controller

Integral gain of the speed controller

Ratio between mutual and sellinductances per phase in PMBDC machine
Proportional gain of the current controller

Proportional gain of the speed controller

Converter gain, V/V

Rotor coupling factor

Gain of the speed controller

Stator coupling factor

Torque constant. N-m/A

Torque constant of induction motor. N-m/A

Gain of the tachogenerator, Virad/s

Ratio between stator-phase voltage and stator frequency, V/Hz
Winding factor

Stator winding factor

Rotor winding factor

Stator self and mutual inductances in PM brushless machines. H

DC machine armature inductance, H

Base inductance. H

Total leakage inductance. H

DC machine field inductance, H

Filter inductance, H

Interphase inductance, H

Stator-referred rotor-leakage inductance per phase, H

Actual rotor leakage inductance per phase. H

Stator-leakage inductance per phase, H

Magnetizing Inductance per phase, H

Value of inductor in energy-recovery chopper in C-dump topology. H
Quadrature- and direct-axis selfinductances, H

Normalized quadrature- and direct-axis selfinductances. p.u.
Selfinductance of the stator ¢ and d axis windings, H

Stator-referred rotor selfinductance per phase, H

Vector-controller instrumented L,
Stator selfinductance per phase, H
Vector-controller instrumented L,
Short circuit inductance. A



xxiv  Symbols

L, DC series machine field inductance, H
L, DC shunt machine field inductance, H
¥ Mutual inductance between windings given by the subscripts x and y, H
Y Selfinductance of the rotor a axis windings, H
Log Selfinductance of the rotor B axis windings, H
M Mutual inductance between field and armature windings in dc machine. H
m Modulation ratio
N, Number of turns/phase with half-wave converter control
N, Number of turns in the field winding in dc machines
n, Rotor speed, rpm
n, Stator field speed or synchronous speed, rpm
n, Turns ratio of the transformer
0 subscript ending with o in a variable indicates its steady-state operating point value
P Differential operator
P Number of Poles
P, Air gap power with half wave converter, rad/sec
pln Dominant-harmonic resistive losses, W
. Air gap power, W

Air gap power reference, W

Normalized air gap power, p.u.

Average input power, W

Base power, W

Armature resistive losses, W

Machine copper loss with half wave converter operation, W
Core losses, W

Normalized sixth harmonic armature copper losses. p.u
Normalized armature resistive losses, p.u.

% Energy savings using phase control, W

Friction and windage losses, W

Input power, W

Instantaneous input power, W

Mechanical power output, W

Output power, W

Normalized power output, p.u.

Per-phase rotor resistive losses in ac machines, W

Shaft power output, W

Per-phase copper losses in ac machines, W

Slip power. W

Stray losses in ac machines, W

Apparent power, VA

Reactive power, VAR

Stator resistance/phase with hall-wave converter operation, W
DC machine armature resistance, {1

Changed armature resistance, {1

Normalized armature resistance, p.u.

Core-loss resistance, {1

R, Stator d and ¢ axis winding resistances, £}

Braking resistance, 1

DC machine field resistance, 2 Ch. 2 and 3

Dec link filter resistance, {1

Induction motor equivalent resistance per phase, (2
Stator-referred rotor-phase resistance, (2

Normalized stator-referred rotor resistance per phase. p.u.
Stator resistance per phase, {1
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DC series machine field resistance,

DC shunt machine field resistance, {1

Normalized stator resistance per phase, p.u.

Rotor a and B axis winding resistances, {}

Laplace operator and slip in induction machines

a,b,c phase-switching states of the inverter

n'™-harmonic slip

Rated slip

Carrier peniod time, s

Time, s

. Number of turns in phase A

01, Electrical ime constants of the motor, s

%, Stator effective turns/phase

Rotor effective turns/phase

DC machine armature time constant, s

=l Transformation from abe 10 gdo axes

Taik Transformation from abc to gde variables in the stationary reference frames
Average torque. N-m

T, Base torque. N-m

F, Time constant of the current controller

Te Transformation from stator arbitrary gd variables to stationary ¢d variables
Air gap or electromagnetic torque, N-m.

Torque reference. N-m

First-harmonic air gap torque, N'm

Sixth-harmonic torque. N'-m

Normalized sixth-harmonic torque, p.u.

Torque reference generated by speed error. N-m

Maximum air-gap torque generated with the voltage and current constraints, N-m
Normalized n"™ harmonic torque, p.u.

Normalized air gap torque, p.u.
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Normalized torque reference, p.u.
Rated air gap torque. N'm
Load torque. N m.
Normalized load torque. p.u.
Mechanical time constant, §
e Maximum torque limit, N-m
Output torque, N m.
Chopper off-time. s

Chopper on-time. s
Converter ume delay. s
Rotor tme constant in Ch.8. s
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Vector-controller mstrumented rotor time constant. s
Time constant of the speed controller

Armature current-conduction time, s
Transformation trom af} axes to dg axes

Time constant of the speed filter. s

Input vector

Applied voltage 1 armature of the DC machine, V
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Peak value of the carrier signal, V

Peak sixth-harmonic voltage. V

RMS line-to-line voltages between a and b, b and ¢ and ¢ and a phases. V
Instantaneous hine-10-line voltages between g and b h and ¢ and ¢ and a phases. V
ahe voltage vector
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xxvi Symbols

Vi Stator rms voltage input per phase
Vi Normalized phase a stator voltage, p.u.
ViaViaV Inverter midpole voltages, V
Vi RMS phase a rotor voltage,V
Vi RMS stator phase a voltage, V
Vi Average vollage,V
Vi Base voltage,V
v, Blade velocity, m/s
Vs Base voltage in 3-phase system,V
v, Control voltage, V
V. Voltage across the capacitor.V
Vi Control voltage in the DC field current loop, V
N Maximum control voltage, V
N n' harmonic voltage across the capacitor, V
Vy Diode peak voltage. V
Vi DC-link Voltage, V
Vi Sixth-harmonic DC-link voltage input, V
Wik Normalized DC-link voltage, p.u.
ViV Fictitious rotor voltages in d and q axis, V
VeV d and g axis stator voltages, V
) laoverter input voltage. V
Vi Sisth-harmonic input voltage to the filter, V
Vi Sixth-harmonic inverter input voltage, V
Viem Maximum sixth-harmonic inverter input voltage, V
vi Voltage drop across the inductor, V
vV, Line-1o-line AC source voltage, V
Vo Peak supply voltage, V
Vi Velocity of the metal flow, mfs
" Normalized applied DC armature voltage, p.u.
Vv, Load voltage, V
vV, Offset voltage to counter the stator resistive voltage drop, V
Vi Sixth-harmonic output voltage from the filter, V
Vi Normalized offset voltage, p.u.
Wi Stator and rotor zero-sequence voltages, V

Vi Fundamental rms phase voltage for the six-stepped voltage, V

v, Controlled-rectifier output voltage, V

v, Rated armature voltage in DC machines. V

Vg Voltage drop across the resistor, V

V. RMS rotor line voltage, V

V. RMS stator-voltage phasor, V

V.. RMS stator-phase voltage applied when rotor is locked, V

v, Slip-speed signal, V

Vi Maximum slip-speed signal, V

V., Normalized stator-voltage phasor, V

v, Tachogenerator output voltage, V

vV, Peak power-switch voltage. V

V. Sensor output voltage, V

V.V, Rotor voltages in a and B axis windings, V

v, Normalized rotor-voltage phasor in the arbitrary reference frame, p.u.
Vi Normalized stator-voltage phasor in the arbitrary reference frame, p.u.
Mem Voltage with superscript s for stator, r for rotor, e for synchronous and ¢ for arbi-

trary reference frames, and subscript xy for g and d axes and n for normalized unit.
Without subscript s, the variable is in SI units.
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Symbols  xxvii

State-variable vector

Initial steady-state vector

Normalized armature reactance, p.u.

Capacitive reactance, (1

Total leakage reactance per phase

Induction-machine equivalent reactance per phase, ()
Inductive reactance, {)

n'" harmonic reactance, ()

Stator-referred rotor-leakage reactance per phase. (2
Normalized stator-referred rotor-leakage reactance per phase. p.u.
Stator-leakage reactance per phase. (1

Normalized stator-leakage reactance per phase. p.u.
Magnetizing reactance per phase. ()

Normalized magnetizing reactance per phase. p.u.
Normalized stator-referred rotor selfreactance per phase, p.u
Normalized stator selfreactance per phase. p.u.

Armature conductors

Armature impedance of DC machine. {1

Sixth-harmonic impedance. )

Normahized armature impedance. p.u.

Equivalent impedance. {1

Normalized equivalent impedance

Induction machine equivalent impedance per phase. ()
n'"-harmonic armature impedance, ()

Stator-phase short-circuit impedance, (1

Hysteresis-current window. A

Ripple current in DC link. A

Trigeering-angle delay, rad

Ratio of actual to controller-instrumented rotor time constant in Chapters 8 and 4
Critical triggering-angle delay, rad

Trigeering angle in the DC field converter, rad

Impedance angle of DC machine. rad in Chapter 3. current-conduction angle. rad in
Chapter 6

Ratio of actual 1o controller-instrumented mutu inductance in Chaprers 8 and 9
Preceding a variable indicates small-signal variation

Torque angle in synchronous machine. rad in Ch 9

Error in stator a and B currents in PMSM. A

Change in armature resistance, )

Error in rotor position, rad

Impulse function

Air gap torque hysteresis window, N-m

Stator flux-linkages hysteresis window, V-5

Change in rotor speed, rad/sec

Efficiency

Power-factor angle. rad

Fundamental power-factor angle or displacement angle, rad
Field flux, Wb

Normalized field flux, p.u.

Rated field flux in DC machine, Wh

Peak Mutual flux, Wh

Angle between the mutual flux and rotor current. rad
No-load power-factor angle. rad

Current-conduction angle. rad

Poles of the DC machine
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Mutual flux linkages due to rotor magnets, V-s

Base flux linkages, V-s

Stator flux error, V-s

Mutual air gap flux linkages, V-s

Normalized mutual flux linkages, p.u.

Stator and rotor zero sequence flux linkages, V-s

Peak mutual flux linkages from rotor magnets, V-s

Rotor flux linkages in g and d axes, V-s

Stator flux linkages in g and d axes, V-s

Rotor flux-linkages phasor, V-s

Normalized rotor flux linkages in the arbitrary reference frame, p.u.
Normalized stator flux linkages in the arbitrary reference frame, p.u.
Overlap angle, rad

Arbitrary lag angle between ¢ axis and a phase windings, rad
Rotor flux linkages or ficld angle, rad

Stator flux-linkages phasor angle, rad

Rotor position with respect to d-axis, rads

Stator-current phasor angle, rad

Slip angle, rad

Torque angle, rad

Saliency ratio, i.e, between g and d axes selfinductances
Stator time constant with half-wave converter operation, s
Normalized time, s

Time lag between stator current and its command, s

Rotor time constant, s

Transient rotor time constant, s
Stator time constant, s

Transient stator time constant, s

Speed with half-wave converters in Chap. 9, rad/sec

Base angular frequency, rad/sec

Carrier angular frequency, rad/sec; also, the speed of arbitrary reference
frames in induction machines

Normalized arbitrary reference frames speed, p.u.

Rotor speed, rad/sec

Normalized speed reference, p.u.

Normalized maximum rotor speed, p.u.

Steady-state speed with increased armature resistance, rad/sec
Normalized rotor speed, p.u.

Steady-state operating speed, rad/sec

Speed signal from the output of speed filter, V

Electrical rotor speed, rad/sec

Speed reference, V

Speed of model rotor frames in Chap. 9, rad/sec
Normalized rotor speed, p.u.

Supply angular velocity, rad/sec

Stator angular frequency reference, rad/sec

Slip speed or slip angular frequency, rad/sec

Slip-speed reference, rad/sec

Rated stator angular frequency, rad/sec

Modified zero-sequence stator and rotor flux linkages, V-s
Modified rotor flux linkages in g and d axes, V-s

Modified stator flux linkages in ¢ and 4 axes, V-s

Leakage coefficient of the induction machine
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CHAPTER 1

Introduction

1.1 INTRODUCTION

The utility power supply is of constant frequency, and it is 50 or 60 Hz. Since the
speed of ac machines is proportional to the frequency of input voltages and cur-
rents, they have a fixed speed when supplied from power utilities. A number of mod-
ern manufacturing processes, such as machine tools, require variable speed. This is
true for a large number of applications, some of which are the following:

(i) Electric propulsion
(ii) Pumps, fans, and compressors
(iit) Plant automation
(iv) Flexible manufacturing systems
(v) Spindles and servos
(vi) Aerospace actuators
(vii) Robotic actuators
(viii) Cement kilns
(ix) Steel mills
(x) Paper and pulp mills
(xi) Textile mills
(xii) Automotive applications
(xiii) Underwater excavators, mining equipment, etc.
(xiv) Conveyors, elevators, escalators, and lifts
(xv) Appliances and power tools
(xvi) Antennas

The introduction of variable-speed drives increases the automation and productiv-
ity and, in the process, efficiency. Nearly 65% of the total electric energy produced
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in the USA is consumed by electric motors. Decreasing the energy input or increas-
ing the efficiency of the mechanical transmission and processes can reduce the
energy consumption. The system efficiency can be increased from 15 to 27% by the
introduction of variable-speed drive operation in place of constant-speed operation.
It would result in a sizable reduction in the annual energy bill of approximately $90
billion in USA. That many companies’ profits, in recent times, stem mainly from sav-
ing in their energy bills is to be noted. The energy-saving aspect of variable-speed
drive operation has the benefits of conservation of valuable natural resources,
reduction of atmospheric pollution through lower energy production and consump-
tion, and competitiveness due to economy. These benefits are obtained with initial
capital investment in variable-speed drives that can be paid off in a short time. The
payback period depends on the interest rate at which money is borrowed, annual
energy savings, cost of the energy, and depreciation and amortization of the equip-
ment. For a large pump variable-speed drive, it is estimated that the payback period
is nearly 3 to 5 years at the present, whereas the total operating life is 20 years. That
amounts to 15 to 17 years of profitable operation and energy savings with variable-
speed drives.

This section briefly introduces power devices, device switching and losses,
motor drive and its subsystems, efficiency and machine rating computation, and
power converters. controllers, and load. The scope of the book is included.

1.2 POWER DEVICES AND SWITCHING

1.2.1 Power Devices

Since the advent of semiconductor power switches, the contro! of voltage, current,
power, and frequency has become cost-effective. The precision of control has been
enhanced by the use of integrated circuits, microprocessors, and VLSI circuits in
control circuits. Some of the popular power-switching devices, their symbols, and
their capabilities are described below. The device physics and their functioning in
detail are outside the scope of the text, and the interested reader is referred to other
sources.

(i) Power Diode: It is a PN device. When its anode potential is higher than the
cathode potential by its on-state drop, the device turns on and conducts cur-
rent. The device on-state voltage drop is typically 0.7 V. When the device is
reverse biased, i.e., the anode is less positive than the cathode, the device turns
off and goes into blocking mode. The current through the diode goes to zero
and then reverses and then resurfaces to zero during the turn-off mode, as
shown in Figure 1.1. The reversal of current occurs because the reverse bias
leads to the reverse recovery of charge in the device. The minimum time taken
for the device to recover its reverse voltage blocking capability is t,, and the
reverse recovery charge contained in the diode is Q,,,shown as the area during
the reverse current flow. The diode does not have forward voltage blocking
capability beyond its on-state drop. The power diode is available in ratings of
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Figure 1.2 Power-transistor schematic and characteristics

kA and kV. and its switching frequency is usually limited to line frequency.
Power diodes are used in line rectifier applications.

For fast switching applications. fast-recovery diodes with reverse recovery
times in tens of nanoseconds with ratings of several 100 A at several 100 V. but
with a higher on-state drop of 2 to 3 V are available. They are usually used in
fast-switching rectifiers with voltages higher than 60 to 100 V and in inverter
applications. In case of low-voltage switching applications of less than 60 to
100 V, Schottky diodes are used. They have on-state drop of 0.3 V. thus
enabling higher efficiency in power conversion compared to the fast-recovery
diodes and power diodes.

Power Transistor: It is a three-element device, with NPN being the more
prevalent. The device can be turned on and off with base current. The device
schematic and its characteristics are shown in Figure 1.2. The preferred mode
of operation in power circuits is that the transistor be in quasi-saturation, i.e..
at knee operating point, during its conduction state. Then it can be pulled
back into nonconduction state in shorter time. This device does not have
reverse voltage blocking capability. The maximum available rating at present
for the device is 1000 A, 1400 V with on-state drop of 2 V. Its switching fre-
quency is very high for the bipolar power transistor. with a lower current gain
of 4 to 10. and much in the region of 2 to 6 kHz for Darling power transistors
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Figure 1.3 SCR schematic and characteristics

with current gain of 100 to 200. These devices are not used very much in
newer products. ’

Silicon Controlled Rectifier (SCR) or Thyristor: It is a four-element (PNPN)
device with three junctions. The power electronics revolution started with the
invention of this device in 1956. Its symbol and characteristics are shown in
Figure 1.3. The device is turned on with a current signal to the gate, and when
the device is forward biased. 1.e.. the anode is at a higher potential than the
cathode by the on-state drop of 1 to 3 V. The device can be turned off only by
reverse biasing the device, i.e., reversing the voltage across its anode and cath-
ode. During the reverse biasing. known as commutation, the device behaves
like a diode. A negative voltage has to be maintained across the device for a
period greater than the reverse recovery time for it to recover its forward
blocking voltage capability. The device can also block negative voltages and,
beyond a certain value, the device will break down and conduct in the reverse
direction. This device is very similar to a power diode but has the capability to
hold off its conduction in the forward-biased mode until the gate signal is
injected. Its maximum ratings are 6 to 8 kA, 12 kV, with on-state voltage drop
ranging from 1 to 3 V. The device is used only in HVDC rectifiers and inverters
and in large motor drives with ratings higher than 30 MW. The switching fre-
quency of the device is very limited, to 300 to 400 Hz, and the auxiliary circuit
for its turn-off has caused other power devices to displace this device in all
applications other than those mentioned. Variations of the device are plenti-
ful; some that belong to this family are the following:

{a) Inverter-grade SCR

(b) Light-activated thyristors

(¢) Asymmetrical SCR

{d) Reverse-conducting thyristor
(e) MOS-controlled thyristor

(f) Gate turn-off thyristor (GTO)
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Figure 1.5 Schematic and characteristics of the N-channel MOSFET

(iv) Gate Turn-Off Thyristor (GTO): It is a thyristor device with gate turn-on and
gate turn-off capability. Its symbol and characteristics are shown in Figure 1.4,
The device comes with maximum ratings of 6 kA, 6 kV, with an on-state volt-
age drop of 2 to 3 V. The maximum switching frequency is 1 kHz, and the
device is used mainly in high-power inverters.

(v) MOSFET: This device is a class of field-effect transistor requiring lower gate
voltages for turn-on and turn-off and capable of higher switching frequency in
the range of 30 kHz to 1 MHz. The device is available at 100 A at 100 to 200 V
and at 10 A at 1000 V. The device behaves like a resistor when in conduction
and therefore can be used as a current sensor, thus eliminating one sensor
device in a drive system. The device always comes with an anti-parallel body
diode. sometimes referred to as a parasitic diode, that is not ultra-fast and has
a higher voltage drop. The device symbol for an N-channel MOSFET and its
characteristics are shown in Figure 1.5. The device has no reverse voltage
blocking capability.

(vi) Insulated Gate Bipolar Transistor: It is a three-element device with the desir-
able characteristics of a MOSFET from the viewpoint of gating, transistor in
conduction.and SCR/GTO in reverse voltage blocking capability. Its symbol is
given in Figure 1.6. The currently available ratings are 1.2 kA at 3.3 kV and 0.6
kA at 6.6 kV, with on-state voltage drop of 5 V. Higher currents at reduced
voltages with much lower on-state voltage drops are available. It is expected
that further augmentation in the maximum current and voltage ratings will
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Figure 1.7 Switching circuit and waveforms

occur in the future. The switching frequency is usually around 20 kHz for many
of the devices, and its utilization at high power is at low frequency, because of
switching loss and electromagnetic-interference concerns.

1.2.2 Switching of Power Devices

The understanding of device switching in transient is of importance in the design of
the converter as it relates to its losses. efficiency of the converter and the motor
drive system, and thermal management of the power converter package. The tran-
sient switching of the devices during turn-on and turn-off is illustrated in this section
by considering a generic device. Ideal current and voltage sources and power
devices are assumed for this illustration. The circuit for illustration is shown Figure
1.7. The switching device is gated on and the current in the device increases from zero
to I, after a turn-on delay time t,,. The current transfers from the diode linearly in
time t,.. which is the rise time of the current. During this rise time, the diode is con-
ducting, and therefore the voltage across the switching device is the source voltage,
V,. When the current is completely transferred from the diode to the switching
device, the voltage drop across the diode rises from zero to the source voltage and
the voltage falls at the same time across the switching device in t;,. The sum of the
current rise and voitage fall times is the turn-on switching transient time; note that,
during this time, the device losses are very high. During the conduction, the voltage
across the device is its on-state voltage drop and the power loss is smaller.
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When the gating signal goes to the turn-off condition, the switching device
responds with a turn-off delay time of ty,. Then, the device voltage rises to V. in t,,,
which forward biases the diode and initiates the current transfer from the switching
device to the diode. The current transfer is completed in t;.. The sum of the voltage
rise time across the switching device and current fall time is the turn-off transient
time. during which the device loss is very high.

From this illustration. the losses in the switching device are approximately
derived as follows:

(a) Conduction energy loss. E.. = L[V, [t,, + ty =ty — ty] (1.1

(b) Sum of turn-on and turn-off energy loss. E, = 0.5 V.1 [t + t] (1.2)
E\l + EGL‘

{(c) Total powerloss. P, = ——— = f(E . + E,) (1.3)
[”“ + luf(

T 1
(d) Switching frequency. f. = ————— (1.4)
tun + tnff

Note that the power loss is averaged over a period of the switching period. and total
power loss is the sum of the conduction and switching losses in the switching device.
Similarly. the power losses in the diode can be derived. The switching losses are pro-
portional to the switching frequency and to the product of the source voltage and
load current. Note that. in general. the switching times are much smaller than the
conduction time, and therefore the switching losses are less than (or at most equal
to) the conduction loss in the switching device. Low switching frequency is pre-
ferred because of lower switching losses but contributes to poor power quality.
Higher switching frequency enables voltage and current waveform shaping and
reduces the distortion but invariably is followed by higher switching losses.

The switching illustrated is known as hard switching: current and voltage tran-
sitions occur in the device at full source voltage and current. respectively. during
turn-on and turn-off periods. Resonant and soft-switching circuits enable switching
device transitions at zero voltage and current, reducing or almost eliminating the
switching losses, but these circuits are not economical at present and so are not con-
sidered in motor-drive applications or in this text any further.

The power switches are used in the circuits to control energy flow from source
to load and vice versa. This is known as static power conversion. The details of
power conversion are not the objectives of this text. and many good texts are avail-
able on this topic. Some references are listed at the end of this chapter. As and when
necessary. a brief description of a power converter is included in this text.

1.3 MOTOR DRIVE

A modern variable-speed system has four components:

(i) Electric machines—ac or d¢
(ii) Power converter—Rectifiers. choppers. inverters. and cycloconverters
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Figure 1.8 Motor-drive schematic

(iii)} Controllers—Matching the motor and power converter to meet the load
requirements

(iv) Load

This is represented in the block diagram shown in Figure 1.8. A brief description of
the system components is given in the following sections.

1.3.1 Electric Machines
The electric machines currently used for speed control applications are the following:

(i) dc machines—Shunt. series, compound, separately-excited dc motors, and
switched reluctance machines;
(ii) ac machines—Induction, wound-rotor synchronous, permanent-magnet svn-
chronous, synchronous reluctance, and switched reluctance machines.
(iii) Special machines—Switched reluctance machines.

All the machines are commercially available from fractional-kW to MW ranges
except permanent-magnet synchronous, synchronous reluctance, and switched
reluctance machines, which are available up to 150 kW level. The latter machines
are available at higher power levels but would be expensive from a commercial
point of view, because they require custom designs. A number of factors go into the
selection of a machine for a particular application:

(i) Cost

(i) Thermal capacity
(iii) Efficiency

(iv) Torque-speed profile
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(v) Acceleration
(vi) Power density, volume of the motor
(vii) Ripple,cogging torques
(viii) Availability of spare and second sources
(ix) Robustness
(x) Suitability for hazardous environment
(xi) Peak torque capability

They are not uniformly relevant to any one application. Some could take prece-
dence over others. For example, in a position-servo application, the peak torque and
thermal capabilities together with ripple and cogging torques are preponderant
characteristics for application consideration. High peak torques decrease the
acceleration/deceleration times, small cogging and ripple torques help to attain
high positioning repeatability, and high thermal capability leads to a longer motor
life and a higher loading. In this text, only dc, induction, and permanent-magnet
synchronous and brushless dc machines are considered, and their steady-state and
dynamic models are derived. Wound-rotor synchronous machines and drives tech-
nologyv is well established. and very little change has occurred in them over the
last 40 years. The synchronous reluctance and switched reluctance machines and
their drive systems are fairly recent but yet to establish themselves in the market.
Very few engineers are involved with these topics, whereas a large number of engi-
neers are employed in the dc, induction, permanent-magnet synchronous, and
brushless dc machines industrial sector, and. therefore, only these topics are cov-
ered in this text.

Efficiency computation. The interest in energy savings is one of the major
motivational factors in the introduction of variable-speed drives in some industries.
Therefore, it is prevalent to encounter the efficiency computation for electric
motors whenever variable-speed operation 1s considered. A brief introduction of
efficiency computation for electric motors is given in the following.

The power. voltage and speed given in the nameplate details of the motor are
its rated values, i.e., for continuous steady-state operation. Notice how the power
corresponds to shaft output power. The output or shaft torque. T,.. of the machine is
calculated as

~ Power,W P, xXT7456
" Speed.rad/sec R m (1.5)
27N, -
Om = Ty .rad/sec
where P, is the output power in hp, N, is speed in rpm. and o, is the speed in
rad/sec.

The internal torque. T, of the motor is the sum of the output torque and the
shaft torque losses, viz., friction and windage torques. Friction is contributed by the
bearings (usually proportional to speed) and windage by the effects of the circulat-
ing air on the rotating parts (proportional to square of the speed). Let the shaft
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power losses be denoted by P, and loss torque by T,,. The internal torque then is
given by

T, =T, + T,,N'm (1.6)

This internal torque is known as air gap or electromagnetic torque, because it is the
torque developed by the motor in the air gap through electromagnetic coupling. The
air gap torque is developed from the power crossing over to the air gap from the
armature (usually the rotor in dc machines, the stator in ac machines) and is known
as air gap power, P,. In general. it is obtained from the armature input, P, and its
loss, P, due to armature resistance (known as copper losses), core losses, and uniden-
tifiable losses (known as stray losses, ranging from 0.5 to 1% of output power).
Note that air gap torque from air gap power is calculated as

P,
Te = (l)—’ N-m (1-7)

m

The efficiency. then. is computed as

. Output power P,
Efficiency.n = W = P (1.8)

For particular motors, the details of the computation are shown in respective chap-
ters. Note that the output torque is equal to the load torque, T,. If shaft toss torque is
neglected, note that the electromagnetic torque is equal to load torque.

Motor rating. A typical electric train’s torque and speed profiles for one
cycle are shown in Figure 1.9. It is seen that neither the load torque nor the speed is
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Figure 1.9 An electric train’s torque and speed profiles for one cycle
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constant; both vary. Such loads are encountered in practice. The selection of motor
torque and power ratings, then, is not straightforward, as in the case of constant-
speed drives. In the varying-load case, the motor torque and power are selected on
the basts of effective torque and power. The effective torque is calculated from the
load profile, such as the one shown in Figure 1.9. For example, the effective electro-
magnetic torque for the load cycle shown in Figure 1.9, discounting the rest period,
1s obtained as

T. =

Tat, + Tat, + T4t
\/ 1t 242 KR} (19)

t, +ty + 1,

Similarly, the effective power is calculated from its time history. These calcula-
tions yield effective torque and power. Ensuring the effective torque and output
power to be well below or equal to the rated values of the machine does not
guarantee that the machine is thermally within its designed limits. The thermal
rating influences the motor operation. The thermal rating is dependent on the
motor losses, and they, in turn, are preponderantly influenced by the effective
current in the case of a dc machine but also by additional factors. such as stator
frequency and applied voltages, in ac machines. In order to determine whether
the machine is operating within the thermal limits of rated power losses. it is nec-
essary to calculate the effective losses in the machine for a load cycle. If the effec-
tive losses are lower than the rated losses. then the machine is thermally sound
for operation.

Example 1.1

Two electrical machines are considered to drive a load. The torque and speed ratings of the
machines are same. The thermal limits for the machines correspond to their rated arma-
ture resistive losses. The machines 1 and 2 have the following torque-to-armature current
relationships:

(HT, x i

2)T. x1

The load is twice the rated torque for half the time and zero for the other half of the time

in a load cycle. Find which machine is suitable for the application.

Solution By ignoring the shaft-loss torquc. the load torque is equal to the clectromag-
netic torque. L.et T,, be the base (rated) torque . I, the base current. and I,Z,R the base losses.
The effective clectromagnetic torque is

~
I8l

T, = 2T, Vd = 2T, N V2T,

3=

where d is the duty cycle.
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Machine 1: From the relationship that the electromagnetic torque is proportional to
square of the current, the current for the load is found as follows:
T, o I2

2T, o 12

The armature current for the loadis I, = I, V2

1
RMS armature currentis I, = [b\/i Vd = Ib\/i\/; =1,

Losses = 13, R = 1§ R = Rated losses

Machine 2: As electromagnetic torque is proportional to current, the current for the
load is found as follows for this machine:

Th x Iy
2T, o« 1,

The armature current for the given load is [, = 21,

1
RMS value of the armature currentis 1., = 2I, Vd = 21, \/% =1, V2
Loss =13 R =21} R = 2 * Rated losses

Therefore. machine 1 alone satisfies the thermal limit of rated losses and hence is suit-
able for the given application. Note that the effective torque is more than the rated torque,
but, still. thermatly safe operation is possible for the considered case.

1.3.2 Power Converters
The power converters driving the electrical machines are

(i) Controlled rectifiers: They are fed from single- and three-phase ac mains sup-
ply and provide a dc output for control of the dc machines or sometimes input
dc supply to the inverters in the case of ac machines.

(ii) Inverters: They provide variable alternating voltages and currents at desired
frequency and phase for the control of ac machines. The dc supply input to the
inverters is derived either from a battery in the case of the electric vehicle or
from a rectified ac source with controlled or uncontrolled (diode) rectifiers.
Because of the dc intermediary. known as dc link, between the supply ac
source and the output of the inverter, there is no limitation to the attainable
output frequency other than that of the power device switching constraints in
the inverters.

(iii) Cycloconverters: They provide a direct conversion of fixed-frequency alter-
nating voltage/current to a variable voltage/current variable frequency for
the control of ac machines. The output frequency is usually limited from
33 to 50% of the input supply frequency, to avoid distortion of the wave-
form, and therefore they are used only in low-speed but high-power ac
motor drives.
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Figure 1.10  Schematics of power converters

These power converters can be treated as black boxes with certain transter func-
tions. In that case. the referred converters are symbolically represented as shown in
Figure 1.10. The transfer functions are derived for various converters in this text.

1.3.3 Controllers

The controllers embody the control laws governing the load and motor characteristics
and their interaction. To match the load and motor through the power converter. the
controller controls the input to the power converter. Very many control strategies have
been formulated for various motor drives and the controllers implement their algo-
rithms. For instance, the control of flux and torque requires a coordination of the field
and armature currents in a separately excited dc motor. In the case of an ac induction
motor, the same is implemented bv coordinating the three stator currents, whereas the
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Figure 1.11  Controller schematic

synchronous motor control requires the control of the three stator currents and its field
current too. The laws governing their control are complex and form the core of this text.

The schematic of the controller is shown in Figure 1.11. Its input consists of the
following:

(i) Torque, flux, speed, and/or position commands
(ii) Their rate of variations, to facilitate soft start and preserve the mechanical
integrity of the load
(iii) The measured torque, flux, speed. and/or position for feedback control
(iv) Limiting values of currents, torque, acceleration, and so on

(v) Temperature feedback and instantaneous currents and/or voltages in the
motor and/or converter

(vi) The constants in the speed and position controllers, such as proportional, inte-
gral, and differential gains.

The controiler output determines the control signal for voltage magnitude. v, in the
case of inverters, and the control'signal for determining the frequency, f.. These func-
tions can be merged, and only the final gating signals might be directly issued to the
bases/gates of the power converter. It may also perform the protection and other mon-
itoring functions and deal with emergencies such as sudden field loss or power failure.

The controllers are realized with analog and integrated circuits. The present
trend is to use microprocessors, single-chip microcontrollers, digital signal proces-
sors [DSPs], VLSI, and special custom chips also known as application specific ICs
[ASICs] to embody a set of functions in the controller. The real-time computational
capability of these controllers allows complex control algorithms to be imple-
mented. Also, they lend themselves to software and remote control, hence paving
the way to flexible manufacturing systems and a high degree of automation.

1.3.4 Load
The motor drives a load that has a certain characteristic torque-vs.-speed require-

ment. In general, the load torque is a function of speed and can be written as
T, x o}, where x can be an integer or a fraction. For example. the load torque is
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Figure 1.12  Schematic of the motor-load connection through a gear

proportional to speed in frictional systems such as a feed drive. In fans and pumps,
the load torque is proportional to the square of the speed.

In some instances, the motor is connected to the load through a set of gears.
The gears have a teeth ratio and can be treated as torque transformers. The
motor-gear-foad connection is schematically shown in Figure 1.12. The gears are
primarily used to amplify the torque on the load side that is at a lower speed com-
pared to the motor speed. The motor is designed to run at high speeds because it has
been found that the higher the speed. the lower is the volume and size of the motor.
But most of the useful motion is at low speeds, hence the need for a gear in the
motor-load connection. The gears can be modeled from the following facts [S}:

(i) The power handled by the gear is the same on both the sides.
(ii) Speed on each side is inversely proportional to its tooth number.

Hence,
T, = Tw, (1.10)
T. =T, (2—;) (L.11)
and
o N (1.12)
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Substituting equation (1.12) into (1.11), we get

N
T, = (N—j> T, (1.13)
Note that this is obtained with the assumption of zero losses in the gear, and
for greater accuracy the losses have to be modeled. In that case, the difference
between T, and the loss torque will have to be multiplied by the turns ratio, N,/N,
to obtain the output gear torque T,. Similarly to the case of a transformer, the con-
stants of the load as reflected to the motor are written as

N 2
J, (reflected) = <W]) J| (1.14)
2

N 2
B, (reflected) = (ﬁ) B, (1.15)

The ratio between N, and N, is very small. so the reflected inertia and friction con-
stant are negligible in many systems.
Hence, the resultant mechanical constants are

N\
F=In+ ()0 (1.16)

B=B + (B (1.17)

-

The torque equation of the motor—load combination is described by

d(l)} ‘ Nl
J— + Bw, = T; — Ty(reflected) =T, — | — |T (1.18)
dt N;

To model the motor drive, it is essential to have a physical model of its load, with the
characteristics of friction, inertia, torque-speed profile, and gears and backlash.
Modeling of the physical systems can be found in references [8, 11].

1.4 SCOPE OF THE BOOK

This book addresses the study of steady-state and dynamic control of ac and dc
machines supplied from power converters and their integration to the load. In due
course, the design of controllers and their implementation are considered. The sys-
tem analysis and design of the motor drive are kept in perspective with regard to
current practice. Control algorithms and analysis have been developed to facilitate
dynamic simulation with personal computers. Applications of motor drives are illus-
trated with selections from industrial environment.
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CHAPTER 2

Modeling of DC Machines

Direct current (dc) machines have been in service for more than a century. Their
fortune has changed a great deal since the introduction of the induction motor,
sometimes called the ac shunt motor. DC motors have staged a comeback with the
advent of the silicon-controlled rectifier used for power conversion, facilitating a
wide-range speed control of these motors.

This chapter contains a brief description of the theory of operation of separately-
excited and permanent-magnet dc brush motors and of their modeling and transfer
functions, an evaluation of steady state and transient responses, and a flow chart for
their computation.

2.1 THEORY OF OPERATION

It is known that maximum torque is produced when two fluxes are in quadrature.
The fluxes are created with two current-carrying conductors. The flux path is of
low reluctance with steel. Figure 2.1 shows such a schematic representation. Coil 1
(called the field winding) wound on the pole produces a flux ¢; with an input cur-
rent i,. Coil 2 (called the armature winding) on a rotating surface produces a flux
¢, with a current i,. For the given position, the two fluxes are mutually perpendic-
ular and hence will exert a maximum torque on the rotor, moving it in clockwise
direction. If it is assumed that the rotor has moved by 180°, coils B, B,, and B, will
be under the south pole and carrying negative current. The torque will be such as
to move the rotor in the counterclockwise direction, keeping the rotor in oscilla-
tion. In order to have a uniform torque (i.e. unidirectional torque) and a clockwise
(or counterclockwise) direction of rotation, the armature winding needs to carry a
current of the same polarity underneath a field pole. That is arranged by segment-
ing the armature coils and connecting them to separate copper bars, called a com-
mutator, mounted on the same shaft as the armature and fed from brushes. The
brushes are stationary and hence supplied with currents of fixed polarity. Thus, the
commutator segments under a brush will continue to receive a current of fixed
polarity.
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Figure 2.1 Schematic representation of a dc machine
2.2 INDUCED EMF
The expression for induced emf and torque is' derived for a machine with P poles, Z
armature conductors in a field with a flux per pole of ¢; and rotating at n_ rpm.
From Faraday’s law. the induced emf (neglecting the sign) is

e=27— =72 .1)

where t is the time taken by the conductors to cut ¢, flux lines. Therefore

1 |

= = 22
T % frequency 2(2)(&) (2.2)
2/\60
The flux change occurs for each pole pair.
By substituting equation (2.2) in equation (2.1),
ZbPn
e = d)f r (23)

60
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If the armature conductors are divided into ‘a’ parallel paths, then
ZéPn,
e=——
60a

There are two possible arrangements of conductors in the armature, wave windings
and lap windings. The values of a for these two types of windings are

(2.4)

{ 2 for wave winding (2.5)
~ | Pfor lap winding

It is usual to write the expression (2.4) in a compact form as
e = Kdroy, (2.6)

where w,, = 2mwn /60 rad/sec and K = (P/a)Z(1/2mw). -

If the field flux is constant, then the induced emf is proportional to the rotor
speed and the constant of proportionality is known as the induced emf or back emf
constant. Then the induced emf is represented as

e = Ky, (2.7)
where K, is the induced emf constant, given by
Ky = Kd volt/(rad/sec) (2.8)

and K is a proportionality constant which will be obvious from the following. The
field flux is written as the ratio between the field mmf and mutual reluctance,

&y R

where N; is the number of turns in the field winding, i, is the field current, and R, is
the reluctance of the mutual flux path. The mutual flux is the resultant of the arma-
ture and field fluxes. .
By substituting (2.9) into (2.7), the emf constant is obtained as
_ KN
R

where M is the fictitious mutual inductance between armature and field windings
given by

2.9)

Kb = le (2. 10)

KN{ P Z Nf
M=s—=——— 2.1
Ro ™2aR, (210)
Note that Z/(2a) is the number of turns in the armature per parallel path and
together in product with the field winding turns N; gives the familiar mutual induc-
tance definition. The factor P/m makes it a fictitious inductance. By substituting
equation (2.10) in equation (2.7). the induced emf is obtained as

e = Miw, (2.12)
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The mutual inductance is a function of the field current and must be taken note of to
account for saturation of the magnetic material (stator laminations). For operation
within the linear range, mutual inductance is assumed to be a constant in the machine.

2.3 EQUIVALENT CIRCUIT AND ELECTROMAGNETIC TORQUE

The equivalent circuit of a dc motor armature is based on the fact that the armature
winding has a resistance R, a self-inductance L,, and an induced emf. This is shown
in Figure 2.2. In the case of a motor, the input is electrical energy and the output is
the mechanical energy, with an air gap torque of T, at a rotational speed of w . The
terminal relationship is written as
i di,
v=e + R,i, + La—a; (2.13)

In steady state, the armature current is constant and hence the rate of change of the
armature current is zero. Hence the armature voltage equation reduces to

v=c¢+ R,i, (2.14)
The power balance is obtained by multiplying equation (2.14) by i,:
vi, = ei, + R,iZ (2.15)

The term R, i’ denotes the armature copper losses and vi, is the total input power.
Hence ei, denotes the effective power that has been transformed from electrical to

- o+
La
Ra
A\
+
Wy Te o -

Figure 2.2 Equivalent circuit of a dc motor armature
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mechanical form, hereafter calied the air gap power, P,. The air gap power is
expressed in terms of the electromagnetic torque and speed as

P, = 0,T. = e, (2.16)

Hence, the electromagnetic torque or air gap torque is represented as
T, = — (2.17)

By substituting for the induced emf from (2.7) into (2.17), it is further simply repre-
sented as

T, = Ky, (2.18)
Note that the torque constant is equal to the emf constant if it is expressed in

volt-sec/rad for a constant-flux machine. The dc motor drives a load, the modeling of
load is considered next, to complete the analysis for the motor-load system.

2.4 ELECTROMECHANICAL MODELING

For simplicity, the load is modeled as a moment of inertia, J, in kg—mzlsecz, with a vis-
cous friction coefficient B, in N-m/(rad/sec). Then the acceleration torque. T,. in
N-m drives the load and is given by
dog,
J—a‘t— +Bw,=T, - T, =T, (2.19)
where T, is the load torque. Equations (2.13) and (2.19) constitute the dynamic
model of the dc motor with load.

2.5 STATE-SPACE MODELING

The dynamic equations are cast in state-space form and are given by

R, K, 1

. L = 0
S H I A
= 2.20
{pmm LN Y| R (B (2200
J J J

where p is the differential operator with respect to time. Equation (2.19) is
expressed compactly in the form given by

X = AX + BU (2.21)

where X = [i, w_]',U = [V T,]', X is the state variable vector,and U is the input vector.
Even though the load torque is a disturbance, for sake of a compact represen-
tation it is included in the input vector in this text.
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ROK] L,
L L L
A= a a ’Bz a
Ko _B N
J J J

The roots of the system are evaluated from the A matrix: they are

R, B, R, B\’ R,B, K}

N+ — i\l —F =] -4 + —

L, J L, J jL,  IL,
(2.22)

d

)\|,)\7 =
- 2

It is interesting to observe that these eigenvalues will always have a negative real
part, indicating that the motor is stable on open-loop operation.

2.6 BLOCK DIAGRAMS AND TRANSFER FUNCTIONS

Taking Laplace transforms of equations (2.13). (2.19) and neglecting initial condi-
tions, we get

V(s) ~ Kpwn(s)

[(s) = R+ sL. (2.23)
_ Kply(s) — Ti(s)
w(s) = B (2.24)

In block-diagram form, the relationships are represented in Figure 2.3. The transfer

functions 2™ and ™) 4re derived from the block dit Th
unctions V(S) an TE(S) are derive om € 0oC 1agram. €y are
Gv(s) onls) Ky (2.25)
S = = Y By .
wv V(s) s°(JL,) + s(BL, + JR,) + (BR, + K3)
(S —(R, + sL,
w(s) ( ) (226)

Guls) = sy~ F0LL) + S(BiL. + JR,) + (BR, + KJ)

The separately-excited dc motor is a linear system, and hence the speed response
due to the simultaneous voltage input and load torque disturbance can be written as

a sum of their individual responses:
wm(s) = Guv($)V(s) + Gu(s)Ti(s) (2.27)

Laplace inverse of w_(s) in equation (2.27) gives the time response of the speed for
a simultaneous change in the input voltage and load torque. The treatment so far is
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1,(s) Ty(s)
. . Te(s) ¥ |
V(S) m > Kb (Bl+SJ) > wm(s)
E(s) Ta(s)
K, <

Figure 2.3 Block diagram of the dc motor

based on a dc motor obtaining its excitation separately. There are various forms of
field excitation, discussed in the following section.

Example 2.1

A dc motor whose parameters are given in example 2.3 is started directly from a 220-V dc
supply with no load. Find its starting speed response and the time taken to reach 100 rad/sec.

Solution
w(s) ) Ky 15.968
WS §) = -
vis) Y s*JL,) + s(B\L, + JR,) + (B|R, + K) s + 1675 + 12874
220
V(s) = —
3512 x 108
w(s) =

s(s* + 167s + 12874)
w(t) = 272.8(1 ~ 1.47¢ ™5 sin(76.02t + 0.744))

The time to reach 100 rad/sec is evaluated by equating the left-hand side of the above equa-
tion to 100 and solving for t. giving an approximate value of 10 rad/ms.

2.7 FIELD EXCITATION

The excitation to the field is dependent on the connections of the field winding rela-
tive to the armature winding. A number of choices open up, and they are treated
briefly in the following sections.

2.7.1 Separately Excited dc Machine

If the field winding is physically and electrically separate from the armature wind-
ing, then the machine is known as a separately-excited dc machine, whose equiva-
lent circuit is shown in Figure 2.4. The independent control of field current and
armature current endows simple but high performance control on this machine,
because the torque and flux can be independently and precisely controlied. The
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Figure 2.4 Separately-excited dc machine

field flux is controlled only by the control of the field current. Assume that the field
is constant. Then the torque is proportional only to the armature current, and,
hence, by controlling only this variable, the dynamics of the motor drive system can
be controlled. With the independence of the torque and flux-production channels in
this machine, it must be noted that it is easy to generate varying torques for a given
speed and hence make torque generation independent of the operating speed. This
is an important operating feature in a machine: the speed regulation can be zero.
The fact that such a feature comes only with feedback control and not simply on
open-loop operation is to be recognized.

Example 2.2

A separately-excited dc motor is delivering rated torque at rated speed. Find the efficiency of
the motor at this operating point. The details of the machine are as follows: 1500 kW, 600V,
rated current = 2650 A, 600 rpm, Brush voltage drop = 2V, Field power input = 50 kW, Ra =
0.003645 Q. L, = 0.1 mH, Machine frictional torque coefficient = 15 N-m/(rad/sec). Field cur-
rent is constant and the armature voltage is variable.

Solution To find the input power, the applied voitage to the armature to support a
rated torque and rated speed has to be determined. In steady state, the armature voltage is
given by

va = RaIar + Khwmr + vbr

where [, is the rated armature current, given as 2650A, w, is the rated speed in rad/sec. and
V., is the voltage drop across the brushes in the armature circuit and is equal to 2V (given in
the problem). To solve this equation, the emf constant has to be solved for from the available
data. Recalling that the torque and emf constants are equal, the torque constant can be com-
puted from the rated electromagnetic torque and the rated current as

T, T, + T,
K[z.lﬂ:._‘_i_.J
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where the rated electromagnetic torque generated in the machine, T,,, is the sum of the rated
shaft torque T, and friction torque T,. The rated shaft or output torque is obtained from the
output power and rated speed as follows:

*
60 = 62.83 rad/sec

P, 1500 * 10°
Py R 23,873 N'm
Friction torque, T; = B,wy,, = 15 * 62.83 = 94245 N'm

The electromagnetic torque, T, = T, + T; = 23,873 + 942.45 = 24,815.45

Rated speed, @, =

Rated shaft torque, T, =

Therefore, the torque constant is

T, 2481545
K, = 0=

I 650 - 9.364 N'm/A
K, = 9.364 V/(rad/sec)
Hence the input armature voltage is computed as

V. = 0.003645 * 2650 + 9.364 * 62.83 + 2 = 600 V
Armature and field power inputs = VI, + Field power input = 600 * 2650 + 50,000 = 1640 kW

Output power, P, = 1500 kW

P, 1500 * 10°
Efficiency. n = P E%)*—IOE *100 = 91.46%

Example 2.3

A separately-excited dc motor with the following parameters: R, = 0.5 Q. L, = 0.003H. and
K, = 0.8 V/rad/sec. is driving a load of J = 0.0167kg-m?, B, = 0.01 N-m/rad/sec with a load
torque of 100 N-m. [ts armature is connected to a dc supply voltage of 220 V and is given the
rated field current. Find the speed of the motor.

Solution The electromagnetic torque balance is given by

dwg,

dt

Tc = TI + Blwm +1

In steady state. 22 = ¢
e o=
nsteady state. —
T. = T, + Bjw, = 100 + 0.01w,
T, = Kyi, = 100 + 0.01w,
(100 + 0.01wy,)
1, = ——— = (125 + 0.0125w,,)
Ky
e =V — R,, =220 — 0.5 X (125 + 0.0123w,) = 157.5 - 0.00625w,, = Kywy
Rearranging in terms of w,,,
w,,(0.8 + 0.00625) = 157.5

157.5
= = 195. -
Hence w,, 080623 195.35 rad/scc
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Figure 2.5 dc shunt machine

2.7.2 Shunt-Excited dc Machine

If the field winding is connected in parallel to the armature winding, then the
machine goes by the name of shunt-excited dc machine or simply by dc shunt
machine. The equivalent circuit of the machine is shown in Figure 2.5. Note that. in
this machine, the field winding does not need a separate power supply, as it does in
the case of the separately-excited dc machine. For a constant input voltage, the field
current and hence the field flux are constants in this machine. While it is good for a
constant-input-voltage operation. it has troubling consequences for variable-voltage
operation. In variable-input voltage operation, an independent control of armature
and field currents is lost, leading to a coupling of the flux and torque production
channels in the machine. This is in contrast to the control simplicity of the sepa-
rately-excited dc machine. For a fixed dc input voltage, the electromagnetic torque
vs. speed characteristic of the dc shunt machine is shown in Figure 2.6. As torque is
increased, the armature current increases, and hence the armature voltage drop also
increases, while, at the same time, the induced emf is decreased. The reduction in the
induced emf is reflected in a lower speed, since the field current is constant in the
machine. The drop in speed from its no-load speed is relatively small, and. because
of this, the dc shunt machine is considered a constant-speed machine. Such a feature
makes it unsuitable for variable-speed application.

2.7.3 Series-Excited dc Machine

If the field winding is connected in series with the armature winding, then it is
known as the series-excited dc machine or dc series machine, and its equivalent cir-
cuit 1s shown in Figure 2.7, It has the same disadvantage as the shunt machine, in
that there is no independence between the control of the field and the armarure
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Torque

Speed

0

Figure 2.6 Torque—speed characteristics of a dc shunt motor

Figure 2.7 dc series machine

currents. The electromagnetic torque of the machine is proportional to the square
of the armature current, because the field current is equal to the armature current.
At low speeds, a high armature current is feasible, with a large difference between
a fixed applied voltage and a smali induced emf. This results in high torque at
starting and low speeds, making it an ideal choice for applications requiring high
starting torques, such as in propulsion. The torque-vs.-speed characteristic for the
dc series machine for a fixed dc input voltage is shown in Figure 2.8. With the
dependence of the torque on the square of the armature current and the fact that
the armature current availability goes down with increasing speed, torque-vs.-
speed characteristic resembles a hyperbola. Note that, at zero speed and low
speeds, the torque is large but somewhat curtailed from the square current law
because of the saturation of the flux path with high currents.
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Torque

Speed

Figure 2.8 Torque-speed characteristic of a de series motor

Example 2.4

A series-excited dc machine designed for a variable-speed application has the following
name-plate details and parameters:

3 hp, 230V, 2000 rpm
R,=15Q,R,=070,L,=012H,L, =0.03H,M = 00675 H. B, = 0.0025 N-m/(rad/sec)

Calculate (1) the input voltage required in steady state to deliver rated torque at rated speed
and (ii) the efficiency at this operating point. Assume that a variable voltage source is avail-
able for this machine.

Solution (i) The name-plate details give the rated speed and rated power output of
the machine, from which the rated torque is evaluated as follows:
2aN, 2w * 2000
5 = "T— = 209.52 rad/sec
Pn 3*7456
Omr 209.52

Rated speed, w,,, =

Rated output torque, T, = = 10.675N'm

Friction torque of the machine, T; = Bywg,, = 0.0025 * 209.52 = 0.52 N'm

Air gap torque. T, = T, + T, = 10.675 + 0.52 = 11.195 N'm
The voltage equation of the dc series machine from the equivalent circuit is derived as
. . . di, di,
v = R, + Rl + Migw, + LJI + L.»ezj'[v
where the armature and field current are equal to one another in the series dc machine (I, = I,)
and, in steady state, the derivatives of the currents are zero, resulting in the following expression:

V = (R, + Ry + May)l,
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and air gap torque is given by
T, = Mid, = MiZ = MIZ (N'm)

The air gap torque is computed as 11.195 N-m, and the steady-state armature current is found

from the expression above as
/T, [11.
LT 11195:12.88A
: M 0.0675

which, upon substitution in the steady-state input voltage equation at the rated speed. gives

V= (1.5 + 0.7 +0.0675 * 209.52) 12.88 = 210.46V

(ii))  The input poweris P, = VI, = 210.46 * 12.88 = 2.710.45W
The output power is P, = 3 * 745.6 = 2236.8 W

P, 22368
ici ism = = = * = §2.59
Efficiency ism P~ 271045 100 = 82.5%

2.7.4 DC Compound Machine

Combining the best features of the series and shunt dc machines by having both a
series and shunt field in a machine leads to the dc compound machine configura-
tion shown in Figure 2.9. The manner in which the shunt-field winding is connected
in relation to the armature and series field provides two kinds of compound dc
machine. If the shunt field encompasses the series field and armature windings,
then that configuration is known as a long-shunt compound dc machine. The short-
shunt compound dc machine has the shunt field in parallel to the armature wind-
ing. In the latter configuration, the shunt-field excitation is a slave to the induced
emf and hence the rotor speed, provided that the voltage drop across the armature
resistance is negligible compared to the induced emf. Whether the field fluxes of
the shunt and series field are opposing or strengthening each other gives two other
configurations, known as differentially and cumulatively compounded dc machines,
respectively, for each of the long and short shunt connections.

2.7.5 Permanent-Magnet dc Machine

Instead of an electromagnet with an external dc supply, the excitation can be pro-
vided by permanent magnets such as ceramic, alnico, and rare earth varieties:
samarium-cobalt and boron—iron-neodymium magnets. The advantage of such an
excitation consists in the.compactness of the field structure and elimination of resis-
tive losses in the field winding. These features contribute to a compact and cool
machine, desirable features for a high-performance motor. The cross section of a
permanent-magnet dc machine is shown in Figure 2.10. Note that the armature is
similar to other dc motors in construction and performance.

To analyze a dc motor, the constants R,, L,, and K, and the resistance and
inductance of field windings are required. Some of them are given in the manufac-
turer’s data sheet. In case of nonavailability of the data, it is helpful to have knowl-
edge of procedures to measure these constants. The next section deals with the
measurement of motor parameters.
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Figure 2.9 DC compound machine

Permanent Magnet

Figure 2.10 Cutaway view of a conventional permanent-magnet dc motor assembly

2.8 MEASUREMENT OF MOTOR CONSTANTS

The following test methods apply to a separately excited dc motor; this type is the
most widely used motor for variable-speed applications.

2.8.1 Armature Resistance

The dc value of the armature resistance is measured between the armature termi-
nals by applying a dc voltage to circulate rated armature current. Care should be
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Figure 2.11 Measurement of armature inductance

taken to subtract the brush and contact resistance from the measurement and to cor-
rect for the temperature at which the motor is expected to operate at steady state.

2.8.2 Armature Inductance

By applying a low ac voltage through a variac to the armature terminals, the current
is measured. The motor has to be at a standstill, keeping the induced emf at zero.
Preferably, the residual voltage in the machine is wiped out by repetitive application
of positive and negative dc voltage to the armature terminals. The test schematic is
shown in Figure 2.11. The inductance is

L, = —"——— (2.28)

where {; is the frequency in Hz and the armature resistance has to be the ac resis-
tance of the armature winding. Note that this is different from the dc resistance,
because skin effect produced by the alternating current.

2.8.3 EMF Constant

Specified field voltage (called rated voltage) is applied and kept constant, and the
shaft is rotated by a prime mover (another dc motor) up to the speed given in the
name plate (called rated speed or base speed). The armature is open-circuited, with
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Figure 2.12 Induced emf-vs.-speed characteristic at rated ficld current

a voltmeter connected across the terminals. The voltmeter reads the induced emf,
and its readings are noted for various speeds and are plotted as shown in Figure 2.12.
The slope of this curve at a specific speed gives the emf constant in volt-sec/rad as
seen from equation (2.4). The relationship shown in Figure 2.12 is known as the open-
circuit characteristic of the dc machine.

Similar procedures for the field-circuit parameters, given in sections 2.8.1 and
2.8.2, are used to evaluate the resistance and inductance of the field circuit. Note
that, for a permanent-magnet machine, this procedure is not applicable.

2.9 FLOW CHART FOR COMPUTATION

The basic steps involved in the computation of dc motor response and other quanti-
ties of interest are as follows:
(i) Reading of machine parameters

(ii) Specification of computational needs, such as time response. frequency
response, eigenvalues for stability

(iii) Use of transfer functions to evaluate the responses
(iv) Printing/displaying of the output results

An illustrative flow chart containing these steps for a separately-excited dc motor is
shown in Figure 2.13.
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Figure 2.13 Flow chart for the computation of dc motor response
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2.10 SUGGESTED READINGS

1.
2.

Fitzgerald, Kingsley, and Kusko, Electric Machinery, McGraw-Hill, 1971.
B.C. Kuo, Automatic Control Systems, Prentice-Hall. New York, 1982.

2.11 DISCUSSION QUESTIONS

1.

2.
3.

A separately-excited dc motor has a nonlinear characteristic between the field cur-
rent and field flux due to the saturation of the iron core in the stator and rotor. How
will this saturation affect the derived model of the dc motor?

How is one to account for saturation in dc-machine modeling?

The armature resistance of the dc motor is sensitive to temperature variations. Will
this adversely affect the stability of the dc motor?

2.12 EXERCISE PROBLEMS

l.

[\

n

Determine the torque vs. speed and torque vs. current characteristics for a separately-
excited dc motor with the following parameters:

2.3 hp.220 V. 6000 rpm, R, = 1.39Q0. L, = 0.00182 H. K,, = 0.331volt/rad/scc.
The machine has rated field excitation and its armature is fed a constant voltage of
220V dc.

. Derive the dynamic equations of a dc series motor and find its characteristic equation.

(Hint: To find the characteristic equation. perturb the dvnamic equations to get a sct
of small-signal dynamic equations. and then find the characteristic equation. or
dircctly calculate the eigenvalues of the A matrix.)

. The machine given in 2.12.1 has J = 0.002 kg-m°. B = 0.005 N-m/rad/sec. Determine

the time taken to accelerate the motor from standsull to 6000 rpm when started
directly from a 220-V dc supply. The field is maintained at its rated value.

. The field current of a separately-excited motor is variable from zero to rated valuc.

Derive the dynamic equations of the dc motor. its block diagram. and the small-signal
armature-current response for a simultaneous voltage input to the field and 1orque
disturbance, keeping the voltage applied to the armature constant. The motor is run-
ning at 1000 rpm. delivering 10 N-m torque. with half the rated flux. The machinc
details are given below:

400 V dc. 22.75 hp. 3600 rpm, R, = 034 . ] = 0035 k
B, = 0 N-m/rad/sec. K,, = 1.061 volt/rad/sec. M = 0.2122 H. R,
AV, =5V.AT, = I N'm.

gm’, L, = 113 mH.

20 L1, = 177 H.

. Using a computer program, find the transfer function between rotor speed and foad

torque and plot its frequency response. The separatelyv-excited de motor’s details are
as follows:
R, =0.027Q.L, = 0.9 mH.K, = 0.877 voit/radisec.J = 11.29 kg-m~. B = 0.1 N-m/rad/scc.

. Determine the stability of a de series motor with the following parameters:

R,=150,R, =07Q.L, =012 H.L, = 0.03 H.M = 0.0675 H.J = 0.02365 kg-m".
B, = 0.0025 N-m/rad/scc. and the operating point is given by V| = 200 V. w, = 209.52
rad/sec,and T, = 10 N-m.



CHAPTER 3

Phase-Controlled
DC Motor Drives

3.1 INTRODUCTION

The principle of speed control for dc motors is developed from the basic emf
equation of the motor. Torque, flux, current. induced emf, and speed are normal-
ized to present the motor characteristics. Two types of control are available: arma-
ture control and field control, These methods are combined to yield a wide range
of speed control. The torque-speed characteristics of the motor are discussed for
both directions of rotation and delivering both motoring and regenerating torques
in any direction of rotation. Such an operation. known as four-quadrant opera-
tion. has a unique set of requirements on the input voltage and current to the de
motor armature and field. These requirements are identified for specifving the
power slage.

Modern power converters constitute the power stage for variable-speed de
drives, These power converters are chosen for a particular application depending on
a number of factors such as cost, input power source. harmonics, power factor. noise.
and speed of response. Controlled-bridge rectifiers fed from single-phase and three-
phase ac supply are considered in this chapter. Chapter 4 deals with another con-
verter, fed from a dc source. for de motor control.

The theory. operation and control of the three-phase controlled-bridge recti-
fier is considered in detail, because of its widespread use. A model for the power
converter is derived for use in simulation and controller design. Two- and four-
quadrant dc motor drives and their control are developed. The design of the current
and speed controllers is studied with an illustrative example. The interaction of the
converter and motor is also discussed, and an illustrative example of their interac-
tion with power system is presented. An industrial application of the motor drive is
described.
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3.2 PRINCIPLES OF DC MOTOR SPEED CONTROL
3.2.1 Fundamental Relationship

The dependence of induced voltage on the field flux and speed has been derived in
Chapter 2 and is given as

e = Kdw, (3.1)

The various symbols in equation (3.1) have been explained earlier. The field flux is
proportional to the field current if the ron is not saturated and is represented as

b, =i, (3.2)
By substituting (3.2) into (3.1) the speed is expressed as

e ¢ (Wi= i.‘R__.l
A (bl b I . i|
where v and 1, are the applied voltage and armature current, respectively,

From equation (3.3). 1t 1s seen that the rotor speed i1s dependent on the applied
voltage and field current. Since the resistive armature voltage drop is very small
compared to the rated applied voltage. the armature current has only a secondary
effect. To make its effect dominant, an external resistor in series with armature can
be connected. In that case, the speed can be controlled by varying stepwise the value
of the external resistor as a function of operational speed. Power dissipation in the
external resistor leads 1o lower efficiency: therefore, it is not considered in this text.
Only two other forms of control. using armature voltage and field current. are con-
sidered in this chapter.

(3.3)

3.2.2 Field Control

In field control. the applied armature voltage v is maintained constant. Then the
speed is represented by equation (3.3) as

|

Wy, X | (3‘”

1
The rotor speed is inversely proportional to the fhicld current: by varving the field
current, the rotor speed is changed. Reversing the field current changes the rota-
tional direction. By weakening the field flux. the speed can be increased. The upper
speed is limited by the commutator and brushes and the time required to turn off
the armature current from a commutator segment. It s not possible to strengthen
the field flux beyond its rated (nominal) value, on account of saturation of the steel
laminations. Hence. field control for speed variation s not suitable below the rated
(nominal) speed. At rated speed. the field current by design is at rated value, and,
hence. the flux density is chosen to be near the knee of the magnetization curve of
the steel laminations.
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3.2.3 Armature Control

In this mode, the field current is maintained constant. Then the speed is derived
from equation (3.3) as

w, *(v—-LR)) (3.5)

Hence. varving the applied voltage changes speed. Reversing the applied voltage
changes the direction of rotation of the motor.

Armature control has the advantage of controlling the armature current
swiftly, by adjusting the applied voltage. The response is determined by the arma-
ture time constant, which has a very low value. In contrast. the ficld time constant is
at least 10 to 100 times greater than the armature time constant. The large time con-
stant of the field causes the response of a field-controlled de motor drive to be slow
and sluggish.

Armature control is limited in speed by the imited magnitude of the available
dc supply voltage and armature winding insulation. If the supply dc voltage is varied
from zero to its nominal value, then the speed can be controlled from zero to nomi-
nal or rated value, Therefore. armature control is ideal for speeds lower than rated
speed: field control is suitable above for speeds greater than the rated speed.

3.2.4 Armature and Field Control

By combining armature and field control for speeds below and above the rated
speed, respectively, a wide range of speed control is possible. For speeds lower than
that of the rated speed. applied armature voltage is varied while the field current is
kept at its rated value: to obtain speeds above the rated speed. field current is
decreased while keeping the applied armature voltage constant. The induced emf.
power, electromagnetic torque, and field-current-vs.-speed characteristics are
shown in Figure 3.1. The armature current is assumed to be equal to the rated value
for the present. The power and torque curves need some elaboration. It can be
deduced that

T, = Kdyi, (3.6)

Equation (3.6) can be normalized if it is divided by rated torque. which is
expressed as

Tcl = Kd)“i_" (3‘7)

where the additional subscript r denotes the rated or nominal values of the corre-
sponding variables. Hence, the normalized version of equation (3.6) 1s

e () -
o e ™ PRbgiy e TR (3.8)

where the additional subscript n expresses the variables in normalized terms, com-
monly known as per unit (p.u.) variables.
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Figure 3.1  Normahized charactensues ol a variable-speed de motor

Normalization eliminates machine constants. compacts the performance equa-
tons. and enables the visualization of performance characteristies regardless of
machine size on the same scale. Designers and seasoned analysts prefer the p.u. rep-
resentation because of all these features. The normalized torque. flux. and armature
current are

T,
T, = T p.u. (3.9)
&, 3
by, = ‘_br- p-u. (3.100)
. i.l
lyn = " pou (3.11)

As the armature current is maintained at | p.u.in Figure 3.1. the normalized torque
becomes

Ten = bp- pu. (3.12)

Hence. the normalized electromagnetic torque characteristic coincides with the nor-
malized field flux, as shown in Figure 3.1.
Similarly. the air gap power is.

P,, = e.i...p.u. (3.13)

where ¢, is the normalized induced emf.
As i, isset to 1 p.u., the normalized air gap power becomes

P = €, pu. (3.14)
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The normalized power output characteristic is similar to the induced emf of the dc
motor in the field-weakening and constant-torque regions. The normalized induced
emf is the product of the normalized flux and speed. Flux is at 1 p.u. in the armature
control region, so the normalized induced emf is equal to the normalized speed. The
flux is hyperbolic in the field-weakening region and has an inverse relationship
with the speed. Field weakening needs to be discussed in detail here. At rated
speed, the motor is delivering rated power with ¢, and i, at their rated values.
Beyond the rated speed. the field current is decreased to reduce the field flux. This
will affect the magnitude of the induced emf and hence the power output. It is very
important that the steady-state power output of the machine be kept from exceed-
ing its rated design value. which is 1 p.u. The implication of the air gap power con-
straint is that the induced emf and field flux are to be coordinated to achieve this
objective. The coordination vields the value of field flux as

P.ln = I p'“‘ = erii,m - (b"‘lll“mi_m ‘].15‘
If i, 1s equal to | p.u.. then
d’in‘-umn = ]
|
P = (3.16)
l'I"ﬂ'lf'l
Hence. the normalized induced emf is given as,
|
T = — X = P 3 7
L= "bl'nwmn ® W P u { [ ]

mn
The power output and induced emf are maintained at their rated values in the field-

weakening region by programming the field flux to be inversely proportional to the
rotor speed. They are shown in Figure 3.1.

Example 3.1

A separately-excited de motor has the following ratings and constants:

2,625 hp.. 120V, 1313 rpm. R, = 0.8 . R, = 100 . K, = 0.764 Vs / rad. L, = 0.003 H.
L,=22H
The de supply voltage is variable from 0 to 120 V both to the field and armature, indepen-
dently. Draw the torque-speed characteristics of the de motor if the armature and field cur-
rents are not allowed to exceed their rated values The rated flux is obtained when the field
voltage is 120 V. Assume that the field voltage can be safely taken to a minimum of 12V only.

Solution (i) Calculation of rated values:
2aN 27 x 1313

Rated speed, w,, = = 137.56 rad/sec

60 60
Output power 2,625 % 745.6
Rated torque, T, = ——— = — = 1423
AUE Ler = Rated speed 137.56 : Bt
Rated torque 14,23
Rated armature current. 1, = e - = |8.63 A

K. 1.764
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Rated field current, I, = L 1.2A
B Rf lw -
(ii) Calculation of torque-speed characteristics:

Case (a) Constant-flux/torque region:

&= Vi = IR, = 120 - 1863 x 0.8 = 105.1

€ 105.1 .

0y = i{% = 07ea = 13756 rad/sec.
_Om 13756 o

Gl = e 13756

Hence. constant rated torque is available from 0 to 1.0 p.u. speed.
Case (b) Field-weakening region:
For | p.u. armature current. the maximum induced emf 15

To maintain this induced emt in the field-weakening region.

e 1.0
by = —— = —p.u.

wlﬂll mll'l“

If the range of field vanation is known. the maximum speed can be computed as follows:

v nun
... . LR

R, 100

1.2 A of field current corresponds to rated field flux and hence 0.12 A corresponds 1o
0.1d,,. and hence

O.lpu < by < | pu
1

Dy = o1 = 10p.u

For various speeds between | and 10 p.u.. the field flux is evaluated from the equation as

: -
by = ;‘m; in p.u.

Ty = b forl, = 1 pu

The torque, power, and flux-vs.-speed plots are shown in Figure 3.2,

Example 3.2

Consider the de motor given in Example 3.1, and draw the intermittent characteristics if the
armature current is allowed to be 300% of rated value.

Solution (i) Constant-flux/torgue region
b =31

T, = maximum torque = K,

- ¥y

= 0764 % 3 < |X63 =42 7N'm.
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Wiy Pl

Figure 3.2 Continuous rating of the de motor

T @7,
T, M2 B

Ten =

The maximum induced emf is
en = Viar = InaR, = 120 — (3 X 1863) x 08 = 7529V
Speed corresponding to this induced emf 1s

75.29

Cm

Wy = K, = 0763 = 98.54 rad sec
9854
W = iaﬁ =716 p-u.

Beyond this speed. ficld weakening is performed.

(ii) Field-weakening region:

]mﬂl = 3'..[
e, = 1529V
e 7529
- " = 0.716 p.u.
“ = 1051 " 105.1 Y
¢ 0716
m"\" - NG p'll
‘b]n ‘brn

The range of the normalized field flux is

0l1<d, <1

- 3 0.716 0.716
The maximum normalized speed 15 w,,, = R ke 7.16 p.u.
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Figure 3.3 Normahzed motor charactenistics for 3 p.u. armature current

T,, = &y, per rated current = 3, in the present case.

The intermitient charactenstics are drawn from the above equations and are shown in Figure 3.3.

3.2.5 Four-Quadrant Operation

Many applications require controlled starts and stops of the de motor. such as in
robotic actuation. Consider that the machine is operating at a steady speed of @ .
and it is desired to bring the speed to zero. There are two ways to achieve it:

L. Cut off the armature supply to the machine and let the rotor come to zero speed.

2. The machine can be made to work as a dc generator, thereby the stored
kinetic energy can be effectively transferred to the source. This saves energy
and brings the machine rapidly to zero speed

Cutting off supply produces a haphazard speed response; the second method
provides a controlled braking of the de machine. To make the de machine operating
in the motoring mode go to the generating mode, all that needs to be done is to
reverse the armature current flow in the de¢ machine. First, the armature current
drawn from the source has to be brought to zero: then, a current in the opposite
direction has to be built. Zeroing the current is achieved by making the source dc
voltage zero or, better, by making it negative. After this, the armature current is built
in the opposite direction by making the source voltage smaller than the induced
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Figure 3.4 Four-quadrant torque-speed characteristics

emf. As the speed reduces, note that the induced emf decreases. necessitating a con-
tinued corresponding reduction in the source voltage to keep the armature current
constant. The power flows from the machine armature to the dc source. This mode
of operation is termed regenerative braking. The braking is accomplished by regen-
eration that implies that a negative torque is generated in the machine as opposed
to the positive motoring torque. Hence, a mirror reflection of the speed-torque
characteristics, shown in Figure 3.1, is required on the IV quadrant for regeneration.
The first and fourth quadrants are for one direction of rotation, say. forward.

Some applications, such as a feed drive in machine tools, require operation in
both directions of rotation. In that case, the [1] quadrant signifies the reverse motor-
ing and I quadrant, the reverse regeneration mode. A motor drive capable of oper-
ating in both directions of rotation and of producing both motoring and
regeneration is referred to as a four-quadrant variable-speed drive. The torque-
speed characteristics of such a four-quadrant dc motor drive are shown in Figure
3.4. This contains two characteristics, one for rated operating condition and the
other for short-time or intermittent operation. The short-time characteristic is used
for acceleration and deceleration of the machine: it normally encompasses 50 to
100% greater than the rated torque for dc machines. The four-quadrant operation
and its relationship to speed, torque, and power output are summarized in Table 3.1.

Figure 3.5 illustrates the speed and torque variation from a point P, to Q, and
Q, to P, of the dc machine. On receiving the command to go from P, to Q,, the
torque is changed to negative by regenerating the machine, as shown by the trajec-
tory P,M,. This regeneration torque, along with the load torque. produces a deceler-
ating torque. The torque is maintained at the permitted maximum levels both in the
field-weakening and the constant-flux regions. As the machine decelerates, as shown
by the trajectory MM, it will reach zero speed. and keeping the torque at a nega-
tive maximum will drive the motor in the reverse direction along the trajectory
M,M,. Once the desired speed w,,, is reached. the torque is adjusted to equal the
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TABLE 3.1 Four-quadrant dc motor drive characteristics

Function Quadrant Speed Torque Power Output
Forward Motoring (FM) 1 - - -
Forward Regeneration (FR) v + =
Reverse Motoring (RM) m - ¥
Reverse Regeneration (RR) 1" - - -
Torque
M. M,
Short-time
My locus

Y g Top)

Speed

N;Wt‘ll

_/ M,

M,

Torgue
Figure 3.5 Changing the operating points and the use of four quadrants

specified value. —T_,. along the trajectory M.Q),. Similarly. to change the operating
point from Q, to P,, the trajectory shown along O, M ,M.M_ P, is followed.

From this illustration, it is seen that the use of all quadrants of operation leads
to a very responsive motor drive. Contrast this to the supply cut-off techmqgue. In
such a case, only the load torque contributes to the deceleration. as opposed to the
combined machine and load torques in a four-quadrant motor drive.

Converter requirements: The voltage and current requirements for four-
quadrant operation of the dc machine are derived as follows. Assuming the ficld flux
is constant, the speed is proportional to the induced emf and hence approximately
proportional to the applied voltage to the armature. Also. the electromagnetic torque is
proportional to the armature current. Then the speed axis becomes the armature volt-
age axis and the torque axis is equivalent to the armature current axis. From this obser-
vation, the armature voltage and armature current requirements for four-quadrant
operation are given in Table 3.2. These requirements. in turn, set the specifications for
the electronic converter. For a pump application. the motor needs only unidirec-
tional operation with no regenerative braking. Hence. only first-quadrant operation
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TABLE 3.2 Armature voltage and current requirements of a four-quadrant dc motor drive

Operation Speed Torque Voliage Current Power Output
FM + + t T E
FR + + - -
RM - - - +
RR = + + =

1s required, thereby limiting the converter specification to only positive voltage and
current variations. Therefore, the power flow is unidirectional from source to load.
For a golf cart electric-vehicle propulsion-drive application. a four-quadrant opera-
tion is required. with the attendant converter capability to handle power in both
directions with bipolar voltage and current requirements. Then the converter is much
more complex than that required for a one-quadrant drive.

From a fixed utility ac source. a variable-voltage and variable-current dc out-
put is obtained through two basic methods by using static power converters. The first
method uses a controllable rectifier to convert the ac source voltage directly into a
variable de voltage in one single stage of power conversion. using phase-controlled
converters. The second method converts the ac source voltage to a fixed dc voltage
by a diode bridge rectifier and then converts the fixed de to variable de voltage with
electronic choppers. The second method involves two-stage power conversion, which
is dealt with in Chapter 4: the first method 1s considered in this chapter.

Thyristor converter: The realization of an ac-to-de variable-voltage con-
verter by means of the silicon-controlled rectifiers (SCR) known as thyristors is dis-
cussed in this subsection. The distinct features of the thyristor are given here,
without going into the device physics.

Thyristors are four-element (PNPN). three-junction devices with the terminals
of anode (A ). cathode (K).and gate (G). A gate current is injected by applying a pos-
itive voltage between gate and cathode for turning on the device. The device turns on
only if the anode is positive compared to cathode at least by 1 V. After turn-on, the
device drop is around 1 V for most of the devices. After turning on, the device acts
like a diode. Therefore. to turn off the thyristor. the device has to be reverse biased by
making the anode negative with respect to the cathode. This is easily achieved with ac
input voltage during its negative half-cycle. Turning off the device goes by the name
of device commutation. The thyristor. unlike the diode, can hold off conduction even
when its anode is positive compared to its cathode, by not triggering the gate.

These features make the thvristors ideal devices for ac-to-variable-de conver-
sion. Instead of diodes in the diode bridge rectifier, thyristors can be substituted.
and. by delaying the conduction from their zero crossings, a part of the ac voltage is
rectified for feeding to a load. The dc load volt-sec is reduced from the maximum
available volt-sec in the half-cycle ac voltage waveform, which in turn varies the
average dc load voltage. The line voltage commutates the devices when it reverses
polarity each half cycle and applies a negative voltage across the cathode and
anode. This method of commutation is known as natural or line commutation. and
converters using this method are termed line-commutated converters.
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3.3 PHASE-CONTROLLED CONVERTERS

3.3.1 Single-Phase Controlled Converter

Phase-Controlled Converters 47

A single-phase controlled-bridge converter is shown in Figure 3.6 with its input
and output voltage and current waveforms. The load consists of a resistance and an
inductance, and the current is assumed to be continuous and constant. The differ-
ence between the diode bridge and this thyristor bridge is that conduction can be
delayed in the latter beyond positive zero crossing. The delay is introduced in the
form of triggering signals to the gates of the thyristors. The delay angle is measured

v =V sin(wgd)

w !

v
0 \/ \/
__4[_\ . R_ - 1’\ il 4[:\ . r\\_ Average Value
V\h' w
N N N N N
1 R — YRR R o
| TiTs ‘ | T,.1 T3ty
Ve
1]
Id; - ——
i
0
lge p—

Figure 3.6 A single-phase controlled-bnidge converter operating as a rectifier in steady state
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Figure 3.7 Inversion in the steady state of controlled-converter operation

from the zero crossing of the voltage waveform and is generally termed « (in radi-
ans) throughout this text. Although the load voltage has both positive and negative
volt-seconds, its average is a net positive and is indicated by the horizontal dashed
lines denoted as V.. Assuming continuous load current, this voltage is quantified as
T 2V
Vie = —[" " Vsin(wt)d(wl) = ——cos a (3.18)
T m
where V_ is the crest of the input ac voltage. Increasing the delay angle to greater
than 90° produces a negative voltage on average, as is shown in Figure 3.7. Note that
the current is in the same direction, thus contributing 1o a negative power input.
Such a feature is known as inversion. It is tacitly assumed here that there is an emf
source in the load contributing to the power transfer from the load to source. Such a
load is known as an active load.
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Figure 3.8 Transler charactenstics of a single-phase controlled-bridge rectifier

The load current can be discontinuous: in that case, the average output voltage
is derived as

Vg = — |’ ) Visin(wt)dlwt) =

m
| 7 T

= [cos(a) — cos(a + y)[.V  (3.19)
where vy is the current conduction angle.

Comparing equations (3.18) and (3.19). 11 is seen that, for certain values of y.
the output voltage for discontinuous conduction can be greater than that for contin-
uous conduction. For example, let

a-Ey=ar
a = 30

Hence, the average output voltage for discontinuous current conduction is

m

Val(dis) = —~{1.866] (3.20)

and. for the same triggering angle. the average output voltage for continuous-current
conduction is given by
2V 1.732 L.732V,,

m == 19
~ * > = (3:21)

Vo lcont) =

The transfer characteristics for continuous conduction for an active load and dis-
continuous conduction for a resistive load are shown in Figure 3.8,

The source inductance delavs the current transfer from one pair of conducting
thyristors to another set. During this time. the source is short-circuited through the



50 Chapter3 Phase-Controlled DC Motor Drives

i* +
e "
1, X7
L, iy 1 3 L
R g o 2 o ST |
v =V sinwl Ve
4 s
AT, AT R
Vi 4
1 1 T 1 > w,l
0 | | | “ | |
I I I I |
o |1 o by iy L) |y
u*—*} — ; | 1Ir i g4 : !
| J' T,.T, | [ T5.Ty ¢ : T).Ts : : Tl 4 J'
1 b=} T [ L
fo Lo by K ¥ Loy
ir 41 I b (I |
Ly . i [l Lo
lge | 1 ) ) h )
! T \ iy i VR i |
I I I | i
L = w,l
0 : I : | I I L | : |
[ i i LS| [
1, A F{ 1 o 19 (|
[ R o 1 ] 1
oI A L
| | | i |
I | I | I
1 | I | |
] | 1 i 3
8 : : :I : w |
] | I
I | 1
!
Ly

Figure 3.9 The effect of source impedance on the operation of a single-phase controlled rectifier in
steady state

source impedance, invariably reducing the load voltage to zero. Hence. the overall
effect of source inductance is to reduce the available dc output voltage. Figure 3.9
contains the operational waveforms with source inductance. The source inductance
can be introduced by the isolation transformer or by intentionally placed reactors,
to reduce the rate of rise of currents in the thyristors. If the source inductance is L.
the voltage lost due to it is

- tuy V'“[ 1 \ bl
J' w St )dlwt) = o Leosa = cos{a + p) (3.22

where pis the overlap conduction period.
By equating this voltage to the voltage drop in the source reactance. the over-
lap angle p is obtained as
Tu LhIdL

p = cos | cosa - V. =5 (3.23)

m

where I, 1s the load current in steady state.
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These characteristics are modified when the load includes a counter-emf, as in
the case of a dc machine. There is an additional feature in discontinuous operation,
with the induced emf appearing across the output of the converter during zero-
current intervals, but, if the source emf is instantaneously greater than the back
emf, then the conduction starts but will not end immediately when the source emf
becomes less than the induced emf, because of the energy stored in the machine
inductance and in the external inductance connected in series to the armature of the
machine. Therefore, conduction will be prolonged until the energy in these induc-
tances is depleted.

The three-phase controlled full-bridge converter is similar in operation to
the single-phase controlled rectifier. Three-phase converters are widely used for
both dc and ac motor control. The emphasis is placed in this text on the three-
phase converter-controlled dc motor drive. The following section contains the
principle of operation, design features of the control circuit, and the characteristics
of this converter.

3.3.2 Three-Phase Controlled Converter

A three-phase thyristor-controlled converter is shown in Figure 3.10, and its voltage
and current waveforms in the rectifier mode of operation are shown in Figure 3.11.
The current is assumed to be continuous for the present. At a given instant, two
thyristors are conducting. Assuming that the voltage between phases a and b is max-
imum, then the thyristors T, and T, are conducting. The next line voltage to get
more positive than ab is ac. At that ime, the triggering signal for T, will be disabled
and that of T, will be enabled. Note that the anode of T, is more negative than the
cathode of T,, because line voltage ac is greater than the line voltage ab. That will
turn off T, and transfer the current from T, 1o T,. The delay in current transfer from
T, to T, is dependent on the source inductance. During this current transfer, T,. T,
and T, are all conducting, and the load voltage is the average of the line voltages ab
and ac. This phenomenon is the commutation overlap, which results in a reduction
in the load voltage. The load current will remain the same during commutation of
T,. The current in T, declines by the same proportion as current in T, rises. [Lis to be
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Figure 3,10 Three-phase controlled converter



52

Chapter 3 Phase-Controlled DC Motor Drives

Veh Vah Vae Vi Vha Vea Veh Vah

0 L 2 I wgl

Figure 3.11 Rectification in the three-phase converter in steady state (first-quadrant operation)

observed that the current transfer is effected by the source voltages: voltage ac
becoming greater than the voltage ab, resulting in the reverse biasing of T, and for-
ward biasing of T,. Similarly, it could be seen that the firing/gating sequence is
T,T,T.T,T T, and so on. Also, each of these gating signals is spaced by sixty electri-
cal degrees. The thyristors require small reactors in series to limit the rate of rise of
currents and snubbers, which are resistors in series with capacitors across the
devices, to limit the rate of rise of voltages when the devices are commutated.

A typical inversion mode of operation is shown in Figure 3.12. Note that this
corresponds to a second-quadrant operation of the dc motor drive. The transfer
characteristic of the three-phase controlled rectifier is derived as

by} 3
o T T to

o B _ 3 ]
Vige = ;Ef__,'J an\d(wcﬂ = ;[ Vms‘n(ws[)d(w(t) = ﬁvm cos a (3.24)

il Pta

The transfer characteristics are very similar to those of the single-phase converter in
both the continuous and the discontinuous mode of conduction. The transfer char-
acteristic for the continuous mode of conduction is shown in Figure 3.13. The char-
acteristic is nonlinear. Hence, the use of this converter as a component m a
feedback-control system will cause an oscillatory response. This can be explained as
follows.
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Figure 3.12 Inversion in the three-phase converter in steady state (second-quadrant operation)
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Figure 3.13 Transfer charactenstics of a three-phase thynistor-controlled converter
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The delay angle will be made a function of speed, current, or position error in
a motor-drive system. The error variable is expected to increase or decrease the dc
output voltage proportionally. The gain of the converter to a delay angle is not a
constant, so it will either overreach or fall short of the required output voltage. This
necessitates one more correction in the error signal, causing both time delay and
oscillatory response. Such oscillatory responses have been known to create ripple
instability in converters.

A control technique to overcome this nonlinear characteristic and the accom-
panying undesirable dynamic behavior is given in the following. The control input to
determine the delay angle is modified to be

a =cos"(-\—:i) =cos ' (v.,) (3.25)

cm

where v_ is the control input and V_ is the maximum of the absolute value of the
control voltage.

Then the dc output voltage is

m

3 3 o 3 [3 Vg o
Vi = ;Vm cosa = ;FV”, cos (€os V) = | = Vi [Van = l; v %= K v, (3.26)

m
where v, is the normalized control voltage and K, is the gain of the converter,
defined as

3Ve, 3V2v_ .V

TRV, Ve N
where V is the rms line-to-line voltage.
Then the modified transfer characteristic is linear with a slope of K. The con-
trol voltage is normalized to keep its magnitude less than or equal to 1, to be able to
obtain the inverse cosine of it.

(3.27)

3.3.3 Control Circuit

The control circuit for the three-phase thyristor converter can be realized in many
ways. A schematic of a generic implementation is shown in Figure 3.14. The synchro-
nizing signal is obtained from the line voltage between a and c. The positive-zero
crossing of this line voltage forms the starting point for the controller design. The
synchronizing signal is multiplexed six times, to have equidistant pulses at 60° inter-
vals. These are decoded to correspond to each gate drive.

The delay angle is obtained from the normalized control voltage v, through a
function generator, so as to make the overall gain of the thyristor converter con-
stant. The delay is incorporated into the synchronized control signal and amplified
and fed to the gates of the thyristors. Hence, the maximum limit on the delay angle
has to be externally set or commanded. It is essential that sufficient time be given
for the thyristor to recover its forward blocking capability. Otherwise, a short of the
load and source will occur. Therefore, the maximum limit for the delay angle is usu-
ally set in the range of from 150 to 155 degrees. Many adaptive control schemes
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Figure 3.14 Conrroller schematic for the three-phase converter

adjust this maximum triggering angle as a function of load current. The feature to
handle the identification of phase sequence in the ac supply has to be built in. so
that the reference synchronization voltage v, matches with the control circuit.

3.3.4 Control Modeling of the Three-Phase Converter

The converter can be considered as a black box with a certain gain and phase delay

for modeling and use in control studies. The gain of the linearized controller-bascd
converter for a maximum control voltage V_ is given in equation (3.27) as

135V

A%

K, AAY (3.28)

om
The converter is a sampled-data system. The sampling interval gives an indica
tion of its time delay. Once a thyristor is switched on. its triggering angle cannot be
changed. The new triggering delay can be implemented with the succeeding thyris-
tor gating. In the meanwhile. the delay angle can be corrected and will be ready for
implementation within 60°, ie. the angle between two thryistors’ gating
Statistically, the delay may be treated as one half of this interval;in time. it is equal 1o
602 1

- il SR 1 0 1 alip | = o
T 360 % (time period of one cycle)

: bl
= .S (3.29)

s

= —

For a 60-Hz supply-voltage source, note that the time delay is equal to 1.388 ms.
The converter is then modeled with its gain and time delay as

Gfs)=K,e T (3.30)
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and equation (3.30) can also be approximated as a first-order time lag and given as

K
G.(s) = et (3‘311
ds) (1 +sT)
For most of the drive-system applications. the model given in equation (3.31) is ade-
quate for phase-controlled converters.

Many low-performance systems have a simple controller with no linearization
of its transfer characteristic. The transfer characteristic in such a case is nonlinear.
Then, the gain of the converter is obtained as a small-signal gain given by
_dV. B

K, = te =-&;{1.35chsu}= -1.35 Vsina (3.

‘d
(e
(2
~—

The gain is dependent on the operating delay angle denoted by . The converter
delay is modeled as an exponential function in Laplace operator s or a first-order
lag, describing the transfer function of the converter as in equation (3.31).

3.3.5 Current Source

The key to the control of the machine is to control precisely the electromagnetic
torque. This control is achieved in the separately-excited de machine by controlling
its armature current, but the phase-controlled converter provides only a variable
voltage output. To make it a controllable current source. a closed-loop control of the
dc link current. which in this case is the armature current. is resorted to. A current
source can be realized with the phase-controlled converter by incorporating a cur-
rent feedback loop. as shown in Figure 3.15. Consider a resistive and inductive load
combination. The reference current is enforced on the load by comparing it with
the actual current in the load. The error current is amplified by a proportional-plus-
integral controller and its output is limited so that the control signal will be con-
strained to be within the maximum triggering angle. «_ .. The control signal s
processed to correspond to linearized operation by the inverse cosine function. and
the signals are processed through gate power amplifiers and the converter. Assume
that the current reference is a step function and the converter is at rest to start with.
The current error will be maximum. which would correspond to minimum triggering
angle, thus providing a large voltage across the dc link. i.e., load. This will build up
the current in the load, and, when it exceeds the reference value, the current error
will reduce from maximum positive to zero. This will enable the (riggering angle to
be close to /2 in this present case, where the dc link voltage, v, is not allowed to go
below zero. The dc link is constrained to be positive. because the passive load cannot
provide for regeneration, and only an active source such as a de motor will provide
the induced emf with the appropriate polarity so that energy can be transferred
from the load to the source. The dynamic response of this system with a high pro-
portional gain is shown in Figure 3.16 in normalized units.

The maximum control voltage is 0.7 V, and the control voltage is normalized
with respect to this for realizing a linearized controller. The step command of the
reference current produces a maximum control voltage. and. correspondinglv. the
triggering angle is driven to zero to produce the maximum voltage across the dc
link. The voltage across the resistor. vy, starts to increase and that across the induc-
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Figure 3.15 Current source with three-phase controlled converter

tance, v, begins to decrease. When the current exceeds the reference, the control
voltage goes to zero and the triggering angle reaches 90°, to provide an average
voltage of zero across the dc link. The current is maintained around the reference
value, on average. with a dither, and that dithering is a function of the current con-
troller gains and the load time constant. When the reference current goes to zero,
the control voltage becomes zero, and the triggering angle goes to 90” permanently.
That forces the current to decay to zero, and the entire voltage of the dc link is
borne by the inductance, as shown in Figure 3.16. This type of current source is real-
ized in the 100,000-A range at low voltages for electrolysis in metal processing
plants and in a few-thousand-A range at voltages of 600 V to 4,000 V for dc and ac
motor drives. The design of the current controller is treated later in this chapter.

3.3.6 Half-Controlled Converter

The converter under study hitherto is a fully controlled bridge converter. Low-power
applications can make do with a half-controlled converter, shown in Figure 3.17. The
lower half of the bridge has diodes in place of thyristors. thus reducing the cost of
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Figure 3.17 Half-controlled three-phase converter

the converter. The control circuit is simplified also. Such a configuration s also pos-
sible with a single-phase converter. The half-controlled converters are emploved up
to 125 hp rating in practice. Note that this converter has only first-quadrant opera-
tional capability.

3.3.7 Converters with Freewheeling

A diode is connected across the load as shown in Figure 3.18. The reversal of voltage
is not possible now, and hence the converter operates only in the first quadrant,
delivering a positive voltage and current. Even though the converter is limited in its
capability, the current conduction interval is prolonged by the enerey stored in the



Section 3.3 Phase-Controlled Converters 59

Ly +
2f T T 'y Ty L
i n
Three- —ta
hase .

p:w b X D, Ry V.
supply ¢

2F r. ¥1, £ E

Figure 3.18 Threc-phase controlled converter with freewheehng

load inductance. The current continuity has the positive effects of reducing the cur-
rent ripples in the motor and hence the torque ripples. The waveforms of this free-
wheeling circuit are shown in Figure 3.19.

There is an alternative way to obtain freewheeling without using a diode
across the load, The thyristors of a phase leg can be triggered together and hence
can short the load. This. in turn. requires modification of the control circuitry. The
configuration utilizing the thyristors has the advantage of mimmizing the cost of the
converter and making optimal use of the power devices.

3.3.8 Converter Configuration
for a Four-Quadrant DC Motor Drive

So far, the converters considered possess one- or two-quadrant operational capabil-
ity. Figure 3.20 shows the converter configuration for a four-quadrant de motor drive.
It consists of dual three-phase controlled-bridge converters in parallel. with their
output polarities reversed. Converter | gives both positive and negative de output
voltages with a positive current output. catering to the first- and second-quadrant
operation of the dc motor drive, respectively. This converter is herealter referred to as
the forward converter, Similarly, converter 2 delivers negative current 1o the motor
with positive and negative dc output voltages. Such operation cncompasses the
fourth- and third-quadrant performance of the de motor drive. respectively. Because
of it, this converter is hereafter referred to as a reverse converter. Transitioning from
forward to reverse operation in the motor and corresponding changes in the convert-
ers require special logic control circuits to avoid short-circuiting the ac supply and for
safe operation. The phase-controlled converter has two quadrants ol operation:
quadrants | and IL. or quadrants 111 and IV.depending on the connection of the con-
verter relative to the machine armature. Note that quadrants | and 1V or quadrants
Il and HI are more useful in many unidirectional motion control applications than
the ones provided by the converter. That will enable both the motoring and generat-
ing/braking torque production contributing to faster acceleration and deceleration
in one direction of rotation. The control strategy for a four-quadrant de motor drive
is discussed later in this chapter.
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3.4 STEADY-STATE ANALYSIS OF THE THREE-PHASE CONVERTER-
CONTROLLED DC MOTOR DRIVE

3.4.1 Average Analysis

A separately-excited dc motor is fed from a three-phase converter and is operated
in one rotational direction, say, in the first and fourth quadrants of torque-speed
characteristics. The steady-state performance of this motor drive is described in this
section. The steady-state performance, when combined with the load characteristics,
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provides the basis for evaluating the suitability of the motor drive for the given
application. The steady-state performance is developed by assuming that the aver-
age values only are considered. Indirectly, it is implied that the average current pro-
duces an average torque, which, in combination with load torque, determines the
average speed. In that process. the quasi-transients are neglected.

Then the armature voltage equation for the motor in steady state is

v,=R,ji, +e (3.33)

and. in terms of average values (by denoting the variables in capital letters or with a
subscript fav’).

V, =R, + Kbw,.. (3.34)
Average electromagneltic torque is given by
T, = Kdl, (3.35)
and. from a previous derivation, the average dc link voltage is
V, = 1.35V cos « (3.36)

where Vs the rms line-to-line ac voltage in a three-phase system.
Then the electromagnetic torque is expressed in terms of delay angle and
speed. from equations (3.34) 1o (3.36), as

T, = Kb, {Y;-;E“’_f‘“m} _ Kd’.{ 135V cos o - Kqﬁmg} iy

@ R.l
The equation (3.37) 1s normalized by dividing the average torque by the rated torque:
' 3 35V cosa — 1.35V cos a — KDy,
1— > s bl S50t — X R = [ ! = — P, (3.38)
T h"r'lll.ﬂ Kq’\'r[.erJ I.II'R.I

Dividing the numerator and denominator of equation (3.38) by the rated motor
voltage. V. leads to

g_\i K&,
Tep = - L FUSIQR- 6. @, (3.39)
L
and. noting that
V, = Kdw,, (3.40)
R, = R‘l"'.p.u. (3.41)
v

the normalized electromagnetic torque is given by

[1.35V,cos 0 — P0pa]
R = R {"In' p-u (342}

“an
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where
D
=— pu 4
q)ll| ¢'fr‘ p u (3 3,
mlﬂl\
W = (3.44)
u'.ll'li
and
v
V, = Vr p.u. (3.45)

The normalized equation (3.42) deserves careful scrutiny for use in steady-state per-
formance computation. Positive or motoring torque is produced when the numera-
tor of (3.42) is positive. i.e.,

1.35V,cos a — P w,, = 0 (3.46)
or
q)In“"mn
00 B e 3.
cosa > 135V, (3.47)

If cos a is less than the right-hand side of (3.47). then there is no torque generation
in the machine. For some positive values of «. the numerator can become negative,
but that will not produce regeneration. since there will be no current flow from the
machine to the source with only one converter. The induced emf of the machine will
be greater than the applied voltage, thus blocking the conduction of thyristors. If an
antiparallel converter is available and is capable of conducting current in the reverse
direction to the motoring operation. then regeneration is achieved by decreasing the
applied voltage compared with the value of the induced emf. That enables the
machine to generate current from the difference between its induced emf and the
applied voltage. This step results in power flow from the machine to the ac source.
The electromagnetic torque equation (3.42) expressed as a function of nor-
malized flux, speed, and triggering angle delay has design use. The controller for the
converter requires a certain precision in its triggering angle delay. Its resolution can
be found by, for instance, finding the minimum and maximum triggering delay
angles from the torque requirements at the minimum and maximum speeds of oper-
ation by using this expression. The range of triggering delay angle and the finesse
with which it needs to be controlled is given by the resolution of speed or torque

control.

Example 3.3

Consider a motor drive with R, = 0.1 pu.d, = 1 pu.V, = LI pu and extreme load
operating points Ty = 0.1 pt. w e = w0 = 01 pu T 0= 1 pauand o, 0 =

W = 1 p

(i) Find the normalized control voltages to meet these operating points.
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(ii) Compute the change in control voltages required for a simultaneous change of AT,, =
0.02 p.u. and Aw,, = 0.01 p.u. for both the extreme operating points. From this, calculate
the resolution required for the control voltage.

Solution Assume that the controller is linearized.

S = cos '{\:‘ } = cos YV}

m

from which the electromagnetic torque is,

I'3svnvrn B q)inmmn
en - R‘"

]ﬁ’,n, p-u.

where V_, is the normalized control voltage for a given steady-state operating point and is
obtained as

Vt.“ - :uRm ¥ d’ln“]mn
1.35V,

Since &, = | p.u.. the control voltage for minimum torque and speed is

T:nIRnn + bWy ", 0.1%0.1 + 0.1 _
Vo = 135V, ST T T 0.074 p.u.

Similarly for maximum torque and speed. the control voltage is

T Ten:Rin + Stamnz - 1*0.1 + 1
135V, 1.35% 1.1

=074 p.u.

Incremental control voltage generates incremental torque and speed as

RJH(T\‘“ * ﬁTtn} + hllI‘!Iﬂ + 6l""l’l’”’l

Vi, + by, = 135V

For both ch ] RuliTen * S0
or both changes, v, = 135V,
Dividing 8V, by V_, gives an expression in terms of steady-state operating points as

6"Cll - Rllla en i 8“I‘lﬂ\ﬂ
ch - RanTcll + Wnn
8T, = 0.02 pu.. bwy, = 0.01 pu.. Ty =01 pu,wgy = 0.1 pu. T = 1 pt, wyey = 1 pau

BVee  0.1%0.02 + 001

For T .00 v, = 0101 +01 0.109
ForT _EER_U.]‘(J,(}2+U.(.}1_'Omo9
O lenr®me = a1+ 1

Therefore. the resolution required in control voltage is

BV, =0.109 #V_ = 0.109 + 0.074 = 0.008066 p.u.
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Example 3.4

A separately-excited dc motor has 0.05 p.u. resistance and is fed from a three-phase con-
verter. The normalized voltage and field flux are 1 p.u. Draw the torque-speed characteristics
in the first quadrant for constant delay angles of 0, 30, 45, and 60 degrees. Indicate the safe
operating region if the maximum torque limit is 2.5 p.u.

Solution

~ [1.35V,cosa — D0, ]

en Rm

‘bln' p.U.

Substituting the given values yields
T., = 20[1.35 cos a — w_,}. p.u.

The torque-speed characteristics for various angles of delay are shown in Figure 3.21. The
safe operating region is shaded in the figure.

3.4.2 Steady-State Solution Including Harmonics

This section considers the steady-state analysis of the dc motor drive with the actual
voltage waveforms and not the average values of the input voltages as in the previ-
ous section. The advantage of considering the actual current waveforms is to accu-

safe opcraung region

l]
0.0 02 0.3 0,4 U,S 06 ﬂ 9 l_U

Wenn

Figure 3.21 Torque-speed characteristics as a function of the triggening delay angle
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rately predict its electromagnetic torque and hence the magnitude of the torque
pulsations. The information on the torque pulsations is necessary for applications
such as position servo drives and antenna drives. Additionally, the actual computa-
tion of current waveforms assists in the evaluation of harmonic losses and hence of
the heating effects on the machine, which will be instrumental in the derating con-
sideration, as explained in a later section.

For this analysis, the motor is considered to be in steady state. i.e.. the speed of
the machine and the field current are assumed to be constant. In that case, the equa-
tion of the motor is sufficiently provided by its electrical part. given as

di,
R;!inl s Lad_ll + Khmm =Yy {348)
where
v, = Vysinfeld + /3 + a).0 < wl < 7/3 (3.49)

and for each /3 duration, the same is valid. The current may be continuous or discon-
tinuous, depending on the speed. the input line voltage, the triggering angle. and the
impedance of the motor. For the sake of simplicity. the commutation effect is
neglected in this analysis. It can be easily incorporated for the design calculations with-
out sacrificing the elegance of the present solution. The induced emf is a constant
under the assumption of constant speed. and. hence, the solution of the above equa-
tion is given by

vV 4 1
i(1) = (Iz—ml){sin(u;‘l + w34+ a - B)-sin(n/3 +a - Bl ') (EE)[} —e "Ny +ie v
(3.50)

N

where w, = 2nf B = tan "(w, - L,/R,) = machine impedance angle. T, = armature
time constant = L /R .1, = initial value of current at time t = 0, E = K, - 0, =
induced emf. V_ = peak value of the line-line input ac voltage, and motor electrical
impedance Z, = R, + jw.L,

The initial armature current i, has 1o be evaluated 1o obtain the complete
solution. and it could be achieved from one other available piece of information,
That is that the armature current repeats itsell every 60 electrical degrees, similarly
to the input voltage. Such a unique situation gives rise 10 a boundary condition:

i(wt) = i(wt + m7/3) (3.51)

That is. the initial armature current will be equal to the current at the end of 60 ¢lec-
trical degrees. Therefore. evaluating the current at a time corresponding to the 60th
electrical degree and equating it to the nitial value of the armature current, i, as fol-

lows, leads 1o
id<=— 1=
a 3(1) Al

Y
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ol el a o))

= (RE)(, — ey + i e-Gatr)

3.

n

2)

a
Rearranging the initial current on one side, it is evaluated as a function of only
machine parameters, input voltage. triggering angle. and speed and given as

V. \[. (2 i .3 &
(i) in(5 + o= 8) —sin(§ + - m)e ()} - (1 - e )

= = (3.53)

# [ = ot

By using this initial value of the current, the armature current for the complete cycle
can be evaluated. The present approach. using the boundary matching condition, is a
powerful technique for evaluating the steady state directly, without going through
the transients in the solution of the differential equation. This technique is widely
applied in the evaluation of steady-state performance in variable-speed dec and ac
motor drives and is adopted throughout this text. This technique also gives a closed-
form solution that could be used in the analysis and design of the drive systems,
Figure 3.22 shows the phase converter output voltage, armature current, and
induced emf. using the above solution procedure. Although the input armature volt-
age contains considerable harmonic, the current has much less harmonic, because of
the high harmonic impedance of the machine. The useful electromagnetic torque is

Cn-ban-Yun

{ 6l 120 180 240 3K 36l

:u\!,deg.

Figure 3.22  The output voltage. the armature current. and the induced emi of the phase converter
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the average; the harmonic torques contribute to losses only. Note that the electro-
magnetic torque is very similar to the armature current in shape, with the field cur-
rent being maintained constant.

3.4.3 Critical Triggering Angle
The triggering angle corresponding to when the armature current is barely continu-

ous is called the critical triggering angle, o_. It is evaluated by equating the initial
armature current, i, to zero in equation (3.53). That is given as

(E/Vw) 1 , } ™
= =2 1 ot e S U S s - (m/ X 1anB) - S5
a, = B + cos { C! cos B (1—e ) 3 + 8, (3.54)
where
- A
¢, = Vaj + bj
V3
i 2
hl = —_!’— — e'(.\la'l'\Il} (355}
b
0= lan"(—')
a,

This expression for critical triggering angle is a function of the induced emf, input
line-to-line ac voltage, and machine impedance angle. B. The induced emf and the
input ac line voltage can be expressed as a single variable, because the input line-to-
line voltage is usually a constant, and that leaves the dependence of the critical trig-
gering angle on two variables, E/V  and {3, only. Figure 3.23 shows the critical
triggering angle vs. E/V_ for various values of . It is to be understood that these
curves are not machine-specific and could be used to calculate the critical triggering
angles for any dc motor-drive system. An increase in the triggering angle beyond its
critical value implies that the armature current will become discontinuous.

When one 1s computing o_ by using equation (3.54), care has to be exercised in
the argument of arccosine. If the argument exceeds one, then either E/V  or B has
to be changed to limit it to one. Further, the arccosine term has to be less than the
machine impedance angle, B, to be meaningful; accordingly, the computation has to
be terminated when a_becomes less than or equal to zero.

3.4.4 Discontinuous Current Conduction

When the current becomes discontinuous, the voltage across the machine then is the
induced emf itself. The steady state under such a condition can be computed from
the following relationship:

di,
R.i, + Lud—'l‘ FE =V, 0 <ot < wf, (3.56)
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Figure 3.23  The critical tnggering angle vs. E/V for various values of B

i,=0,ut, < ot < w/3 (3.57)
v, = Vpsin(wt + 7/3 + ), 0 < ot < aft, (3.58)
= E, ul;, < wl < m/3 (3.59)

and wt, = 6. Time t, corresponds to the current conduction time, and the wave-
forms are shown in Figure 3.24. The time t, can be evaluated from the armature cur-
rent solution by equating it to zero at time t = t,, as follows:

i,(t,)=0= Xgl:sin (wty, +w/3+a—-B) —sin(w/3 +a - B ‘T_} - E(I - c"fli) (3.60)
Z, R,

This equation can be solved iteratively for t, by using the Newton-Raphson tech-
nique. The current conduction time t, is dependent on the machine parameters,
speed (which is contained in the induced emf term), ac input line-to-line voltage,
and triggering angle. This triggering angle will be greater than the critical triggering
angle evaluated in the earlier section. Because of its dependence on more than two
variables, the current conduction time vs. all the variables cannot be contained in a
two or three dimensional plot as in the case of the critical triggering angle. It needs
to be evaluated for each operating condition. The discontinuous current has a rich
content of harmonics compared to the continuous current, resulting in high torque
pulsations that might be undesirable for some applications.
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Figure 3.24 Discontinuous current conduction wavelorms

Figure 3.25 shows the armature current, the voltage across the armature termi-
nals, and the induced emf for a typical discontinuous conduction. In the discontinu-
ous mode of conduction, note that the linearity of the output voltage with reference
voltage will be lost. This has implications in the control contributing to an overall
sluggish response of the drive system. The current discontinuity can be overcome by
the addition of an external inductor or by suitably designing the dc machine with
the required armature inductance to obtain a continuous current. The latter
approach is feasible at the system level of planning mostly for new installations. The
approach of using an external inductor is the only practical recourse for existing
installations; the replacement of the dc machine is an expensive alternative.

Example 3.5
The details and parameters of a separately-excited dc machine are
100 hp, 500 V. 1750 rpm, 153.7 A. R, = 0.088 £, L, = 0.00183 H, K, = 2.646 V/(rad/sec)

The machine is supplied from a three-phase controlled converter whose ac input is from a
three-phase 415 V, 60 Hz utility supply. Assume that the machine is operating at 100 rpm with
a triggering angle delay of 65°. Find the maximum air gap torque ripple at this operating
point.
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Solution To find the current ripple, it is essential to determine whether the current is
continuous for the given triggering delay by evaluating the critical triggering angle. It is found as
follows:

2N, 2w *100
Rotor speed, v = % - “T— = 10.48 rad/sec

Induced emf, E = K,w,, = 2.646 * 1048 = 27.7V
Peak input voltage, V, = V2 *415 = 5869 V
Input angular frequency, w, = 2=f, = 2= * 60 = 376.99 rad/sec

L, 000183
T = e—— —
Armature time constant, R, 0. 0.0208 sec

Machine impedance. Z, = VR + oL} = 0.69550

L
Machine impedance angle, 8 = lan"(w['{ ') = 1.444 rad

The critical triggering angle is

m 1

E
u,=|3+cos"{ / (1 —g'iw-'-‘mnﬁl)} _§+Bl

¢, cosP
where
a, =3 _ 0,266
2
b, = % - o ~(5am) = 0375

¢, = Val + b} = 0.9437
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n ALY T
8, = tan (3_1) = -~ (.4086 rad
from which the critical angle is obtained as . = 1.5095 rad = 86.48°. The triggering
angle a is 657, which is less than the critical triggering angle; therefore, the armature
current is continuous. Having determined that the drive system is in continuous
mode of conduction, we use the relevant equations to calculate the initial current,
given by

- (I\%){sm(%’f + @ — B) = Sil‘l(:—: *: == B)c'{ié"J}-: Riii_ﬁ i

1 —e¢ =r

The peak armature current is found by having w,t = n/6.1.e.. at the midpoint of the cycle.
This is usually the case, but the operating point can shift it bevond 30°; therefore, it is neces-
sary to verify graphically or analytically where the maximum current occurs and then substi-
tute that instant to get the peak armature current from the following equation:

. Vm . = ! -4T E -3/,
i(t) = Zi {sinfwt + n/3 + 0 — B) — sin(n/3 + a — Ble '} - R L=y

a
+i,e"M=24115A

The armature current ripple magnitude. Ai, = 2411.5 — 2308.1 = 1034 A

The ripple torque magnitude, AT, = K A1, = 2.646 * 103.4 = 273.86 N'm

Average air gap torque, T, = [, K, = [[2411.5 + 2308.1) * 0.5] * 2.646 = 6244 N-m

Note that the ripple current magnitude is less than 5% and therefore is approximated as a

straight line between its minimum and maximum values in each part of its cycle.
Torque ripple as a percent of the operating average torque is
AT, | 273.86

AT,, = 100 = —— * 100 = 4.4%
s v 6244

3.5 Two-Quadrant Three-Phase
Converter-Controlled DC Motor Drive

The control schematic of a two-quadrant converter-controlled separately-excited dc
motor drive is shown in Figure 3.26. The motor drive shown is a speed-controlled sys-
tem. The thyristor bridge converter gets its ac supply through a three-phase trans-
former and fast-acting ac contactors. The dc output is fed to the armature of the dc
motor. The field is separately excited, and the field supply can be kept constant or
regulated, depending on the need for the field-weakening mode of operation. The de
motor has a tachogenerator whose output is utilized for closing the speed loop. The
motor is driving a load considered to be frictional for this treatment. The output of
the tachogenerator is filtered to remove the ripples to provide the signal, . The
speed command w, is compared to the speed signal to produce a speed error signal.
This signal is processed through a proportional-plus-integral (PI) controller to deter-
mine the torque command. The torque command is limited. to keep it within the safe
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Figure 3.26 Speed-controlled two-quadrant de motor drive

current limits, and the current command is obtained by proper scaling. The armature
current command i, is compared to the actual armature current i, to have a zero cur-
rent error. In case there is an error, a Pl current controller processes it to alter the
control signal v_. The control signal accordingly modifies the triggering angle a to be
sent to the converter for implementation. The implementation of v, to a in the con-
verter is discussed under control circuit in section 3.3.3.

The inner current loop assures a fast current response and hence also limits
the current 1o a safe preset level. This inner current loop makes the converter a lin-
ear current amplifier. The outer speed loop ensures that the actual speed is always
equal to the commanded speed and that any transient is overcome within the short-
est feasible time without exceeding the motor and converter capability.

The operation of the closed-loop speed-controlled drive is explained from
one or two particular instances of speed command. A speed from zero to rated
value is commanded, and the motor is assumed to be at standstill. This will generate
a large speed error and a torque command and in turn an armature current com-
mand. The armature current error will generate the triggering angle to supply a pre-
set maximum dc voltage across the motor terminals. The inner current loop will
maintain the current at the level permitted by its commanded value, producing a
corresponding torque. As the motor starts running, the torque and current are
maintained at their maximum level, thus accelerating the motor rapidly. When the
rotor attains the commanded value, the torque command will settle down to a value
equal to the sum of the load torque and other motor losses to keep the motor in
steady state.

The design of the gain and time constants of the speed and current controllers
is of paramount importance in meeting the dynamic specifications of the motor
drive. Their systematic designs are considered in the next section.
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3.6 TRANSFER FUNCTIONS OF THE SUBSYSTEMS

3.6.1 DC Motor and Load

The dc machine contains an inner loop due to the induced emf. It is not physically
seen; it is magnetically coupled. The inner current loop will cross this back-emf loop,
creating a complexity in the development of the model. It is shown in Figure 3.27.
The interactions of these loops can be decoupled by suitably redrawing the block
diagram. The development of such a block diagram for the dc machine is shown in
Figure 3.28, step by step. The load is assumed to be proportional to speed and is
given as

T, = B, (3.61)

To decouple the inner current loop from the machine-inherent induced-emf loop, it
is necessary to split the transfer function between the speed and voltage into two
cascade transfer functions, first between speed and armature current and then
between armature current and input voltage, represented as

Om(S) _ wn(s) L(s)

Vi(s) L(s) Vi(s) (3.62)
where
wn(s) K,
I(s) Byl +sT,) (3.63)
1
I(s) (1 + sT,) sen

Vi(s) (1 + sTy)(1 + sTy)

POWEREN.IR B, = B, + B, (3.66)

Three-phase
ac supply

1 'a
s p |
R, +sL, b

r

Current
controller controlled

converter K, |
H, = :

Figure 3.27 DC motor and current-control loop
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1 1 1[B, R, \/ 1(131 Ra)’ (KLR,B,)
—m i, = o 2 B 2] - () @3
T 2[1 L,] a7 L, 3. ) eo
B
Shal ey (3.68)

3.6.2 Converter

The converter after linearization is represented as

Vi) K

Difg)= v(s) 1+ T,

(3.69)
The delay time T, and gain are evaluated and given in section 3.3.4.
3.6.3 Current and Speed Controllers

The current and speed controllers are of proportional-integral type. They are repre-
sented as

Gs) = M (3.70)
: sT, ;

Gys) = Kl toh) (3.71)
. sT, =

where the subscripts ¢ and s correspond to the current and speed controllers, respec-
tively. The K and T correspond to the gain and time constants of the controllers.

3.6.4 Current Feedback

The gain of the current feedback is H_. No filtering is required in most cases. In the
case of a filtering requirement, a low-pass filter can be included in the analysis. Even
then, the time constant of the filter might not be greater than a millisecond.

3.6.5 Speed Feedback

Most high performance systems use a dc tachogenerator, and the filter required is
low-pass, with a time constant under 10 ms. The transfer function of the speed feed-
back filter is

- Kw
G,ls) = T S_]:‘ (3.72)

where K is the gain and T, is the time constant.
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3.7 DESIGN OF CONTROLLERS

The overall closed-loop system is shown in Figure 3.29. It is seen that the current
loop does not contain the inner induced-emf loop. The design of control loops starts
from the innermost (fastest) loop and proceeds to the slowest loop, which in this case
is the outer speed loop. The reason to proceed from the inner to the outer loop in the
design process is that the gain and time constants of only one controller at a time are
solved, instead of solving for the gain and time constants of all the controllers simul-
taneously. Not only is that logical; it also has a practical implication. Note that every
motor drive need not be speed-controlled but may be torque-controlled, such as for a
traction application. In that case, the current loop is essential and exists regardless of
whether the speed loop is going to be closed. Additionally, the performance of the
outer loop is dependent on the inner loop; therefore, the tuning of the inner loop has
to precede the design and tuning of the outer loop. That way, the dynamics of the
inner loop can be simplified and the impact of the outer loop on its performance
could be minimized. The design of the current and speed controllers is considered in
this section.

3.7.1 Current Controller

The current-control loop is shown in Figure 3.30. The loop gain function is

K,K.K,H 1 + sT.)(1 + sT,
GHs) = { -t } ( o) ) (3.73)
T s(1 + sTy)(1 + sT,)(1 + sT,)
w; i] 1| 14sT, || KB, |wm
X Gi(s)— Gels) ™ G,(s) K 1T
(1+sT;)(1+sT5) n
Speed = Current Converter
controller Limiter controller
wrnr
H, =
G(s) =
Figure 3.29 Block diagram of the motor drive
. K.(1+sT.) Vc__ K, V, " 1+5T,, ;
a ST, = 1+sT, | T aesTy sy |

Figure 3.30 Current-control loop
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This is a fourth-order system, and simplification is necessary to synthesize a con-
troller without resorting to a computer. Noting that T, is on the order of a second
and in the vicinity of the gain crossover frequency, we see that the following approx-
imation is valid:

(1 + sT,)=sT, (3.74)
which reduces the loop gain function to
GH{s) = ) + 45 (3.75)
(1 + sT,)(1 + sT,)(1 + sT,)
where
K= ——K‘K“i:H‘T'“ (3.76)
The time constants in the denominator are seen to have the relationship
T € Ty T (3.77)

The equation (3.75) can be reduced to second order, to facilitate a simple controller

synthesis, by judiciously selecting
=T (3.78)

C

Then the loop function is

K
GH(s)= (1 sT,)(1 + sT) (3.79)

The characteristic equation or denominator of the transfer function between the
armature current and its command is

(1 +sT,)(1 +sT,) + K (3.80)
This equation is expressed in standard form as
; | O A K+ 1
2 i £ 1 3
TLTr{s + h( TT, ) + TT, } (3.81)
from which the natural frequency and damping ratio are obtained as
;  K+1
w, = T, (3.82)
(T1 e T._)
. IT,

L (3.83)
+

L= =l i SR 48
'K
2 TlTr

—

where w, and { are the natural frequency and damping ratio, respectively. For good
dynamic performance. it is an accepted practice to have a damping ratio of 0.707.
Hence, equating the damping ratio to 0.707 in equation (3.83), we get
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(T, + T,)3
K+1= _IL?T__ (3.84)
(7%)
Realizing that
K>>1 (3.85)
T, 2>T; (3.86)
tells us that K is approximated as
n_T
K= ——a——— 3.87
2T\ T, 2T, sl
By equating (3.76) to (3.87), the current-controller gain is evaluated as
1 T,T, ( ! )
= = : 388
I 2 L KK, HT, (3.83)

3.7.2 First-Order Approximation of Inner Current Loop

To design the speed loop, the second-order model of the current loop is replaced
with an approximate first-order model. This helps to reduce the order of the over-
all speed-loop gain function. The current loop is approximated by adding the time
delay in the converter block to T, of the motor: because of the cancellation of one
motor pole by a zero of the current controller. the resulting current loop can be
shown in Figure 3.31. The transfer function of the current and its commanded
value 1s

l‘;cKl'rl'rm . ] -
L(s) T (1 +sT,)
e - 3.89
Iu(s) 1+ EchKrHrTm. 1 { )

T (1 + sTy)
- KTy,
' I i 1+5T, .[b 'a
H, |

Figure 3.31 Simphfied current-control loop
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where T; = T, + T,. The transfer function can be arranged simply as

L(s) K

ot ... 3.90
[(s)  (1+5sT) )
where
T = T 3.91
i = 1 i K[. ( . ]
K 1
=t 3.
K=/, 17Ky (3:52)
KK K,T.H
Kh 3 g rT1 m* *c (393]

€

The resulting model of the current loop is a first-order system, suitable for use in the
design of a speed loop. The gain and delay of the current loop can also be found
experimentally in a motor-drive system. That would be more accurate for the speed-
controller design.

3.7.3 Speed Controller
The speed loop with the first-order approximation of the current-control loop is

shown in Figure 3.32. The loop gain function is

KsKiKhHm} (l T ST,) -
B,T, s(1 + sT,)(1 + sT,)(1 + sT,)

GHys) = { (3.94)
This is a fourth-order system. To reduce the order of the system for analytical design
of the speed controller, approximation serves. In the vicinity of the gain crossover
frequency, the following is valid:

(1 + sT,) =sT, (3.95)
" K(1+sT) |y K, b Ky/B,
% ST, 1+5T, 1+sT,, > Ym
Speed controller Current loop
Wy H.
14sT,

Figure 3.32 Representation of the outer speed loop in the de motor drive
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The next approximation is to build the equivalent time delay of the speed feedback
filter and current loop. Their sum is very much less than the integrator time con-
stant, T,, and hence the equivalent time delay, T,, can be considered the sum of the
two delays, T, and T_. This step is very similar to the equivalent time delay intro-
duced in the simplification of the current-loop transfer function. Hence, the approx-
imate gain function of the speed loop is

GHjs) ™ Kyt - S (3.96)
g T. 51 +sL,)
where
T,=T,+ T, (3.97)
- Kt a9
The closed-loop transfer function of the speed to its command is
KK,
wa(s) 1 MT_“ +sTy) _1 (ap + a;s) (399)
wi(s) H, ST, + 2 + sK.K, + % H, (a; + a;s + a,8* + ass’) )
where
a, = K,K/T, (3.100)
a, = KK, (3.101)
a,=1 (3.102)
a, =T, (3.103)

This transfer function is optimized to have a wider bandwidth and a magnitude of
one over a wide frequency range by looking at its frequency response. Its magnitude
is given by

ou(e)| 1 aj + o’al 3.104)
0lje) |~ Ho V(@ + oi(@l - 2a2)) + 0'(al - 2ay3y) + '} O

This is optimized by making the coefficients of w” and o' equal zero, to yield the fol-
lowing conditions:

al = 2aqa, (3.105)
a% = 23[33 (3]%)

Substituting these conditions in terms of the motor and controller parameters given
in (3.100) into (3.103) yields

2 2Ts
Ts= 3.107
T KK, (3.107)
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resulting in

2
TK, = K_z (3.108)
Similarly,
S v < I
KK = K—,K: (3.109)
which, after simplification, gives the speed-controller gain as
] (3.110)

K —
v KT,

Substituting equation (3.110) into equation (3.108) gives the time constant of the
speed controller as

T, = 4T, (3.111)

Substituting for K, and T, into (3.99) gives the closed-loop transfer function of the
speed to its command as

wn(s) 1 1 + 4T

wi(s) H,l1 + 4T, + 8T + 8T’

It is easy to prove that for the open-loop gain function the corner points are 1/4T,
and 1/T,, with the gain crossover frequency being 1/2T,. In the vicinity of the gain
crossover frequency, the slope of the magnitude response is —20 dB/decade, which
is the most desirable characteristic for good dynamic behavior. Because of its sym-
melry at the gain crossover frequency, this transfer function is known as a symmel-
ric optimum function. Further, this transfer function has the following features:

(3.112)

(i) Approximate time constant of the system is 4T .
(ii) The step response is given by

w, (1) = HL{] + e VT — 2e Wi Ticos(V31/4T),)) (3.113)

i

with a rise time of 3.1T,, a maximum overshoot of 43.4%, and a settling time of
16.5T,.

(iii) Since the overshoot is high. it can be reduced by compensating for its cause,
1.e., the zero of a pole in the speed command path, as shown in Figure 3.33. The
resulting transfer function of the speed to its command is

wu(s) 1 1 ]
1 + 4T, + 8T3s? + 8T’

w(s) H,

whose step response is

(3.114)

1 \ 2 o fe e '
o) = T (1 — e VAT - ﬁe"“"'.‘;ln(v}t;’fl'n}) (3.115)
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. Al 1 1+4Tys w,
e 1+4T,s H —

Hy 14T s+ 8T 48T,

Compensator Speed-loop
transfer function

Figure 3.33 Smoothing of the overshoot via a compensator

with a rise time of 7.6T,, a maximum overshoot of 8.1%, and a settling time of
13.3T,. Even though the rise time has increased, the overshoot has been
reduced to approximately 20% of its previous value, and the settling time has
come down by 19%.

(iv) The poles of the closed-loop transfer function are

§ = —l—;—L tj\/—’}i (3.116)
2T, 4T, 4T,
The real parts of the poles are negative. and there are no repeated poles at the
origin, so the system is asymptotically stable. Hence, in the symmetric opti-
mum design, the system stability is guaranteed. and there is no need to check
for it in the design process. Whether this is true for the original system without
approximation will be explored in the following example.

(v) Symmetric optimum eliminates the effects due to the disturbance very rapidly
compared to other optimum techniques emploved in practical systems. such as
linear or modulus optimum. This approach indicates one of the possible meth-
ods to synthesize the speed controller. That the judicious choice of approxima-
tion is based on the physical constants of the motor, on the converter and
transducer gains, and on time delays 1s to be emphasized here,

That the speed-loop transfer function is expressed in terms of T is significant in that
it clearly links the dynamic performance to the speed-feedback and current-loop
time constants. That a faster current loop with a smaller speed-filter ime constant
accelerates the speed response is evident from this. Expressing T, in terms of the
motor, the converter and transducer gains, and the time delays by using expressions
(3.91) and (3.97) yields
T =R T L L B (3.117
= _ — J.

FERT T ER T Y 1K '
Since K; >> 1, T, is found approximately after substituting for K, from equation
(3.93) in terms of gains and time delays as

(T, + T)T, I 8
j K, KK H,

This clearly shows the influence of the subsystem parameters on the system dynam-
ics. A clear understanding of this would help the proper selection of the subsystems

4

(3.118)

-
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to obtain the required dynamic performance of the speed-controlled motor-drive
system. Further, this derivation demonstrates that the system behavior to a large
degree depends on the subsystem parameters rather than only on the current and
speed-controller parameters or on the sophistication of their design.

Example 3.6

Design a speed-controlled dec motor drive maintaining the field flux constant. The motor
parameters and ratings are as follows:

220 V.83 A. 1470 rpm. R, = 4 ). J = 0.0607 kg - m,.L, = 0.072 H. B, = 0.086Y9 N-m /
rad/sec. Ky, = 1.26 Virad/sec.

The converter is supplied from 230V, 3-phase ac at 60 Hz. The converter is linear. and 11s

maximum control input voltage is *10 V. The tachogenerator has the transier function

0.065
GJS) = ————.
(1 + 0.002s)
current permitted in the motor s 20 AL

The specd reference voltage has a maximum of 10V. The maximum

Solution (i) Converter transfer function:

1.35V 1.35 x 230 =
ol “aateiaaes - ane 31.05V/V

Vy(max) = 3105V

The rated de voltage required is 220 V, which corresponds 1o a control voltage of 7.09 V. The
transfer function of the converter is

_ 305
(1 + 0.00138s)

AV

Gy(s) = /

(i) Current transducer gain: The maximum safe control voltage s 7.09 Voand this has 1o
correspond to the maximum current error:

I = 20A
7.09 7.09
= ——=—=()355V/
B . B &
(iii) Motor transfer function:
; B, 0.0869
K= = = ()0449
S+ R,B, 126" + 4 x 0.086Y
| | [[B, R,] “I(B. R,)-' (K;‘, + R,B,
- . = —_ | — e — + - - +_ — — it
T, l5 2l ) I.,J \/4 J E, JL, )
T, = 0.1077 sec
T, = 0.0208 sec

Tw=—7 = 07sec
!
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The subsystem transfer functions are

L(s) (1+sTa) 0.0449(1 + 0.7s)
Vis) {1 +sT)(1 +sT,) (1 + 0.0208s)(1 + 0.1077s)
o(s)  Ky/B, 145

I(s) (1+sT,) (1+07s)

(iv) Design of current controller:

T. = T; = 0.0208 sec
T 0.1077
K=cr=——-—">m7 =388
2T, 2 x 0.001388
KT, 38.8 % 0.0208

=233

(=

K,HK,T, 00449 x 0355 x 31.05 % 0.7

(v) Current-loop approximation:

1(s) K,

L(s) (1 +sT)

where

K

K, = b [ !
HL (l = K'fl)

KKK T.H, s

i = T, = 20,
2715 1

Ki= 2800 0385 &3
T ;

; RO, T

1+ K, |+388

The validity of the approximations is evaluated by plotting the frequency response of the
closed-loop current to its command. with and without the approximations. This is shown in

Figure 3.34. From this figure, it is evident that the approximations are quite valid in the fre-
quency range of interest.

(vi) Speed-controller design:

T, =T, + T, = 0.0027 + 0.002 = 0.0047 sec

KKyH, 275 x 1.26 x 0.065
BT, 00869 x 0.7

T ! = 2873

*2K, T, 2 370 x 0.0047 e

T, = 4T, = 4 x 0.0047 = 0.0188 = sec

K, = =370

The frequency responses of the speed to its command are shown in Figure 3.35 for cases
with and without approximations. That the model reduction with the approximations has
given a transfer function very close to the original is obvious from this figure. Further. the
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Figure 3.34  Frequency response of the current-transfer functions with and without approximation
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Figure 3.35 Frequency response of the speed-transfer functions with and without approximation
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Figure 3.36 Frequency response of the speed-transfer function with smoothing for the cases with and
without approximation

smoothing of the overshoot by the cancellation of the zero with a pole at —1/4T, is shown
in Figure 3.36. This figure contains the approximated transfer function of third order for
the speed to its command-transfer function and the one without any approximations.
Again, the closeness of these two solutions justifies the approximations.

The time responses are important to verify the design of the controllers, and they are
shown in Figure 3.37 for the case without smoothing and with smoothing. The case without
any approximation is included here for the comparison of all responses.

Example 3.7

Assume motor poles are complex. Develop a design procedure for the current controller.

Solution  If motor poles are complex, then the procedure outlined above is not applic-
able for the design of the current and speed controllers. One alternative is as follows: the cur-
rent controller is designed by using the symmetric optimum criterion that was applied in the
carlier speed controller design. The steps are given below.

Assuming (1 + sT) = sT, leads to the following current-loop transfer function:
K K. 1+ sT,
i_(s) = 2‘-[-:( s c)

|:{S} B bﬂ + b|5 ~ - hzsr + hﬁ‘
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Figure 3.37 Time response of the speed controller
where

K'_‘ = KleTm

C

K.
h“=|+l{3,i:‘_‘H

b=T, + T, + T, + K;K_H,
b, = (T, + T,)T, + T|T,
b\ = T|T2T,

Applying symmetric-optimum conditions,

bi = 2bb,

_ ; K, |
T+ T + T, + KoKHY = 2( 1+ Ko T H (T + T, + T

h;‘ = 2b1b\
(T) + T)T, + TTy)2 = 2T, + T, + T, + K, K H )T, T,T,)

but T, =<T,,T,,
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(T + )T, << T\T,

S T, + T, + T, + K;KH
Z{T]Tz-rr) | 2 T gl
;1 U £
T K.K H, [ T4 Ty 4 T le
_Tn 1
€ 2T, K;H.
Also,
T T \? T,T, :
T+ T + 1+ ?ﬁ =201+ ITT. (Ty + )T, + T|T,)
(T,Ty)* ( T,T, )
=7 y >
v e =
A}
44T T
T
Tl T, = T

The next step is to obtain the first-order approximation of the current-loop transfer
function for the synthesis of the speed controller. Since the time constant T_ is known. the
first-order approximation of the current loop is written as

iWs) K,
ia(s) 1 +5sT,

where the steady-state gain is obtained from the exact transfer function, by setting s = (), as

KEKc
S
; K.K H,
1 +
TC

andT, =T..
From this point, the speed-controller design follows the symmetric-optimum procedure
outlined earlier for the case with the real motor poles.

3.8 TWO-QUADRANT DC MOTOR DRIVE WITH FIELD WEAKENING

Flux weakening is exercised in the machine by varying the voltage applied to the
field winding. The applied voltage is varied via a single-phase or three-phase half-
wave controller rectifier. Because of the large inductance of the field winding, the
field current is smooth and hardly has ripple. The converter time lag is negligible
compared to the field time constant, and the speed of response is determined pri-
marily by the field time constant. Therefore, there is very little justification for using
full-wave converters in motor drives of rating less than 100 kW. A schematic of the
two-quadrant de motor drive with flux weakening is shown in Figure 3.38.



Section 3.9 Four-Quadrant DC Motor Drive 89

Three-phase 2
ac suppl ‘
/ Field circuit
+
: o
wy Gys) G(s)— * v, érmawr g * - ¢ (1
o —
Speed Current Converter
controller controller MTach
Iy la Iy Vv
Wy Ht. - ——» H; o
G (s)f= =
d o € / 1;
R,+L, at S t

et

Figure 3.38 A two-quadrant dc motor drive with field weakening

The command field current is determined by the induced-emf error function.
The induced-emf error is the difference between the reference induced emf and the
estimated machine-induced emf. The machine-induced emf is found by subtracting
the resistive and inductive drop from the applied voltage. This induced-emf estima-
tor is machine-parameter sensitive and needs to be adaptive. The induced-emf error
is amplified by a PI controller and limited to yield the field-current reference. The
field-current reference is enforced by a current-control loop feedback very similar
to the armature current-control loop. The outer induced-emf feedback loop
enforces a constant induced emf for speeds higher than the base speed. This
amounts to

en = ¢[nwmn t}l 19:’

If the induced emf e is kept at rated value, say | p.u., then the field flux is inversely
proportional to the rotor speed. This condition also enables constant-air gap-power
operation.

3.9 FOUR-QUADRANT DC MOTOR DRIVE

A four-quadrant dc motor drive has a set of dual three-phase converters for the
power stage. Its control is very similar to that of the two-quadrant dc motor drive.
Converters have to be energized depending on the quadrant of operation.
Converters 1 and 2 are for forward and reverse directions of rotation of the motor,
respectively. The changeover from one converter to another is safely handled by
monitoring speed, current-command, and zero-crossing current signals. These sig-
nals form the inputs to the selector block, which assigns the pulse-control signals to
the appropriate converter. The converters share the same current and speed loops. A
control schematic of the four-quadrant dec motor drive is shown in Figure 3.39. The
selector block will switch the converters over only when the current in the outgoing
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Figure 3.39 A four-quadrant de motor drive

converter has come to zero. Apart from that. some other conditions have to be satis-
fied to transfer the control of converters. Assuming that a positive speed command
is required for forward running and a negative speed command is required for
reverse running, the crossover control for converters is discussed. The machine is
running at rated speed and the speed command is changed to reverse rated speed.
The current command becomes negative. indicating that the machine has to become
regenerative in order to decelerate the motor in the forward direction. Forward
regeneration is possible only in quadrant I'V.and the converter to provide this quad-
rant of operation is converter 2. Before the current is reversed. it has to go through
zero. That is achieved by increasing the triggering angle of converter 1. When the
current is zero, a certain dead time 1s given to enable the thyristors in converter 1 to
recover reverse blocking capability. After this interval, converter 2 is enabled. At
this time, the armature current has been [orced to zero, but the speed is still positive.
The triggering angle of converter 2 is set such that its output voltage equals and
opposes the induced emf. Then. slowly decreasing the triggering angle increases the
armature current in the opposite direction. By a varving of the triggering angle, the
armature current is fully reversed and then is maintained at the reference level.
When the motor reaches zero speed, the operation of converter 2 is continued by
bringing it into rectification mode. i.e., with « less than 90°. That will accelerate the
motor in the reverse direction until it matches the speed reference.

The function of the selector block 1s to determine which converter has to be
operating. In the previous discussion, as soon as the current command goes nega-
tive, the selector block will transter the control from converter | to converter 2 with
proper initial triggering angle. If the triggering angle of converter 1 1s «, then the
initial triggering angle, a,,, of converter 2 1s (180" — «), to match the output voltage
of converter 1. If circulating current i1s not allowed between the converters, zero
crossing of the armature current is required to transfer the control from one con-
verter to another. The actual rotor speed is required to determine the quadrant of
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operation. Based on the rotor speed, the armature current. and its command. the
selector block identifies the converter for control and operation, The method dis-
cussed here with Figure 3.39 does not allow circulating current between converters
1 and 2. This type of control has a drawback: slower current transfer from one to the
other bridge, due to the dead time: but it has the advantage that no additional pas-
sive component in the form of an interphase reactor is needed to limit the circulat-
ing current.

The other type of crossover control uses a circulating current between the
thyristor bridges. It has the advantage of faster current crossover and high dyvnamic
response. but it has the disadvantages of requiring additional interphase reactors
and losses associated with them during the operation. The operational details of
such an arrangement can be found in references.

3.10 CONVERTER SELECTION AND CHARACTERISTICS

The ratings of the converter and its power switches are derived from the motor and
load specifications. Some approximate derivations are given in this section,

Let the maximum current allowed in the motor be 1 . The rms value of the
current in each device is then based on the fact that it is conducting for 120 electrical
degrees in a cycle and that the current is flat. Such an assumption might not be
strictly valid under discontinuous conduction. and. anyway. at those points the cur-
rent will be very much lower than the rated value. The rms value of the current in
the power device is

L = —= = (L5771 s (3.120)

ms

The voltage rating is the maximum line-to-hne voltage of the ac mamns.
V,= v2V (3.121)

1, is the fundamental rms component of the ac input current. which s derived as

1 2V3 VIV2
I T A = 0781, (3122
v2 W w -
The output power of the converter is given by
P, = V L = {1.35V cos all,,, = 1.35V],,. cos « {3.125)

Neglecting losses in the converter. the mput power equals the output power
Substituting for I in terms of the fundamental ac input current from equation
(3.122) gives

mea

P,=P, =135Vl ..cosa = \V3V],cosa (3.124)

This equation gives the real power n a balanced three-phase ac svstem with o
power factor of cos a. Therefore, the angle « gives the power factor angle. Sinilarly,
the reactive power is given by

Q, = VIVl sina = 1.35VIL,

S G (3.12%)
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The input apparent power is

Pva = V(B) + (Q) = 135Vl = V3VI, (3.126)

Because of the reactive power consumption of the phase-controlled converters,
they are expensive to operate where the reactive power is to be paid for. They
also generate harmonics, which may be unacceptable to power utilities beyond a
certain limit. The above two features are the primary disadvantages of the phase-
controlled converter-fed motor drives.

3.11 SIMULATION OF THE ONE-QUADRANT DC MOTOR DRIVE

The equations for various subsystems are derived and then assembled for computer
simulation in this section. Key results are discussed. The simulation for either a two-
or four-quadrant dc motor drive is very similar to the present development. In the
present one-quadrant speed-controlled motor-drive simulation, it is assumed that
the field current is constant in the constant torque mode and is varied through a
three-phase controlled rectifier for the field-weakening mode of operation to pro-
vide constant power over a wide speed range.

3.11.1 The Motor Equations

The motor equations, including that of a simple load modeling, are given below:

d,
V, = R,j, + Laf + Migwy, (3.127)
-
V; = Ryi¢ + Lfd—"' (3.128)
. dw,,
Mij, — T, = J-‘d—l‘ + Bw,, (3.129)

These equations can be rearranged in the following form to facilitate their solution
by numerical integration :

EN bl Ei + A\ 3.130
dt = I—-u Iy La Wy La ( . )

di; Ri, V

Y e o =
at L, i L, (3.131)

T R '
Choose i,, i;, and w,, as state variables and denote them as

X, =i, (3.133)
X; = i (3.134)

Xy = W, (3.135)
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Figure 3.40 Speed-feedback filter

From the motor equations and the above set of definitions, the equations of the
motor are written as

*; =} = L_Xi = L_-";.'(] + f (3.136)
. R, V,
X T — (3.137)
Ly L
M B T _
xI‘ = _j_xP'{: - Tx: _TI (3.138]

3.11.2 Filter in the Speed-Feedback Loop

Figure 3.40 shows the speed-feedback filter. The transfer function of the filter and
tachogenerator can be represented as

Guls)  _H. (3.139)

Ol8) = ) T T 5T,

In time domain, this can be rearranged by letting

Xy = Wy, (3<14U}
resulting in
Xy = %(HWX\ =Xy) (3.141)

The state variable x, forms one of the inputs to the speed error/controller block, and
that is considered next.

3.11.3 Speed Controller
The speed-controller block diagram is shown in Figure 3.41. The transfer function
of the speed controller considered in the present analysis is a proportional-plus-
integral controller, given as
~ KI\
Gys) = K, + = (3.142)
The state diagram of this block i1s shown in Figure 3.42. Letting

Xs = Wy — Wy = W, — Xy (3.143)
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Figure 3.42 State diagram of the speed controller
the torque command signal is derived as
T: = Km(m‘, — xg) + K x5 (3.144)

In order to maintain the drive system in the safe operating region, the torque refer-
ence is limited to allowable maximum limits determined by the converter and motor
peak capabilities. In this case, let that be +T_, . This torque reference limit is inte-
grated into the simulation as

0=T,.<+ Tpou (3.145)
3.11.4 Current-Reference Generator

The current reference is derived from the torque reference by using the relationship

'.—._T_;-—KF‘.EE. Kp.ﬁ.'..l&!.Ai:
"M, M, M x M x

(3.146)

3.11.5 Current Controller

The current controller is of a proportional-plus-integral type with limiter. The trans-
fer function of the current controller is

K.
G(s) =K, + — (3.147)

Similar to the speed-controller equations, the current-controller equations are

Xe = (i, — Hd,) = (i, — Hx,) (3.148)
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and
Ve = Kw(l; - Hx;) + Kixg (3.149)

This control voltage v, has to be limited to a value V_, corresponding to 1., given
in the present case as

Vo= Hlw (3.150)

where I, is the maximum allowable current in the motor and converter. Hence,
the limiter is prescribed as

O0=v. =V, (3.151)

The lower limit for v, is made zero: the current in the phase-controlled rectifier
cannot be reversed. In the case of a four-quadrant dc motor drive, that limit can
be=V.

Linearizing controller: The linearization of the output-voltage to input-
control signal is accomplished by the following:

a = cos ' (Vy/ Vo) (3.152)

It could be seen that, when control-signal command goes maximum for maximum
positive current error, the result is the triggering angle, «. of zero. That provides the
maximum voltage to the armature of the de motor, building up the armature current
and reducing the current error.

Bridge converter: The bridge converter for continuous current can be
modeled with its delay as

V, = V2Vsin(wl + 7/3 + a) (3.153)

Note that, for every 60 degrees, w.t rolls over, and « 15 updated at the beginning of
each 60 electrical degrees. This can be incorporated into the simulation as

w, = 27f

] 5

kit
ol > ot =0

When w,t = 0, update « (3.154)
and maintain the same o

until .t = w/3

3.11.6 Flowchart for Simulation

A flowchart for the digital computer simulation of the one-quadrant dc drive is
shown in Figure 3.43. The phase-controlled converter modeling for variations of «
greater than 60 degrees has to be considered; accordingly, the algorithm has to be
embedded in the software. For precise prediction of SCR and motor-voltage



96 Chapter3 Phase-Controlled DC Motor Drives

Read motor & control parameters
R, La,M,J B,V Ry L, T, H,, T, K
Kus' Kpi' Kli‘Tmu' lml:' ""r.- ch' f,

Initial conditions
x(0) =0
x(0) =0

Compute

.
Iy o Ve, Vg and a

:

Integrate the differential
equations, find x(t) t=t1+h
(Use Runge-Kutta Gill method)

i

Store x(t)
Find t = tg,,

T

NO

YES v

Plot the results

Figure 3.43 Flowchart for the simulation of a single-quadrant phase-controlled dc motor drive
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Figure 3.44  Simulation results of armature-controlled de motor drive with 3-phase SCR converters

waveforms to validate the design of the converter. the use of the right aleorithm is
required.

In the case of discontinuous armature current, note that a nonzero armature
current exists for the conduction duration. which will be less than 60 clectrical
degrees. For the remaining part of the cycle of 60 electrical degrees duration. the
armature current is zero; accordingly, the algorithm has to be modified

3.11.7 Simulation Results

A set of typical simulation results for a step change in speed reference from stand-
still to 0.5 p.u with rated field current is shown in Figure 3.44. The speed error is
maximum al the start, resulting in a maximum-torque reference, which is limited 1o
2 p.u. As the speed approaches the set value, the torque reference decreases. The
average armature current settles to 0.25 p.u.. to generate the electromagnetic torque
to counter the load torque. which 1s set at .25 p.u. in this simulation. That happens
when the rotor speed drops below the set speed by a small measure. The triggering
angle delay is switched to the extremes because of the high proportional gain in the
current controller. The speed oscillations are due 1o high proportional gain of the
speed controller. The induced emf follows the rotor speed as the field flux 1s man-
tained constant in this simulation.
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3.12 HARMONICS AND ASSOCIATED PROBLEMS

The ac input supplies pure sinusoidal voltages and has no harmonic contents in it. It
stands to reason that there will be no harmonic currents from the source for a linear
load. The SCR control in the converter causes the load to have harmonic voltages
besides the dec component. The harmonic voltages produce harmonic currents,
which reflect onto the ac-source side. Since the ac source does not contain har-
monic sources, the harmonic currents and voltages can be attributed to the phase-
controlled converter. Therefore, the phase-controlled converter can be considered
a harmonic generator. These harmonics result in heating and torque pulsations in
the motor and cause resonance in the power system network. The latter is treated
in this section,

3.12.1 Harmonic Resonance

The interaction of the power factor-improving capacitor bank connected to the
input of the ac source or the input filters with the phase-controlled dec motor drive
provides an ideal setting for resonance. because the circuit is an R, L. and C net-
work. This section contains the resonance condition for such a network and the
derivation of the natural system frequency of the power system. An illustrative case
study and methods to avoid resonance are outlined.

The input currents to the phase-controlled converter are assumed to be
ideally rectangular blocks of alternate polarity and of duration equal to 120 elec-
trical degrees. These waveforms. when resolved into Fouricr series, have a num-
ber of harmonics besides the dominant fundamental. The fifth and seventh are
1/5th and 1/7th of the strength of the fundamental. respectively. Most of the
power-system inputs are installed with large capacitor banks for power-factor
correction. The capacitor bank whose reactance 1s X, comes in parallel to the
impedance of the network including loads R + jX,.as shown in Figure 3.45. That
the circuit will resonate under the condition that X, = X_is seen from the equiv-
alent impedance,

5 IX(R +jX,) (3.155)
s = . e armEs e o )
o R + Jl\(l - XL)
When it is in resonance, the equivalent impedance is
X (R A+ jX,) X1, S
i & = e 15k —R)j‘( (3.156)

If X,/R == 1.then the equivalent impedance of the network is approximated as

X,
w = R X (3.157)
The n" harmonic equivalent impedance is then

z ("\)(X) Xix. = Z 3158
— — — = — = 315
egn R i L ey (5.158)

Va
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That harmonic equivalent impedance does not change from the fundamental is to
be noted in this network. Moreover. note the importance of the factor X,/R in the
calculation of the equivalent impedance of the network. By the same approach, the
harmonic capacitor current I, and harmonic capacitor voltage V_, for the n™ har-
monic are derived in terms of the input current to the power svstem network, |, as

A Xyn
L™ J( R )l., (3.159)

and

Vi = (%)x_“t,, - ('-1—::')( 3:]—)1 ~ (5:{—'))“ (3.160)

It is seen from the above that the ratio X,/R is an important factor in such power-
system calculations as the equivalent impedance., capacitor current, and capacitor
voltage. Note that the reactance of the power-svstem network changes dynamically.
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depending on the loads in the power system. The ratio X,/R is calculated from the
various impedances of the power-system network, such as source, transformer,
transmission and distribution lines, and electrical motors and generators. The
ratio X,/R is calculated for the supply frequency. The harmonic currents gener-
ated by the phase-controlled converter. 1, are calculated from the spectrum of
the ac currents input to the phase-controlled converter as a function of the trig-
gering angle and load conditions. Alternatively. the harmonic currents can be
determined from the output harmonic voltages and harmonic impedances of the
load. The harmonic currents are generated by the converter and hence are pre-
sented to the network as current sources, as is shown in Figure 3.46. The effect of

Phase-Controlled DC Motor Drives

2|

T
L
-

Figure 3.46 Harmonic equivalent of the system network

resonance in this network is illustrated with the following example:

Line-to-line voltage.V, = 138 kV
Capacitive reactance, X, = 8.96 ()
X,/R of the power system = 16
Fifth harmonic current. I, = 60 A
When X5 = X,

I(:S =

iXas) o\ _ &) _ (ﬁ _ -
(l P )(l_;) = ( = )19 = (5) R)(m = (5)(16)(60) = 4800 A

The voltage across the capacitor bank is

where V_, is the fundamental-phase voltage and V ¢ is the phase voltage due to the

V.= VVE + Vi

fifth harmonic current, given by

Vi 138 X 1000
V3 V3

X, 96 > 4800
= ()i = B g v

V, = = 7967 V
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Hence.
V.= V7967 + 8601° = 11,724 V per phase

which results in an overvoltage of 47%. This could result in exceeding the voltage
and current rating of the capacitor bank. The higher currents could also exceed the
circuit breaker rating. Both of these effects can lead to catastrophic failures in the
power system, and such a case is cited in reference [15]. The resonance is indicated
by the manifold increase in the harmonic currents flowing into the capacitor bank
and the resulting overvoltage. Whether resonance might occur can be determined by
finding the natural frequency of the power system and whether it coincides with any
of the harmonic frequencies generated by the converter. Coincidence of the natural
frequency with a harmonic frequency will result in the resonance. To evaluate such a
condition, the natural frequency of the power system is determined as follows.

V-1,
V- ]

¢

short-circuit voll—ampere rating ~ \
S (3.162)
\

tal| il

capacitor volt—ampere rating

Neglecting the short-circuit resistance. and considering only the short-circuit reac-
tance. X_.. the ratio is given by

short-circuit VA VA (V/X() X0 ]

capacitor VA N V- (V/X, ] "

= = 3.163
(2=f,)- (e

LT

“

Let f3 = 1/((2m)* L. C). where L is the short-circuit inductance and C is the
capacitance of the capacitor bank. and substitute this relationship into the ratio of
short-circuit-to-capacitor VA rating:

short-circuit VA of the plant (5

: - - == =I; (3.164)
capacitor VA capacity f:

where [, is the natural frequency of the power-system plant expressed in multiples
of supply frequency. f. The short-circuit rating of the plant s a variable depending
on the topology of the network and svstem loads. To calculate the short-circuit rat-
ing of the plant. refer to any standard text on power-system analysis.

The harmonic resonance can be eliminated by attenuating the harmonic cur-
rents at their source of generation by installing LC filters selectively tuned to absorb
the fifth and other harmonics of concern. Alternatively. inductors can be added in
series with the capacitor banks to minimize the current inrush by changing their
impedance. It is usual to install LC filters at the input 1o the converters, These LC
filters should not affect the normal functioning of the rest of the power systems. as
predetermined by the analysis of the network, This type of solution to the harmonic
resonance is ideal for retrofit applications where the addition of new loads has
changed the natural frequency. There are other solutions 1o the harmonics and their
resonance. They are of two broad kinds.

[nstead of using a six-pulse converter. it is possible 1o use a twelve-pulse con-
verter, thereby eliminating the fifth and seventh harmonics completely. It is
reminded that the most dominant harmonic creating resonance-related problem in
the installations is usually the fifth. very rarely the seventh. By eliminating these har-
monics. the basic problem of resonance is tackled. The twelve-pulse converter s
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made up of two six-pulse converters in parallel. The converter sets can be fed through
an isolation transformer with two secondaries, one of which is delta-connected, the
other star-connected, to provide the displacement in the voltages and hence the steps
in the input current drawn from the ac supply. This form of solution to the harmonics
is passive and uses a time-honored reliable converter topology with line commuta-
tion. Even though the cost of the system will go up (two converter sets, isolation
transformer with two secondaries, etc.), there will be considerable reduction in the
filter size, and this converter configuration is ideal for high power. The twelve-pulse
controlled converter is considered in the following subsection in some detail.

The other kind of harmonic control involves the switching control of the convert-
ers. This requires either forced commutation of the SCR switches or self-commutation
by using transistors, GTOs. IGBTs, MOSFETSs. etc. By a switching of the supply input in
a selective manner. the dominant harmonics are selectively eliminated. This is an active
solution, but it will involve additional cost compared to the line-commutated convert-
ers. Perhaps with time the cost of the self-commutating switches will come down fur-
ther. to make this option economically attractive for future installations.

3.12.2 Twelve-Pulse Converter for DC Motor Drives

Two six-pulse phase-controlled converters deriving their ac inputs from a set of star
(wve) delta-connected secondaries whose primary is delta-connected constitute a
twelve-pulse converter. The power schematic is shown in Figure 3.47. The output of the
star-connected secondary voltages lags the delta-connected secondary voltages by
30 degrees. The converter outputs are connected through an interphase reactor. This
reactor limits the circulating current between the bridge converters and further serves
the purpose of paralleling the two outputs of different magnitude provided by the bridge
converters. The output voltage is the average of the two bridge converters’ outputs.

The control of the bridges is very similar to the control of a six-pulse phase-
controlled converter. The operation of the twelve-pulse converter is explained by
using Figure 3.48. When v ., is positive and 60 degrees from its positive-zero cross-
ing.devices 11 and 12 can be turned on. With a triggering delay angle «. the output 1s
v,. This output, v,, is 60 electrical degrees in duration following the line voltage.v,,,.
and, hence, has six pulses per cycle. The output v, is very similar to v, but is phase-
displaced 30 electrical degrees by the phase shift of their ac input voltages. The
interphase reactor averages these two output voltages to provide the resultant load
voltage v, indicated by dashed lines in Figure 3.48. The load voltage contains a
twelfth harmonic. The input ac current contains zero Sth and 7th harmonic, as there
is no reflected sixth-harmonic current in the load. Hence the minimum higher har-
monic present in the ac input is the eleventh. The average output voltage of this
twelve-pulse converter for continuous load current is

Vi TV
Y (3.165)

where the average bridge converter outputs are

vy = v, = 1.35V cos « (3.166)
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Hence,
v, = 1.35Vcosa (3.167)

The twelve-pulse converter eliminates the lower harmonics (< eleventh) but does
not affect the power factor. This implies that, at low-speed operation of the motor
requiring low dc output voltage. the triggering angle a will be close 1o 90 degrees.
This will result in low power factor, and it will be dependent on the motor speed,
very much as is the six-pulse converter-controlled dc motor. The improvement in
power factor requires additional switching of the bridge converter to control the
reactive power, and that is described in the next section.

3.12.3 Selective Harmonic Elimination and Power Factor
Improvement by Switching

Increasing the number of switchings in 4 cycle eliminates the harmonics lower than
the switching frequency. For instance, a six-pulse converter has no harmonics below
6 at the output and 5 at the input. Simultaneously. the phase of the input current
with respect to its phase voltage can be controlled. resulting in power-factor control
and obtaining a desirable operation ncar or at unity power factor. Such a converter
circuit has to have self-commutating switches, i.e., switches capable of turning off
regardless of the polarity of the voltage and current. Consider a converter with
GTOs, shown in Figure 3.49 with input filter network. The filter contains an inductor
L; and a capacitor C; per phase. The source has an inductance L, per phase. Since
turn-off is achieved by gate control of the GTO, the switching constraint of the six-
pulse SCR converter is removed in this arrangement. The switches can be gated if
the anodes are positive with respect to the cathodes over and above their conduc-
tion voltage drops. Suppose T, and T, are conducting and are to be turned off. If the
armature current is continuous, a path for its continued flow needs to be ensured.
Otherwise, a large voltage due 10 the inductive drop will arise and appear across the
switches, resulting in their destruction. It is averted by gating T, and T, and shorting

B TI'
L (T ]E T ]E T; js Ts W= L'nn-sc:
Three- 5~y —_— "
p:aCse Dt VYL b "
L
O—INOL .
supply L E v ; E‘LT
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converler

Figure 3.49 Self-commutating converier-controlled de motor drive
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the armature. Due to the delays in turning off T, and turning on T, an instant may
occur with no path for the current, resulting in a large voltage across the devices.
That is avoided by overlapping the control signals of T, and T;. As for the ac side,
the filter provides a path for the converter input current during device turn-off.
During turn-on of a pair of switches, the voltage across the filter will appear across
the load, resulting in a large inrush current. This may very well exceed the critical
rate of rise of the current of the switches. To prevent such an effect. the filter is pro-
vided with the inductor L.

The output voltage is controlled by the conduction duration of the power
devices. This is in contrast 1o phase control, in which the output voltage is varied by
moving the 60-degree segment of voltage to give the desired average output volt-
age. Such a movement of the voltage segment results in a movement of current and
hence in the phase displacement of the current and a poor power factor. In the
present arrangement. the voltage and current are not moved. resulting in zero
phase shift of the current. This is illustrated with Figure 3,50. The control of the
voltage starts at 60 degrees from the positive—zero crossing of the line voltages, as
in the case of the phase control. Each GTO is used for 120 degrees. during which
the device on and off times are varied to provide the desired average voltage (o
the machine armature. The de output voltage contains approximately the first har-
monic at switching frequency. and the ripple current is minimized by appropriately
choosing the maximum available switching frequency consistent with the switch
characteristics and loss. The reduction of harmonic armature currents means that a
de reactor might not be necessary in this converter arrangement. hence. none is
shown in Figure 3.49. The phase current. i . consists of the on-time currents of the
armature only.

The control of output voltage requires consideration of the turn-on and turn-
off times of the power switches. There is a minimum duration of conduction
required for the switch. below which the switching losses would dominate the
quantum of power transfer from the source to load or vice versa. Hence. low-speed
operation requiring low voltages will have problems with pulse-width control. In
that region. then, it is necessary to adopt phase control. This comes at the expense
of low power factor and high harmonics. The encouraging factor in this mode of
operation is that it is required only for less than 10% of the speed range in many
applications. beyond which pulse-width control can be resorted to. The control is
identical for regeneration mode for both the pulse-width and phase control of this
converter.

Care must be excercised in the selection of filter component ratings and snubber
ratings for the system. to avoid a resonance due to the coincidence of the switching fre-
quency with the natural frequency of the circuit or the resonant frequency of the filter.

These converter configurations are in practice at 600-kVA ratings for some
elevator applications. The ratings of these converters will increase in the future, as
the harmonic reduction and power-factor improvement required by the utilities for
energy savings become a key economic factor in the day-to-day operation of indus-
tries. To reduce the cost of these converter arrangements, the lower half of the
bridge can have SCR switches: only the upper halt of the bridge need have sell-
commutating switches
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3.13 SIXTH-HARMONIC TORQUE

The previous section dealt with the input-side harmonics of the phase-controlled
converter and the associated problems. This section presents the effect of the har-
monics on the output side of the six-pulse phase-controlled converter. i.e.. the input
harmonics to the dc motor. The dominant harmonic in the six-pulse converter is the
sixth harmonic, and only that one is considered here. Compared to the effects of
the sixth harmonic. the effects of other harmonics are smaller. because the har-
monic impedances are very high for higher-order harmonics and thus result in the
attenuation of harmonic currents. The approach for calculating the effects of the
other harmonics can follow along the same lines as the calculation for the effects of
sixth harmonic developed in the following. The effect of the dominant harmonic is
1o produce a torque whose average is zero and which is therefore useless from the
point of view of driving a load. It also creates losses in the form of heating by
increasing the rms value of the imput armature current. The harmonic torque can
contribute to speed ripples at low speed if the mechanical impedance is not ade-
quate to filter it. It can also excite some of the resonant frequencies of the load and
disable the smooth functioning of the motor-drive system, It is essential to evaluate
the magnitude of the harmonic torque and its effect on the armature heating for
application considerations. For both the continuous and discontinuous current-con-
duction modes, the relevant equations are derived: some are used from the previous
section on steady-state analysis,

3.13.1 Continuous Current Conduction Mode

The armature voltage and current waveforms corresponding 1o Figure 3.22 (given in
section 3.4.2) are considered for harmonic analysis. The armature voltage can be
resolved into Fourier series as

Vi E (a,sinnd + b, cosnB) + a (3.168)
where
4 = V, = 1.35V cos w (3.169)
3\'“‘ = I8 o+ 16 135
a, BB I (3.170)
x L =1 n+l R-w
3V, | cos n - I cosn + [0 1w
= - ——— = > 1
= e = Rk 1 (3.171)

where nis the harmonic number and from which the sixth harmonic components are

3IV2V [ sin T sin Sa |

a, = — = (3.172)
w | 7 S |
AINV2V[cos Ta cos Sa |

b, = ' i (3.173)

w |7 5
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The peak value of the sixth-harmonic armature voltage is
Vep = Vag + bg (3.174)

which, upon substitution of (3.172) and (3.173), yields

3V2V
B Lo O B g ey (3.175)

1
e W 3

wn

This peak sixth-harmonic armature voltage is maximum at a triggering angle of 90
degrees and is given as

Vip = 0463 V (3.176)
The sixth-harmonic current and electromagnetic torque are derived as

v
.. (3.177)

z,
T = Kilg (3.178)
where the sixth-harmonic impedance is given by
Z, = R, + jbw,L, = jbuw, = 6X, (3.179)
The peak sixth-harmonic torque expressed in p.u. is

. 3VaV 1

T K. - 'ﬁ\.-"” — 70 cos 2a V/V,
- eh B 1 —— o
= Dl . = 0.00643 ————\/74 — 7 2
Ta = 7, XK, B oanla
V =
= ll.llﬂE\43x" V74 — 70 cos 2a (3.180)

where V_ is the normalized voltage and X, is the normalized armature reactance
given by

v

w=qpu (3.181)
X

Xoa = %p.u‘ (3.182)

r

Note that the sixth-harmonic torque is a function of the triggering angle, which
would change with the induced emf and armature current. Hence, the triggering
angle corresponding to the induced emf and armature current has to be evaluated
to find the sixth-harmonic torque. For a large de machine with a base voltage of
500 V. base current of 2650 A, 0.027 p.u. resistance, 0.2 p.u. inductance, emf constant
of 8V/rad/sec. and input rms line-to-line voltage of 560 V. the peak sixth harmonic is
computed; it is shown in Figure 3.51. The torque pulsations at low speeds are higher
in magnitude than those at high speeds, because the triggering angle will become
higher with decreasing speeds. thus contributing to increasing sixth-harmonic volt-
age. The fact that the torque pulsation can be as high as 0.42 p.u. at zero speed can
make it unsuitable for high-precision applications. If need be. the pulsations can be
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Figure 3.51 Normalized peak sixth-harmonic torque vs, induced emf

reduced by increasing the harmonic impedance with an external reactor. The other
solution for decreasing the harmonic voltage 1s dealt with in the next chapter: using
a chopper control.

Calculation of armature resistive loss: Thc rms armature current is found
from
FIER e
Lo = VG + [5:2 (3.183)

@ fip' =

where the average dc current is obtained from

1.35Vcosa - E
W= ___—CO"C‘ i: (3.184)
R,

The ratio of armature resistive loss for phase controlled input 1o a pure de input 1s

;I 2
— =1+ :—( —“") (3.185)

where
Lop V,/6X,

1.. (1.35Vcosa — E)/R,

(3.186)

av
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By substituting for V, the ratio of currents is

5 0.00643 V74 — 70 cos 2a (3.187)
L tanp 1.35cosa — E/V

The increase in armature resistive loss due to the sixth-harmonic component is

Iep) 74 — 70 cos 2«
-I'(E) = 0.2067 x l“'*{ Lok GBS (3.188)
2 (1.35cosa — E/V) - tan” 3

This 1s difficult 1o interpret when the average current becomes zero; hence, an alter-
native formulation is given below. The normalized armature resistive loss is

135V cosa - E\' 000643 V-
] = T = 2
p. ) +Inp,2 ( R, ) + 3 x(-l 70 cos 2a)
P = = = - _— P
= P‘.r 1;r {Vhrazh)
1.35V, cosa — E/V,\2  0.2067 x 107*V3 _
= + —————(74 — 70 cos 2a) (3.189)
Ruo . Xan
and this equannn is valid for all
[..'
= o e 3
a = cos ( l._‘»ﬁv)'md (3.190)

If V, = V.then V, = l.and hence the normalized armature resistive loss is given by

"1.35V,cosa — &, \* | 0.2067 x 10°°
P, = ( R - (74 — 70 cos 2a) .p.u, (3.191)

an

an
where the normalized induced emf and normalized resistance and reactance are

E

& =1 p.u. (3.192)
R,, = R/Z pu. (3.193)
Xan = Xo/Zp. poui. (3.194)

For the same machine given in the previous T, calculations. the normalized arma-
ture resistive loss against e is calculated with the above procedure. as shown in
Figure 3.52. The average armature current is assumed to be 1 p.u. The copper losses
have increased by approximately 9% at zero speed. and at 1 p.u. speed they have
increased only by 5%. For continued operation, this increase in losses has to be
compensated for by derating the machine. and note this is not negligible.

3.13.2 Discontinuous Current-Conduction Mode

The discontinuous current-conduction mode has been dealt with in the steady-state
analysis section. The normalized average and sixth-harmonic voltages are found.
from which the respective currents are derived as

i}

-/3

X

= (V.III - E!I}I <

3195
R ( d)

avn
in
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where the normalized dc input voltage is

cos(m/3 +a — 0
V. = NN T =D eoeh e : B8 (3.196)
d sin f),
) =tan'| ————— (3.197)
I — cos b,

Note that the average normalized motor input voltage is for the conduction dura-

tion, since only it contributes to the current. The current is averaged over the period
of 7/3 instead of 6,. The sixth-harmonic current has a peak given by

vn i ; "

Lapn = : (a; +a.) — 2Va;-a,cos(2a + 2-w/3 +0; — 0,) | (3.198)

xun Tf\./i

where

2 — 2 cos 78,

B (3.199)
2 — 2cos 56,
e (3.200)
25

| sin 38,

G =an" | ) (3.201)
cos 58, — 1

0, = 1 '( i ) 3.202)
BB cos 76, — 1, il

The triggering angle should be greater than its critical value, derived earlier, to ensure
that the operating point is in the discontinuous current-conduction mode. The peak
normalized sixth-harmonic torque 1s equal to the normalized peak sixth-harmonic
current. and the resistive loss due to it in the armature is given m normalized units as
Lipa

B = ol (3.203)

The algorithm for the computation of the sixth-harmonic torque is as follows:
(1) Find the impedance angle B and the critical triggering angle «. (i1) Choose an
« greater than «_ that will give the desired average armature current for the
assumed normalized induced emt. (111) Find the conduction angle. 8. using equa-
tion (3.60), by Newton-Raphson technique. (iv) The sixth-harmonic current and
the corresponding armature losses are evaluated from the expression derived
above. For the same machine parameters as in the continuous-conduction mode
and an average armature current of 1.15 p.u.. the triggering angle («) and con-
duction angle (y) vs. normalized induced emf are shown in Figure 3.53. The peak
normalized sixth-harmonic torque and 1ts corresponding loss vs. the normalized
induced emf are shown in Figure 3.54. The maximum harmonic torque occurs at
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1 p.u. induced emf or at 1 p.u. speed and has a minimum value at zero speed. This
is contrary to the continuous current-conduction mode, where the maximum
sixth-harmonic torque occurs at zero speed and the minimum occurs at 1 p.u,
speed. The maximum sixth-harmonic torque is approximately 0.16 p.u. for the
example considered: that is very high for many high-performance applications.
The harmonic currents and torques are lower in the discontinuous current-
conduction mode compared to the continuous current-conduction mode, for this
machine.

3.14 APPLICATION CONSIDERATIONS

The torque-speed characteristics in steady-state and intermittent operation provide
the power and speed ratings of the dc motor. Torque-speed characteristics translate
into voltage and current ratings of the motor and converter. The controller design
coordinates the steady-state with the dynamic requirements of the motor drive. There
are a number of factors to be considered in the selection of the motor. converter, and
controller. Some of these factors are listed in the following, from reference [19]:

1. Motor
* Power, hp.
* Service factor
* Armature and field voltage
* Armature and field current
* Efficiency
* Preferred direction of rotation
¢ Rated speed
* Maximum speed
* Motor friction and inertia
* Load friction and inertia
* Type of enclosure
* (Class of insulation
* Cooling arrangements
e Safe temperature rise
* Tachometer characteristics
* Encoder details
¢ Brush resistance. life span, and maintenance
e Mounting details
¢ Gears f[or speed reduction
* Protection features
‘onverter
Input ac voltage. output de voltage
RMS current raling
Maximum current rating (short-time rating)
Efficiency vs. load
Cooling
« Safe thermal limits

o o 8

L]
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* Protection features
* Overvollage
* Overcurrent

* Contaclors

* Enclosure

‘ontroller

Features such as regeneration

Reversal of speed

Steady-state accuracy or error

Dynamic responses (overshoot, bandwidth, rise time, etc.)
Flexibility to change controller gains

Metering and data logging

Protection coordination of the motor and converter
Interface capability to other processes

Loss of field supply. mains supply, etc.

3.

ll.......ﬁ

The motor might have to be derated to account for the additional losses pro-
duced by the harmonic currents. This derating has to be a function of load and of the
tvpe of converter used.

3.15 APPLICATIONS

Because the phase-controlled de motor drive is one of the earliest and most reliable
variable-speed drives. it has found a large number of industrial applications. An
example of its application is described here to impart a sense of reality to the theory
and analysis described above.

A schematic for a flying shear is shown in Figure 3.55. Flving shears are used
in the metal-rolling industry for cutting materials to desired lengths 1o suit cus-
tomer needs. A flving shear consists of two blades rotating in opposite directions
from their initial positions of ¢ and ¢” at a velocity of Vi ms. The matenial to be cut
moves in at a velocity of V m/s. The blades are driven by the shafts ol two separately-
excited de motor drives connected in series and controlled from a dual set ol

|\h'q/".
] |~
I L
i r'/ — Blade
' |
SR oy R he — —
\Il\ = 4 5
e AL | N
CaT |
_7‘—____'7.“ | hlt-_ I —+
Material | . ’,-’—* Blade C'ut metal

LNy
VTl 3
i *

-~

-

Figure 3,55 Flying-shear svstem schematic
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Figure 3.56  Flying-shear control system

three-phase controlled-rectifier bridges, as shown in the power schematic of
Figure 3.56. When the material is to be cut, the blades are accelerated until they
come to positions a and a”. The acceleration is made to be a function of the velocity
of the material inflow,V_, of the acceleration of the blades, V,, and of the positions
of the blades and the material. A slight deceleration is initiated at this point as the
shearing starts and the blades reach point d. At position d, the front end of the mater-
ial has been cut off. In order not to be in the way obstructing the flow of the material,
the blades are accelerated till they reach points b and b’, and then they are deceler-
ated to slide into their original positions ¢ and ¢’. The drive systems controlling the
blades have to be highly responsive and are position-controlled drive systems. The key
variables of the system are shown in Figure 3.57 for a cycle of operation. The blade
velocity exceeds 20 m/s nominally for a short period. and at the time of the metal cut-
ting it equals the velocity of the material. The armature-current commands for the de
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motors are at positive and negative maxima during acceleration and deceleration,
respectively. The actual motor currents have to follow their commands closely for
precise operation of the flying shear. This requires a fast-acting current loop. .e.. a
very high current-loop bandwidth for the system. For example, the flying-shear drive
system might consist of two 1250-k W motors of 600 V. The rated current of this system
is approximately 2200 A. Current reversals and ramping at this magnitude within a
few milliseconds, say 50 to 100 ms, are desirable for a fast-acting flying-shear system
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3.16 PARAMETER SENSITIVITY

A change in temperature increases the armature resistance of the dc machine. In the
closed-loop drive, this will not have an effect on such output variables as torque and
speed. It can increase the armature resistive loss; for example, a temperature rise of
150°C varies the resistance and loss by more than 70% from its nominal value at
ambient temperature. Therefore, reconsideration of the thermal limits of the
machine and of derating is essential.

In an open-loop motor drive, the changes in armature resistance will decrease
the rotor speed. Assuming that the load torque is a constant amounts to a constant
armature current; hence, the induced eml decreases for a given input voltage,
because the resistance drop has increased.

Decreasing induced emf means a reduction in rotor speed. Note that the ambi-
ent conditions and changing conditions are denoted by the subscripts (0 and c.
respectively.

€0 V, — iyRu

Wy = K. = _—Kh~— (3.204)
€. Vd = iaﬂRm‘

i e 3.205

e K, K, ( )

The change in speed due to parameter sensitivity is
ETE 5 M‘Eﬂk (3.206)
Wi Va - laﬂRafJ

The changing variables can be written as a sum of ambient or normal values and the
incremental changes:

Wye = Wy T OWy, (3.207)
R,. = R, + B8R, (3.208)

When 8w, is the change in speed due to 3R, change in armature resistance, then by
substituting equation (3.207) and (3.208) into (3.206) we get

dw 1,00R
[+ "= - 3.209)
Wi Va - IaﬂRn [
from which the incremental change in speed 1s expressed as
am_m ey ial)SRa iy iaflaRa (32“”
Wiy €y Khwm{]
Hence,
B0y = —P‘i]BR (3.211)
m Kh a ot

Likewise, the effect due to saturation can be computed. In the case of saturation. the
field flux will change and hence so will the emf constant K,
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The dynamic performance is affected along with the changing armature resis-
tance and saturation level. That is bound to affect the transient response if the con-
trollers are fixed.

3.17 RESEARCH STATUS

Current research is focused mainly on the following aspects of the de motor drive:

(i) Adaptive controllers
(ii) Improvement of power factor and reduction of harmonics

Adaptive controllers have become necessary to meet changing load conditions
without affecting dvnamic performance. This is evident. for example. in the vanation
of mertia as a robot’s arm is gradually moved. A number of processes need 1o avoid
torsional resonance. and they can be controlled by changing either the controller
configuration or the controller gains. New control algorithms using fuzzy. neural.
and other nonlinear techniques are on the rise: most of them are implemented with
MICTOPTOCEssOrs.,

With devices such as GTOs, transistors. and MOSFETSs. it is possible 1o resort
to pulse-width modulation of the input ac voltage to eliminate the harmonics selec-
tively. That would keep the input current more nearly sinusoidal and the power fac-
tor close to unity. Even though such switching techniques increase the complexity ol
control and the switching losses, they are worth investigating with the devices and
controllers now hecoming cost-effective.
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3.19 DISCUSSION QUESTIONS

1. The ratio between the field and armature time constants is of the order of 10 to 1000
in the separately-excited de machines. Will it be of the same order in series field de
machines?

2. Single-phase converters are avoided in high-performance applications. Why?

3. Three-phase converters are better than single-phase converters when harmonics are
considered. Will this advantage be of any use in motor drives?

4. Three-phase converters are faster in response than single-phase converters. Compare
their speed of response.

5. The converters require a filter to tackle the harmonics. Which one of the tollowing is
preferable: A filter on the input side or one at the output side?

6. A freewheeling diode reduces the harmonics in the output current. This is true for
triggering angles above a certain value. What is that limiting triggering angle?
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Freewheeling can be accomplished without using a diode across the load by using the
thyristors in the phase legs. Such a technique requires a modification of the triggering
signals. Discuss the conceptual aspects of the modification.

Is a microprocessor necessary for implementing the modification in question 77
Steady-state analysis of the dc motor drive assumes that there is no speed ripple. Is
that justifiable?

Precise control of a is required for accurate control of a dc motor. How can this be
ensured in practice?

. A de motor drive with an inner current loop alone is a torque amplifier. Is there any

use for such a drive?”

. The speed-controlled dc drive uses actual speed for feedback control. In the absence

of a tachogenerator. what would be done to close the speed loop?

Current feedback can be obtained by sensing the ac-side currents and rectifying them
to find the armature current. What is the advantage of this method of current sensing
over direct sensing of armature current?

Supply transformers are part of the dc motor-drive systems. Are they essential for all
ranges of the motor drive?

Even though a de motor-drive system is a sixth-order sampled-data control system. a
number of approximations have been made to synthesize the controllers. Why not
design the controllers without resorting to any approximations?”

. Can state feedback control be used in the design of current and speed controllers in

the de motor drive? Discuss the implementation of such a control scheme.,

For speed-controller design. the [ourth-order inner current loop has been approximated
into a first-order transfer function. Discuss the merits and demenis of the approximation

How critical is the current loop design in a two-/four-quadrant dec motor drive?
Discuss the design of the control and gating circuits in the four-quadrant de motor drive.
The power switches have been assumed to be ideal. e.. they have no forward voltage
drops and losses. A dc motor drive is driven from a 12-V ac maim. Can the switches he
considered ideal now for the analysis of this de motor drive?

Discuss the efficiency of the three-phase fully-controlled converter-fed de motor drive

. “The phase-controlled converter is a harmonic generator.” Justify this comment.

Load changes have a profound effect on the dynamic response of the de motor drive.
What are the techmiques to counter the load sensitivity on the performance of the de
motor drive?

3.20 EXERCISE PROBLEMS

1.

Derive the normalized steadv-state performance equations of a series-excited de
motor drive

A 100-hp open dnip-proof de motor rated at 500 V and 1750 rpm has the following
parameters at rated field current,

I, =15371 A R, = 0.088 ()

L, = 1.83mH K, = 2.646 Virad/sec

Draw its torque. induced emf. power. and ficld flux vs. speed m normalized units for
rated armature current and for an intermittent operation at 1.2 p.u.armature current
lor the speed range of 010 2 pau.
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3.

1.

The dc motor given in Problem 2 is operated from a fully-controlled three-phase con-
verter fed from a 460-V, 60-Hz, 3-phase ac main. Calculate the triggering angle when
the machine is delivering rated torque at rated speed. The armature current is
assumed to be continuous.

Assuming the current is continuous, draw a vs. speed, maintaining the load torque at
rated value, for Problem 3, for a speed range of 0 to 1 p.u.

A separately-excited de motor is controlled from a three-phase full-wave converter fed
from a 460-V, 3-phase, 60-Hz ac supply. The dc motor details are as follows: 250 hp,
500V, 1250 rpm, R, = 0.052 O, L, = 2 mH.
(1) Find the rated current and K, when the field is maintained at rated value.
(i) Draw the torque-speed characteristics as a function of triggering angle. a.
The motor drive given in Example 3.1 is driving a load proportional to the square of
the speed. Draw the torque-speed charactenstics of the drive svstem and a vs
speed characteristics. The combined motor and load mechanical constants are as
follows:
B, = 0.06 N-m/rad/sec.] = 5 kg—m-
Determine the electrical and mechanical time constants of the dec motor in Problems 3
and 6. respectively.
The converter in one case is linearized and in the other case 15 not modified. The
control voltage is =10V max in both cases. Design the current controller gains (PI)
for the motor drive given in Problem 3. Consider B, = (.06 N-m /rad/sec and J =
5 kg—m". Evaluate the time and frequency responses of the current loop for the two
cases.
Aninnermost unity feedback voltage loop is introduced in Problem 8. The voltage con-
troller is of proportional tvpe. with gain K,. Derive the current-loop transfer function,
and explain the impact of the voltage loop on the performance of the current loop.
A two-quadrant de motor drive 1s fed from a three-phase controlled converter operat-
ing on a 230-V.60-Hz ac main. The motor details are as follows:

230V, 40 hp, 1500 rpm.
R, = 0.066 (1 L,=63mH J=25ke-m’ B, = 04 N-m/rad/sec
H.=005V/IA  H, =0576Virad/sec T,=0002scc K, = 1.33Virad/sec
The load is frictional. (i) Calculate the controller constants by using the method devel-
oped in the book. (i1) Evaluate the stability of the motor drive. using the complete
model. (iii) Draw the Bode plots for the complete and simplitied transfer functions
between speed and its commanded value. (iv) Comment on the discrepancy in the
results. (v) Select the ratings of the converter power switches. The maximum armature
current 1s not to exceed 1.2 pou.

- The de motor drive given in Example 3.5 has its inner current loop disabled and also

its current controller removed. Compare its speed performance to the drive given in
Example 3.5. In the present case. the speed controller constants will be different and
hence will have to be recalculated,

Prove that. when T_ = T, the damping coefficient and natural frequency of the
current-loop transfer function remain equal to the case for T, = T.. Assume T, 15
very. very small compared to T, and T,

Design gating and control circuitry for a half-controlled three-phase converter to
drive a dc motor. Analvze the de output voltage into harmonies and plot the dominant
harmonic as a function ol triggering angle.
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A fully-controlled three-phase converter is driving a separately-excited dc motor in
open loop. Plot its torque vs. speed characteristics as a function ol triggering angle
both in the continuous and in the discontinuous modes of operation. Use the motor
parameters given in Problem 10.

15. The flying-shear control system described in the application section is to be designed

with separately-excited dc motor drives. The power schematic of the drive system is
shown in Figure 3.56(i): the control schematic is shown in Figure 3.56(ii). The system
details are: Rated power = 1500 kW per motor, Rated voltage = 600 V per motor,
Rated current = 2650 A per motor, Rated speed = 600 rpm. Armature resistance. R,
= 0.003645 1 per motor. Armature inductance, L, = 0.0001 H per motor. Emf con-
stant, Ky = 9.364 V/rad/sec, Circulating current reactors. L, = 0.001 H per motor, Total
moment of inertia. ] = 1500 Kg—m’, Gear ratio = 7. Radius of blade path = 0.75 m.
Determine the controller gains and current-loop bandwidth if the input voltages sup-
plied to the converter through an isolation transtormer are 1000 V., 3-phase. 60 Hz.
Assume 10V equals 3 m/s and 10V equals 2700 A for the control signals and that the
metal imput velocity 1s 4.2 m/s. Write a computer program to simulate the drive system
and show the kev variables as a function of time.

Refer to the paper 14 cited for relevant equations of the flving-shear control svstem

. Write a user-friendly computer program in a language of vour choice to simulate the

phase-controlled rectifier-fed separately-excited de motor drive. The specifications of
the drive system are as follows: The motor parameters are 150 hp. 220 V. 1500 rpm.
base torque = 711.7 N-m. R, = 0.05 Q. L, = 0.002 H. MI, = K,, = 1.6 V/rad/sec.
1=016kg —m". B = 0001 N-m/rad/sec. The converter parameters are Supply input: 3-
phase, 230 V. 60 Hz: Controller parameters: V= 10 VO H = 0.06364 Virad/sec. T, =
0.002. H, = 0.01124 VIA. K = 100. K; = L5. K, = 10.K, = |. T, = 2 X Base

torque. T, = 0 N-m. Plot the speed command. rotor speed. torque command, torque.
current, current command. tnggering angle. and apphed voltage vs. ime.

ﬂ
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CHAPTER 4

Chopper-Controlled DC
Motor Drive

4.1 INTRODUCTION

In the case of single stage ac to dc power conversion phase-controlled converters
described in Chapter 3 are used to drive the dc machines. Whenever the source is a
constant-voltage dc, such as a battery or diode-bridge rectified ac supply. a different
type of converter is required to convert the fixed voltage into a variable-voltage/vari-
able-current source for the speed control of the dc motor drive. The variable dc volt-
age is controlled by chopping the input voltage by varying the on- and off-times of a
converter. and the type of converter capable of such a function is known as a chopper.

The principle of operation of a four-quadrant chopper is explained in this
chapter. The steady-state and dynamic analysis of the chopper-controlled dc motor
drive and its performance characteristics are derived and evaluated. Some illustra-
tive examples are included.

4.2 PRINCIPLE OF OPERATION OF THE CHOPPER

124

A schematic diagram of the chopper is shown in Figure 4.1. The control voltage to
it's gate is v.. The chopper is on for a time t,, and its off time is t_. [ts frequency of
operation is

fo=——=_ (4.1)
and its duty cycle is defined as
d=-2 (4.2)

The output voltage across the load during the on-time of the switch is equal to the
difference between the source voltage V, and the voltage drop across the power
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(ii) Voltage Waveforms

Figure 4.1 Chopper schematic and its waveforms

switch. Assuming that the switch is ideal, with zero voltage drop. the average output
voltage V. is given as

V, = dV

S

vdc = (43)

fon
T S
where V is the source voltage.

Varying the duty cycle changes the output voltage. Note that the output volt-
age follows the control voltage. as shown in Figure 4.1, signifying that the chopper is
a voltage amplifier. The duty cycle d can be changed in two ways:

(i) By keeping the switching/chopping frequency constant and varying the on-
time, to get a changing duty cycle.

(ii) Keeping the on-time constant and varying the chopping frequency. to obtain
various values of the dutv cycle.
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A constant switching frequency has the advantages of predetermined switch-
ing losses of the chopper, enabling optimal design of the cooling for the power cir-
cuit, and predetermined harmonic contents, leading to an optimal input filter. Both
of these advantages are lost by varying the switching frequency of the chopper:
hence, this technique for chopper control is not prevalent in practice.

4.3 FOUR-QUADRANT CHOPPER CIRCUIT

A four-quadrant chopper with transistor switches is shown in Figure 4.2. Each tran-
sistor has a freewheeling diode across it and a snubber circuit to limit the rate of rise
of the voltage. The snubber circuit is not shown in the figure.

The load consists of a resistance, an inductance. and an induced emf. The
source is dc, and a capacitor is connected across it to maintain a constant voltage.
The base drive circuits of the transistors are isolated. and they reproduce and
amplify the control signals at the output. For the sake of simplicity. it is assumed that
the switches are ideal and hence, the base drive signals can be used to draw the load
voltage.

4.3.1 First-Quadrant Operation

First-quadrant operation corresponds to a positive output voltage and current. This
is obtained by triggering T, and T, together, as is shown in Figure 4.3: then the load
voltage is equal to the source voltage. To obtain zero load voltage, either T, or T, can
be turned off. Assume that T, is turned off; then the current will decrease in the
power switch and inductance. As the current tries to decrease in the inductance. it
will have a voltage induced across it in proportion to the rate of fall of current with a
polarity opposite to the load-induced emf, thus forward-biasing diode D,. D, pro-
vides the path for armature current continuity during this time. Because of this, the
circuit configuration changes as shown in Figure 4.4. The load is short-circuited.
reducing its voitage to zero. The current and voltage waveforms for continuous and

A

T, D, T *D;
IR
. + i, R, L, I I
Vs —/— C == v,
_ . - )
v, v
1
T, D, T, D-

Figure 4.2 A four-quadrant chopper circuit



Section 4.3 Four-Quadrant Chopper Circuit 127

\
+ + i R, L, I
v, =— C == L AAA—YY @ >V,
- F ZJ
+ —
Vo

i\ R, L,
T WYY )
+ -
VU
Dy X T

Figure 4.4  First-quadrant operation with zero voltage across the load

discontinuous current conduction are shown in Figure 4.5. Note that. in the discon-
tinuous current-conduction mode, the induced emf of the load appears across the
load when the current is zero. The load voltage, therefore, is a stepped waveform.
The operation discussed here corresponds to motoring in the clockwisc direction. or
forward motoring. 1t can be observed that the average output voltage will vary from
0 to V; the duty cycle can be varied only from 0 to 1.

The output voltage can also be varied by another switching strategy. Armature
current i1s assumed continuous. Instead of providing zero voltage during turn-off
time to the load, consider that T1 and T2 are simultaneously turned off. to enable
conduction by diodes D3 and D4. The voltage applied across the load then is equal
to the negative source voltage, resulting in a reduction of the average output volt-
age. The disadvantages of this switching strategy are as follows:

(i) Switching losses double, because two power devices are turned off instead of
one only.

(ii) The rate of change of voltage across the load is twice that of the other strat-
egy. If the load is a dc machine, then it has the deleterious effect of causing
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Figure 4.5 Voltage and current waveforms in first-quadrant operation

higher dielectric losses in the insulation and therefore reduced life. Note that
the dielectric is a capacitor with a resistor in series.

(iii) The rate of change of load current is high, contributing to vibration of the
armature in the case of the dc machine.

(iv) Since a part of the energy is being circulated between the load and source in
every switching cycle, the switching harmonic current is high, resulting in addi-
tional losses in the load and in the cables connecting the source and converter.

Therefore, this switching strategy is not considered any further in this chapter.
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Figure 4.6 Second-quadrant operation, with negative load voltage and positive current
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Figure 4.7 Sccond-quadrant operation of the chopper

4.3.2 Second-Quadrant Operation

129

Second-quadrant operation corresponds to a positive current with a negative voltage
across the load terminals. Assume that the load’s emf is negative. Consider that T, or
T, is conducting at a given time. The conducting transistor is turned off. The current in
the inductive load has to continue to flow until the energy in it is depleted to zero.
Hence, the diodes D, and D, will take over, maintaining the load current in the same
direction, but the load voltage is negative in the new circuit configuration, as is shown
in Figure 4.6. The voltage and current waveforms are shown in Figure 4.7. When
diodes D, and D, are conducting. the source receives power from the load. If the
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source cannot absorb this power, provision has to be made to consume the power. In
that case, the overcharge on the filter capacitor is periodically dumped into a resistor
connected across the source by controlling the on-time of a transistor in series with a
resistor. This form of recovering energy from the load is known as regenerative brak-
ing and is common in low-HP motor drives, where the saving in energy might not be
considerable or cost-effective. When the current in the load is decreasing, T, is turned
on. This allows the short-circuiting of the load through T, and D,, resulting in an
increase in the load current. Turning off T, resuits in a pulse of current flowing into the
source via D; and D,. This operation allows the priming up of the current and a build-
ing up of the energy in the inductor from the load’s emf. thus enabling the transfer of
energy from the load to the source. Note that it is possible to transfer energy from load
to source even when E is lower in magnitude than V_ This particular operational fea-
ture is sometimes referred to as boost operation in de-to-de power supplies. Priming up
the load current can also be achieved alternatively, by using T instead of T..

4.3.3 Third-Quadrant Operation

Third-quadrant operation provides the load with negative current and voltage. A neg-
ative emf source, —E._ is assumed in the load. Switching on T, and T, increascs the cur-
rent in the load. and turning off one of the transistors short-circuits the load.
decreasing the load current. That way, the load current can be controlled within the
externally set limits. The circuit configurations for the switching instants are shown in
Figure 4.8. The voltage and current waveforms under continuous and discontinuous

V, _J_: G _J: Ra La i,
= = ® .

131

T,

(1) Increasing load current

D,

(i1) Decreasing load current

Figure 4.8 Modes of operation in the third quadrant
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current-conduction modes are shown in Figure 4.9. Note the similarity between first-
and third-quadrant operation.

4.3.4 Fourth-Quadrant Operation

Fourth-quadrant operation corresponds to a positive voltage and a negative current
in the load. A positive load-emf source E is assumed. To send energy to the dc
source from the load, note that the armature current has to be established to flow
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Figure 4.9 Third-quadrant operation
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Figure 4.10 Fourth-quadrant operation of the chopper

from the right side to the left side as seen in Figure 4.2. By the convention adopted
in this book, that direction of current is negative. Assume that the machine has been
operating in quadrant [ with a positive current in the armature. When a brake com-
mand is received, the torque and armature current command goes negative. The
armature current can be driven negative from its positive value through zero.
Opening T, and T, will enable D; and D, to allow current via the source. reducing
the current magnitude rapidly to zero. To establish a negative current, T, is turned
on. That will short-circuit the load, making the emf source build a current through T,
and D,. When the current has reached a desired peak. T, is turned off. That forces D,
to become forward-biased and to carry the load current to the dc input source via
D, and the load. When the current falls below a lower limit, T, is again turned on, to
build up the current for subsequent transfer to the source. The voltage and current
waveforms are shown in Figure 4.10. The average voltage across the load is positive,
and the average load current is negative, indicating that power is transferred from
the load to the source. The source power is the product of average source current
and average source voltage, and it is negative, as is shown in Figure 4.10.

4.4 CHOPPER FOR INVERSION

The chopper can be viewed as a single-phase inverter because of its ability to work
in all the four quadrants, handling leading or lagging reactive loads in series with an
emf source. The output fundamental frequency is determined by the rate at which
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the forward-to-reverse operation is performed in the chopper. The chopper is the
building block for a multiphase inverter.

4.5 CHOPPER WITH OTHER POWER DEVICES

Choppers are realized with MOSFETS, IGBTs, GTOs, or SCRs. depending upon the
power level required. The MOSFET and transistor choppers are used at power lev-
els up to 50 kW. Beyond that, IGBTs, GTOs, and SCRs are used for the power
switches. Excepting SCR choppers, all choppers are self-commutating and hence
have a mintmum number of power switches and auxiliary components. In the case
of SCR choppers, commutating circuits have to be incorporated for each main SCR.
Such a circuit is described in Chapter 7.

4.6 MODEL OF THE CHOPPER

The chopper is modeled as a first-order lag with a gain of K ;. The time delay corre-
sponds to the statistical average conduction time, which can vary from zero to T. The
transfer function is then
. K,
G (s) = — (4.4)
sT
I+ —
2
where K, = V/V_ 'V is the source voltage,and V_, is the maximum control voltage.
Increasing the chopping frequency decreases the delav time, and hence the
transfer function becomes a simple gain.

4.7 INPUT TO THE CHOPPER

The input to the chopper is either a battery or a rectified ac supply. The rectified ac
is the prevalent form of input. The ac input is rectified through a diode bridge, and
its output is filtered to keep the dc voltage a constant. The use of the diode bridge
has the advantage of near-unity power factor, thus overcoming one of the serious
disadvantages of the phase-controlled converter. It has a disadvantage: it cannot
transfer power from the dc link into ac mains. In that case. the regenerative energy
has to be dumped in the braking resistor, as shown in Figure 4.11. or a phase-
controlled converter is connected antiparallel to the diode bridge to handle the
regeneraiive energy, as shown in Figure 4.12. In the latter configuration. the phase-
controlled converter can have a smaller rating than other power converters, because
the rms value of the regenerative current will be smail—the duration of regenera-
tion is only a fraction of the motoring time for most loads.

The regenerating converter has to be operated at triggering angles greater
than 90°, to reverse the output dc voltage across the converter to match the polarity
of V. The phase-controlled converter is enabled only when V is greater than the
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allowable magnitude AV over and above the nominal dc voltage obtained from the
ac source. It is usual to set AV to be 15 or 20% of V. In such a case, there is a need for
a step-up transformer in the path of the phase-controlled converter, to match the
dc link voltage V_. The phase converter is disabled when V| is slightly greater than
1.35 V, where V is the line-to-line rms voltage, to prevent energy flow from source to
dc link and from dc link to source via the phase-controlied converter.
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Figure 4.11 Front-end of the chopper circuit
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Figure 4.12 Chopper with regeneration capability
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4.8 OTHER CHOPPER CIRCUITS

Not all applications demand four-quadrant operation. The power circuit is there-
fore simplified to accommodate only the necessary operation. Power devices are
reduced for one- and two-quadrant drives, resulting in economy of the power
converter. Apart from the chopper circuit shown in Figure 4.2 and its variations
for reduced quadrants of operation. shown in Figure 4.13. a number of unique
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Figure 4.13  Variations of Figure 4.2 for one- and two-quadrant operation
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chopper circuits are used. Morgan and Jones circuits are some of the commonly
used choppers for dc motor speed control. They differ in their circuit topologies
and commutation of the current from the circuit discussed in this chapter but
they all have identical transfer characteristics. Considering this aspect, these cir-
cuits are not described and interested readers are referred to power-electronics
textbooks.

4.9 STEADY-STATE ANALYSIS OF

CHOPPER-CONTROLLED DC MOTOR DRIVE

The steady-state performance of the chopper-controlled dc motor drive is obtained
either with average values, by neglecting harmonics. or including harmonics. The jus-
tification for using average values is that the average torque is the useful torque that
is transmitted to the load. The torque components due to the current harmonics
produce an average torque of zero over one cycle of switching. They do not con-
tribute to useful power production. Further. thev result in increased armature
losses, because the harmonic currents increase the effective motor current. From an
output point of view, neglecting harmonics and using only average values gives eas-
ier steady-state computation. The analysis by this method is known as analvsis by
averaging.

When losses, maximum steady-state current. and precise electromagnetic
torque are required to fully analyze and design the drive system for an application,
the true current waveforms in steady state need to be computed. Therefore, the har-
monics cannot be excluded in the steady-state computation. A computationally effi-
cient, analytical closed-form expression is obtained by the novel technique of
boundary-matching conditions. This method is referred to as instantaneous steadv-
state computation.

It is assumed that the rotor speed is constant and the field is separately
excited. For the following analysis, the field flux is maintained at rated value. For
any other value of the field flux, the derivations need to be changed only with
regard to the induced-emf term.

4.9.1 Analysis by Averaging

The average armature current is

I, = ‘YL,—,,,E (4.5)
R,
where
Vg = dV, (4.6)
The electromagnetic torque is
T, = KL, (4.7)
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The torque, written in terms of duty cycle and speed from equations (4.5), (4.6) and
4.7),is
_ Kb(dvs - wam)

w R (Nm) (48)

The electromagnetic torque is normalized by dividing it by the base torque, T\, and
by dividing both its numerator and denominator by the base voltage, V,. The nor-
malized torque is obtained by simplifying the expressions and substituting for V, in
terms of the base speed, w, and emf constant:

_ Tav,vb . Kb(dvs - Khwm)/vb _ Cl\/n — Wy

T, = = = .p.u. 49
“ =TV, KRV, R, P+ @9
where
R, = R, 4.10
L (4.10)
v o= 4.11
Sy P (@.11)
= Om 4.12
Wpn = o p-u. (4.12)

R,.. V.. and w_, are normalized resistance. voltage. and speed, respectively. By
assigning the product of normalized torque and p.u. resistance on the y axis, a set of
normalized performance curves is drawn for various values of duty cycles, normal-
ized voltage, and speed, as is shown in Figure 4.14. From the characteristics and the
given duty cycle and voltage, the torque can be evaluated for a given speed. if the
normalized resistance is known.

4.9.2 Instantaneous Steady-State Computation

The instantaneous steady-state armature current and electromagnetic torque
including harmonics are evaluated in this section. both for continuous and discon-
tinuous current conduction, by boundary-matching conditions. The relevant wave-
forms are shown in Figure 4.15. For each of the current-conduction modes, the
performance is evaluated separately.

4.9.3 Continuous Current Conduction

The relevant electrical equations of the motor for on and off imes are as follows:

di,

Vo= E R, + Lt 0=t=dT (4.13)
) di, o .

0=E+R,j, + L,— dT=1=T (4.14)

dt’
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Figure 4.14 Normalized torque-speed characteristics as a function of duty cycle and source voitage

The solution of equation (4.13) is
V.- E

= (1-—e)y+1,et. 0<t<dT

L(t) =

a
where

) L,
T, = Armature time constant = T{i
a

Similarly, the solution of equation (4.14) is
(1) = —5—(1 e )+ e t.  dT=t=dT
and
t' =t -dT
From Figure 4.15, it is seen that
L =1(+T)

By using this boundary condition, I, and I, arc evaluated as

(4.15)

(4.16)

(4.17)

(4.18)

(4.19)
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Figure 4.15 Applied voltage and armature current in a chopper-controlled de motor drive

I, = —o et (4.20)

(4.21)

Having evaluated I,; and ;. you can use equations (4.13) and (4.17) to evaluate the
instantaneous armature current in steady state.

The limiting or minimum value of duty cvcle for continuous current is evalu-
ated by equating I, to zero. This value is termed the critical dutv cycle, d.. and 1s
given by

d A(Ta>1 {1 Bt o 4.22
c T 08, T \/\(L ) ( ._,_)

Duty cycles lower than d. will produce discontinuous current in the motor. Note
that this critical value is dependent on the ratio between chopping time period and
armature time constant and also on the ratio between induced emf and source
voltage.
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4.9.4 Discontinuous Current Conduction

The relevant equations for discontinuous current-conduction mode are obvious
from Figure 4.15;

di
V,=E + Rj, + Lad—’t", 0<t<dT (4.23)
_ di,
0=E+ R, + Lag~ dT <t < (t, +dT) (4.24)
with
i(t, +dT) =0 (4.25)
,(0) =0 (4.26)
Hence,
V, - E _
I, == (1 —e™9Tm) (4.27)
R,
. E L _u
iyt +dT) = —(1 —e T) + Le T (4.28)

a
This equation is equal to zero, by the constraint given in equation (4.25), and, from
that, t, is evaluated as

IaIRa
to=T,log| 1 + =4 (4.29)

The solution for the armature current in three time segments is
V.- E

R (1 —e' Ty, 0<t<dT (4.30)

ia(t)

4T E Cam
1,(t) = [,e7 ™ - R—<1 - e"f.>, dT <t <t +dT (4.31)

L,(t) = 0. (t, +dT) <t <T (4.32)

The steady-state performance is calculated by using equations (4.30) to (4.32).

Example 4.1

A dc motor is driven from a chopper with a source voltage of 24V dc and at a frequency of 1
kHz. Determine the variation in duty cycle required to have a speed variation of O to 1 p.u.
delivering a constant 2 p.u. load. The motor details are as follows:

1 hp, 10 V. 2500 rpm. 78.5 % efficiency. R, = 0.01 (0. L, = 0.002 H, K, = 0.03819 V/rad/sec

The chopper is one-quadrant, and the on-state drop voltage across the device is assumed to
be 1 V regardless of the current variation.
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Solution (i) Calculation of rated and normalized values

V,=10V
Ve 24-1
Vo= 2= =23p.u.
"V, 10 Pt
2500 x 2
Wy = _3._.6_(_);1 = 261.79 rad/ sec
Output I X 746

I, = A ~95A =1
" Voltage x Efficlency 10 x (1.785 "

R, = IRs 93 X 0.001
SRRV 10

= 0.095 p.u.

=2p.u.
(ii) Calculation of duty cycle

The minimum and maximum dutyv cycles occur at 00 and | p.u. speed. respectively. and at
2 p.u. load. From equation (4.9),

_ TsnRan + Wmn

d= v,
2 X009 +0
Qpin = 57— = 00826
23
2 x0.09 +1 _
Ay = — = 0.317

2.3

The range of duty cycle variation required. then. ts
0.0826 = d = 0.517

Example 4.2

The critical duty cycle can be changed by varying either the clectrical time constant or the
chopping frcquency in the chopper. Draw a set of curves showing the effect of these varia-
tions on the critical duty cycle {or various values of E/V .

(B el E(E )
d. = ?logci‘»l+~\7\ c‘—lJ

In terms of chopping frequency.

Solution

[ E/ ]
d, = ch‘,l()gc}hl + 7\ eld — 1 |

Assigning various values of E/V_and varving £ T, would yield a set of critical duty cvcles. The
graph between d_ and {. T, for varying values of E/V_ is shown in Figure 4.16. The maximum
value of { T, i1s chosen to be 10.
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Figure 4.16 Critical duty cycles vs. the product of chopping frequency and clectrical time constant of the
dc motor, as a function of induced emf and source voltage

Example 4.3
A 200-hp, 230-V, 500-rpm separately-excited dc motor is controlled by a chopper. The chop-

per is connected to a bridge-diode rectifier supplied from a 230-V, 3-¢, 60-Hz ac main. The
motor chopper details are as follows:

R,=0.040Q.L, = 00015 H.K, = 4.172V/rad/sec. f, = 2 kHz.

The motor is running at 300 rpm with 35% duty cycle in the chopper. Determine the average
current from steady-state current waveform and the electromagnetic torque produced in the
motor. Compare these results with those obtained by averaging.

Solution The critical dutv cycle 1s evaluated to determine the current continuity at
the given duty cycle of 0.55.

1

T, oL E 1
d.=1{ = logf’tl + V(ef- = 1)

T s
0.0015 }
T, = 5gp = 003755
I 1
T=-= - =05ms
f. 2x10°
T, 75
—=175
T
V, = 135V cosa = 1.35 X 230 X cos 0° = 310.5V
21 X
E = Kyw, = 4172 X "6—0300 = 1311V

131.1 L
=1y | = 0423
S0 T =04

d.=75log.| 1 +
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The given value of d is greater than the critical duty cycle; hence, the armature current is

continuous.
V(e - 1 310.5(e"¥™ - 1) 1311
L= ) E 310 _ ) _ =979 A
R,(e"T - 1) R, 0.04(e'” - 1) 0.04
V(] — e 4T/, 310.5(1 = e "7 4311
lalz‘L’Th)_E_z ( - 7’)“ = 1004.7A
R(l-e ™) Ry 004(1-c'™) 004

The average current is

1 dT(VS— E T l,T> 'u-d‘;’[( E T ) }
= — — LA -, [ — e VT 4+ 1. -1,
I, TL[» R (1 -e )+ Lee dt + J“ Ra(l e )+ Le dt

.- E ,

TR Tle TR D LT T

= }‘ E =991.8 A
SRl AT =T+ Tee AT T — eI

T,, = Kl,, = 4.172 X 991.8 = 4137.7N'm

Steady state by averaging

(dV, ~ Kywyn) 055 X 310.5 — 4.172 X 31.42
R, 0.04

T. = Kpl,, = 41381 N'm

= 991.88 A

L. =

There is hardly any significant difference in the results by these two methods.

4.10 RATING OF THE DEVICES

The chopper shown in Figure 4.2 is considered, for illustration. The armature cur-
rent is assumed to be continuous, with no ripples. If [, is the maximum allowable
current in the dc machine, the rms value of the power switch is dependent on this
value and its duty cycle. The duty cycle of one device is slightly more than the duty
cycle of the chopper, because one of the power switches continues to carry current
during freewheeling while the other is turned off. In order to equal the current load-
ing of the switches, the power switch carrying the freewheeling current is turned off
in the next cycle and the previously inactive switch is allowed to carry the free-
wheeling current alternately. Accordingly, the current waveform of one power
switch and the diode is as shown in Figure 4.17. Note that the diodes are, like their
respective power switches, alternately carrying the freewheeling current, and only
motoring action is considered for the calculation.

The rms value of the power switch current and average diode current are
given by,

2, 1+d
L=\ ST+ dT) =[5 L (4.33)

1 —
Iy = (—i—d) * I max (4.34)
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Imax
i)
E
= t
0 T+dT 12T
L
! i
[l'“ﬂx r :
i !
i I
i ' '
| |
| I
I I t
0 dT, T | | 2T+dT,
I i I i
i | | | |
________ I (
ln]HX ! !
- | !
) I i
o3 b
I |
i 1 ¢
0 dT T i o 2T+dT aT
{ ! {
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____________________ | |
Imax
14
t
0 T+dT 2T
Figure 4.17 Transistor and diode currents in the chopper for motoring operation in the continuous-
conduction mode
where the subscripts d and T refer to the diode and power switch, respectively. The

average diode and rms power switch currents vs. duty cycle for continuous conduc-
tion are shown in Figure 4.18, for design use.
The minimum voltage rating for both the devices 1s,

V=V, =V (4.35)

B

Whenever regeneration occurs in the motor drive, the current in the freewheeling
diodes would change, and, depending on the frequency and duration of regenera-
tion, the diode currents have to be recalculated. To optimize the chopper rating in
comparison to the motor and load demands, the operating conditions have to be
known beforehand. The extreme operating conditions would then prevail on the
design and hence on the final rating of the chopper.

LR

4.11 PULSATING TORQUES .

The armature current has ac components. These ac components or harmonics pro-
duce corresponding pulsating torques. The average of the harmonic torques is zero, !
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Figure 4.18 Device currents vs. duty cycle for continuous-conduction mode

and they do not contribute to useful torque and power. Some high-performance
applications, such as machine tools and robots, require the pulsating torque to be a
minimum so as not to degrade the process and the products. [n that case. an estima-
tion of the pulsating torques is in order.

The pulsating currents are evaluated from the harmonic voltages and the har-
monic armature impedances of the dc machine. The applied voltage shown in Figure
4.10 is resolved into Fourier components as

v() = Vi + S A, sin(nogt + 9,) (4.36)
n=1
where
dT
V,=—V,=dV.. V (4.37)
T
27
w, = 2mwf, = T rad/sec (4.38)
2V,  nedT
A, = sin .V (4.39)
n 2
m  nodT
0, =7 — . rad (4.40)

2 2
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and n is the order of the harmonic. The armature current is expressed as

. > A
() =1, + 2 7 sin(nat + 6, — &) (4.41)
where
VvV, - E
L,=— 4.42
as R (4.42)
Z, =R, + jnwl, (4.43)
] R,
b, = cos ‘{*——*———} (4.44)
VR? + nlw?L?

and Z__ is the harmonic impedance of the armature. The input power is
P = va(1)ia(t)

X G A
VLo + L D A sin(nod + 6,) + V, > —sin(not + 0, — ¢,)
n=l :llzn; (4 4-3-)

~ A’
+ 2 (I-Z—I sin(nm.t + 8, )sin{nw.t + 6, ‘Dn))

The right-hand side of equation (4.45) can be simplified further, because the follow-
ing pulsating terms reduce to an average of zero.

L. 2 A, sin(not + 8,) =0 (4.46)

Vv, 2*_ sin(nwt + 6, — ¢,) =0 (4.47)

= _,”

The other terms tend to zero, as 1s shown below.

N A’ )
2 <E—I sin(nw.t + 6,)sin{not + 6, — (1)"))

= 2 <$_I i {cos ¢, — cos(Znoot + 20, — ¢n)}> (4.48)

The average of the double-frequency term is zero, and the power factor is nearly
zero because

n“wl] >> R, (4.49)

Hence, the expression (4.48) s almost ecqual to zero. The average input power
becomes a constant quantity and is expressed as

P, = VL, (4.50)

Power calculation can use the average values, and there is no need to resort to har-
monic analysis, as is shown by the above derivation. The fundamental-harmonic
peak pulsating torque then is

T, = Kuiy (4.51)
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and the fundamental-harmonic armature current is given by
) 2V, ) (wch> 4.52)
Iy = sin i
VR 4wl \ 2

The fundamental armature current can be alternately expressed in terms of duty
cycle as

, 2V, :
la = /= sin(nd) (4.53)
TVR: + ol
When the duty cycle is 50%, the fundamental armature current, and hence the pul-
sating torque, is maximum. For a duty cycle of 100%, there are no pulsating-torque
components. The instantaneous electromagnetic torque is the sum of the dc and har-
monic torques, written as

Tg(l) = T;s\ + Tch (454)

where A is the harmonic order. The harmonic torques, T, do not contribute to the
load: their averages are zero.

The fundamental pulsating torque is expressed as a fraction of average torque,
to examine the impact of duty cycle on the pulsating torque. It is facilitated by the
following development.

Ty Ky 2V sin(rd)/(tV R + g L 2R, Y

da al = : Y- sin(nd) (4.55
T, K. (dvg—E>/Ra TVR: + oLl WV, - E) () (39)

(2 sin(nd) A sin(rd)
_<ncos<b,><d_£>—k, (d iE)
V. V.

where ¢, is the fundamental power-factor angle. which can be extracted from

R, <
cosd, = e (4.36)
V'R; + wil;
and
2
k, = =cosd, (4.57)
T

A set of normalized curves is shown in Figure 4.19 to indicate the influence of duty
cycle and of the ratio between the induced emf and the source voltage on the mag-
nitude of the pulsating torque.

By noting that the fundamental is the predominant component among the ac
components, the rms value of the armature current is approximated as

Lo = VI + 1 (4.58)
where [, is the fundamental rms current. given by

1= = 5 =
vz “\ R - oy Ld
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Figure 4.19 Normatlized fundamental torque pulsation vs. duty cycle as a function of the ratio between
induced emf and source voltage

The armature resistive losses are,
P. = IR, (4.60)

rms

This indicates that the thermal capability of the motor is degraded by the additional
losses produced by the harmonic currents.

Minimization of the dominant-harmonic torque is of importance in many
applications, mainly in positioning of machine tool drives. The key to mitigation of
the harmonic torque is revealed by the expression for harmonic current given by
equation (4.53). Given a fixed voltage source, there are only two variables that
could be utilized to reduce harmonic current: the chopping frequency, and the
machine inductance. Note that d cannot be used; it is a variable dependent on the
speed and load. The chopping frequency is limited by the selection of power device.
by its switching losses, and by other factors, such as electromagnetic compatibility.
The advantage of varying the carrier frequency is that it is machine-independent,
and hence the solution is contained within the chopper. This may not be feasible. as
in the case of large (>100 hp) motor drives, but it is possible to increase the arma-
ture inductance of the machine during the design of the motor or to include an
external inductor to increase the effective inductance in the armature path. The lat-
ter solution is the only practical approach in retrofit applications.

Example 4.4

A separately-excited dc motor is controlled by a chopper whose input dc voltage is 180 V.
This motor is considered for low-speed applications requiring less than 2% pulsating
torque at 300 rpm. (i) Evaluate its suitability for that application. (ii) If it is found unsuit-
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able, what is the chopping frequency that will bring the pulsating torque to the specifica-
tion? (iii) Alternatively, a series inductor in the armature can be introduced to meet the
specification. Determine the value of that inductor. The motor and chopper data are as
follows:

3hp, 120 V. 1500 rpm. R, = 0.8 Q. L, = 0.003 H.K, = 0.764 V/rad/sec, f, = 500 Hz

Solution Rated torque.

3 X 745.6

L= 20 425N
« T 2 X 1500/60 m

Maximum pulsating torque permitted = 0.02 X T, = 0.02 X 14.25 = 0.285 N-m

To find the harmonic currents. it is necessary to know the duty cycle. That is approximately
determined by the averaging-analvsis technique, by assuming that the motor delivers rated
torque at 300 rpm.

I, = T 1425 18.65 A
PTKe 0764 o
27 X 3
V, = E + IR, = Kyo,, + I,.R, = 0.764 X “6—000 + 1865 X 0.8 = 3891 V
IRV TR
vV, o180 T

s

(i) The fundamental pulsating torque is assumed to be predominant for this analysis.

i 2Y, in(md) 2 X 180 in(0.2167) = 7.6 A
Iy = ——F==—=—— sin(nd) = = sin(0.216m) = 7.6 A.
' aVRIt ol V0.8 + (21 x 500 X 0.003)

T. = Ky = 0764 X 76 = 58 N-m
This pulsating torque exceeds the specification, and, hence. in the present condition. the
drive is unsuitable for use.

(it) The fundamental current to produce 2% pulsating torque is

Tehtpec) 0285
Lgee = —5— = ——=0373 A
S K, 0.764
2V,
7VR + ol
from which the angular switching frequency to meet the fundamental current specification is
obtained as

i sin(wd)

alspec T

\/4V§ sin(nd) R}
P A el W

(S

22 2 2N 08 \?
o o e \,.(4 x 1807 sin® (0.216m)/(r%(0.003)%(0.373)?) ( 0'003)

al(spec.)
= 64.278 rad/s

fyo= o 1023 kHz
m



150

Chapter 4 Chopper-Controlled DC Motor Drives

Note that f; is the chopping frequency in Hz. which decreases the pulsating torque to the
specification.

(iii) Let L, be the inductor introduced in the armature circuit. Then its value is

4V3isin¥(nd) R?
L=\ "227 3 L
™ mc‘al(spec) (O

- \/ (4 x 1807 sin%(0.216m)) /(w27 X 500)%(0.373)) - (

0.8

2
% ) 0003 = 71.5mH
2 % 500) 0 m

Example 4.5

Calculate (i) the maximum harmonic resistive loss and (ii) the derating of the motor drive
given in Example 4.4. The motor is operated with a base current of 18.65 A, which is inclusive
of the fundamental-harmonic current. Consider only the dominant-harmonic component. to
simplify the calculation.

Solution
B =R =T+ 10

By dividing by the square of the base current. the equation s expressed in terms of the nor-
malized currents as

L.+, =1pu
where
V2 v, 1 V2V,
I, =— —F————=sin(wd)— = — sin{md)
K Ri + (.Ung Ih m Zan
where
v - Vs,z _Z, VRI+wll;
snﬁvb~ an‘Zb_ Zh
V, 120
Zy= —= ——=643Q
"L, 1865
180
V,=—=15
= 120 pu
Z, = V0.8 + (2 * 500 * 0.003)2 = 9.42 ()
_ %42 1.464
w gz R

= — ———= (46 p.u.

(i) The dominant-harmonic armature resistive loss is

, 08
P,, = B R, = 0.46°—— = 0.02628 p.u.
In inRam =0 6.43 p-u
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(ii) For equality of losses in the machine with pure and chopped-current operation, the aver-
age current in the machine with chopped-current operation is derived as

Lw = V1= B, = V1 - 46° = 0.887 p.u.

which translates into an average electromagnetic torque of 0.887 p.u.. resulting in 11.3% der-
ating of the torque and hence of output power.

4.12 CLOSED-LOOP OPERATION
4.12.1 Speed-Controlled Drive System

The speed-controlled dc-motor chopper drive is very similar to the phase-controlled
dc-motor drive in its outer speed-control loop. The inner current loop and its con-
trol are distinctly different from those of the phase-controlled dc motor drive. This
difference is due to the particular characteristics of the chopper power stage. The
current loop and speed loop are examined, and their characteristics are explained,
in this section. The closed-loop speed-controlled separately-excited dc motor drive
is shown in Figure 4.20 for analysis, but the drive system control strategy is equally
applicable to a series motor drive.

4.12.2 Current Control Loop

With inner current loop alone, the motor drive system is a torque amplifier. The
commanded value of current is compared to the actual armature current. and its
error is processed through a current controller. The output of the current controller,
in conjunction with other constraints, determines the base drive signals of the chop-
per switches. The current controller can be either of the following types:

(i) Pulse-Width-Modulation (PWM) controller
(ii) Hysteresis controller

DC Supply
L1
Tacho-
Ve Logic . enerator
. Chopper 8
wr Furrem / &. I»Power Motor
Controller Base C i JArmature
. freut
Drivers
i PI Speed ]
Controller ! i
& Limiter 1 H, <
Wur Hm Wm )
1+sT,

Figure 4.2 Spced-controlled de-motor chopper drive
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The selection of the current controller affects its transient response (and hence the
overall speed loop bandwidth indirectly). These two controllers are described in the
following sections.

4.12.3 Pulse-Width-Modulated Current Controller

The current error is fed into a controller, which could be proportional (P}, propor-
tional plus integral (PI), or proportional, integral, and differential (PID). The most
commonly used controller among them is the PI controller. The current error is
amplified through this controller and emerges as a control voltage, v. It is
required to generate a proportional armature voltage from the fixed source
through a chopper operation. Therefore. the control voltage is equivalent to the
duty cycle of the chopper. Its realization is as follows. The control voltage is com-
pared with a ramp signal to generate the on- and off-times, as shown in Figure
4.21. On signal is produced if the control voltage is greater than the ramp (carrier)
signal; off signal is generated when the control signal is less than the ramp signal.

VC
|
|
! 1
f ‘ t
- r 1
0 dT: T : 2Ty \
i ot
¢ 1
1 I
T
P
on-time
signal
t
T
0 ! ! ! (]
: 1 ! vt
T] | 1 ! Pt
T +
| ) |
j I
L |
I ! :
i
}
i ! !
i : :
t T T t
0 I | j
| ! i
T | | }
t
0

Figure 4.21 Generation of base-drive signals from current error for forward motoring when one is using
the chopper shown in Figure 4.2
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This logic amounts to the fact that the duration for which the control signal
exceeds the ramp signal determines the duty cycle of the chopper. The on- and off-
time signals are combined with other control features, such as interlock, minimum
on- and off-times, and quadrant selection. The interlock feature prevents the turn-
ing on of the transistor (top/bottom) in the same leg before the other transistor
(bottom/top) is turned off completely. This is ensured by giving a time delay
between the turn-off instant of one device and the turn-on instant of the other
device in the same phase leg. Simultaneous conduction of the top and bottom
devices in the same leg results in a short circuit of the dc source; it is known as
shoot-through failure in the literature.

Figure 4.21 corresponds to the forward motoring operation in the four-
quadrant chopper shown in Figure 4.2. When the motor drive is to operate in the
third and fourth quadrants, the armature current reverses. This calls for a change
in the current-control circuitry. A block diagram of the current controller is
shown in Figure 4.22, including all the constraints pertaining to the operational
quadrant. The speed and current polarities, along with that of the control voltage,
determine the quadrant and hence the appropriate gating signals. The on-time is
determined by comparing the ramp signal with the absolute value of the control
voltage. The current-error signal, which determines the control voltage v, is recti-
fied to find the intersection point between the carrier ramp and v.. A unidirec-
tional carrier-ramp signal can be used when the control voltage is also
unidirectional, but the control voltage will be negative when the current error
becomes negative. It happens for various cases, such as reducing the reference
during transient operation and changing the polarity of the reference to go from
quadrant one to three or four. Taking the polarity of the control voltage and

l, «———— ZCD-1

Wy e———— ZCD-2 -—l

Ve ZCD-3 > Logic Processor ﬁL—> T, T. T..T,
T,
> Comparator
Absolute value
circuit
Ramp
Signal

Note : ZCD — Zero Crossing Detector for polarity detection

Figure 4.22 PWM current-controller implementation with ramp carrier signal
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combining it with the polarities of the current and speed gives the operational
quadrant. The chopper on and off pulses generated with the intersection of recti-
fied v, and carrier ramp will then be combined with the quadrant-selector signals
of speed, current, and control-voltage polarities to generate the base-drive signals
to the chopper switching devices. An illustration is given in the drive-system simu-
lation section.

Instead of a ramp signal for carrier waveform, a unidirectional sawtooth wave-
form could be used. It is advantageous in that it has symmetry between the rising
and falling sides of the waveform, unlike the ramp signal. Its principle of operation
is explained in the following.

The voltage applied to the load is varied within one cycle of the carrier signal.
This is illustrated in Figure 4.23. The switching logic is summarized as follows:

-*

i, — i, = carrier frequency saw tooth waveform magnitude. T, = 1,v, = V, (4.61)

&

O
T
Figure 4.23 Principle of PWM operation
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i, — i, < carrier frequency saw tooth waveform magnitude, T,=0,v,=0 (4.62)

For a fast response, the current error is amplified so that a small current error would
activate the chopper control. The PWM controller has the advantage of smaller out-
put ripple current for a given switching frequency, compared to the hysteresis cur-
rent controller described later.

The pulses generated from the PWM controller are substituted for T, in the
block diagram shown in Figure 4.22. They are then processed for quadrant selection,
interlock. and safety features, and appropriate base-drive signals are generated for
application to the chopper circuit.

4.12.4 Hysteresis-Current Controller

The PWM current controller acts once a cycle, controlling the duty cycle of the
chopper. The chopper then is a variable voltage source with average current control.
Instantancous current control s not exercised in the PWM current controller. In
between two consecutive switchings, the current can exceed the maximum limit; if
the PWM controller is sampled and held once a switching cycle. then the current is
controlled on an average but not on an instantaneous basis. The hysteresis con-
troller overcomes such a drawback by converting a voltage source into a fast-acting
current source. The current is controlled within a narrow band of excursion from its
desired value in the hysteresis controller. The hysteresis window determines the
allowable or preset deviation of current, Ai. Commanded current and actual current
are shown in Figure 4.24 with the hysteresis windows. The voltage applied to the

load is determined by the following logic:
i, <i, - Al, setv, =V, (4.63)

i, + Al resetv, =0 (4.64)

v

B S R
XN N T T -
\%vw“ ' s St T
N --A f b
Ay X TN A1
B el SEN ! U A "
i

Figure 4.24 Hysteresis-controller operation



156

Chapter 4 Chopper-Controlled DC Motor Drives

i, ©

Comparator N
. 1 i S
1, o—4

Flip
QrH——T

A, o— Flop 4

Compzarator R

Figure 4.25 Realization of hysteresis controller

TABLE 4.1 Comparison of current controllers

Characteristics Current Controllers
Hysteresis PWM
Switching Frequency Varying Fixed at Carrier Frequency
Speed of Response Fastest Fast
Ripple Current Adjustable Fixed
Filter Size Dependent on Al Usually small
Switching Losses Usually high Low

The realization of this logic is shown in Figure 4.25. The window, Ai, can either be exter-
nally set as a constant or be made a fraction of armature current, by proper program-
ming. The chopping frequency is a varying quantity, unlike the constant frequency in
the PWM controller. This has the disadvantage of higher switching losses in the devices
with increased switching frequency.

The T, pulses issued from the hysteresis controller replace the block consist-
ing of the comparator output in the Figure 4.22. All other features remain the same
for the implementation of the hysteresis controller. This controller provides the
fastest response, by means of its instantaneous action. A qualitative comparison of
the PWM and hysteresis controllers is summarized in Table 4.1.

4.12.5 Modeling of Current Controllers

The current-error amplifier is modeled as a gain and is given by

Gds) = K, (4.65)
The chopper is modeled as a first-order lag, with a gain given by
K,
G(s) = (4.66)
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The PWM current controller has a delay of half the time period of the carrier wave-
form, and its gain is that of the chopper. Hence, its transfer function, including that
of the chopper, is

KK,

where K_ is the gain of the PWM current controller, K, is the gain of the chopper,
and the time constant T is given by,

G.G(s) = (4.67)

1 t
T="r— = (4.68)
carrier frequency  f,

[N

The gain of the PWM current controller is dependent on the gain of the current-
error amplitier. For all practical purposes, the PWM current control foop can be
modeled as a unity-gain block if the delay due to the carrier frequency is negligible.

The hysteresis controller has instantaneous response; hence, the current loop
is approximated as a simple gain of unity.

4.12.6 Design of Current Controller

The current loop is not easily approximated into a first-order transfer function,
unlike the case of the phase-controlled-rectificr drive system. The chopping fre-
quency is considered to be high enough that the time constant of the converter is
very much smaller than the electrical time constants of the dc motor. That leads to
the converter model given by the product of the converter and current-controller
gains. Then the closed-loop current-transfer function is written as

is) N1+ sT)( + sTy) + HK KK, (1 + sTy) (4.69)
where K, = ————and K. and K, are the current-controller and chopper gains,
K; + R,B,
respectively. The chopper gain is derived as
K, = — 4.70)
r Vv ( .

<m

where V| is the dc link voltage and V_, is the maximum control voltage.

The gain of the current controller is not chosen on the basis of the damping
ratio. because the poles are most likely to be real ones. Lower the gain of the current
controlier; the poles will be far removed from the zero. The higher the value of the
gain, the closer will one pole move to the zero, leading to the approximate cancella-
tion of the zero. The other pole will be far away from the origin and will contribute
to the fast response of the current loop. Consider the worked-out Example 3.4 from
the previous chapter. The values of various constants are :

K,=0049 H.=0355 T,=07 T =0.1077
T.=00208 V. =285V V. =10V K, =285V
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The zero of the closed current-loop transfer function is at —1.42. Note that this is
not affected by the current controller. The closed-loop poles for current-controller
gains of 0.1,1, and 10 are given below, along with their steady-state gains, in the fol-
lowing table.

K, Poles Steady-state gain
0.1 —7.18. -65.11 21.33

1.0 —-3.24. -203.45 213.38

10.0 —1.66. —1549.0 2580.30

) o 1
It is seen that, as the gain increases, one of the poles moves closer to the zero at ——,

m

enabling cancellation and a better dynamic response.

In high-performance motor-drive systems, it is usual to have a PI current con-
troller instead of the simple proportional controller illustrated in this section. The PI
controller provides zero steady-state current error, whereas the proportional con-
troller will have a steady-state error. In the case of the PI current controller, the
design procedure for the phase-controlled dc motor-drive system can be applied
here without any changes. The interested reader can refer to Chapter 3 for further
details on the design of the PI current controller.

4.12.7 Design of Speed Controller by the Symmetric-
Optimum Method

The block diagram for the speed-controlled drive system with the substitution of
the current-loop transfer function is shown in Figure 4.26. Assuming that the time
constant of the speed filter is negligible, the speed-loop transfer function is derived
from Figure 4.26 as

wT(S) _ 1 ay(l + sTy) 471)
w(s) H, ag+a;s + as? + ass’
where
K
a, = K5~T—S (4.72)
a, =1+ HKKK, + KK, (4.73)
a, =T, +T, + HK,KK,T, (4.74)
a, =TT, (4.75)
H K. KK,
K =Ky—F— (4.76)

B,

This is very similar to the equation derived in Chapter 3, from which the following
symmetric optimum conditions are imposed:

N i s A
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. K(1+sTy) | i, i,(5) iy Ky/Bt "
®, . > -
r ST, i2(s) (1+sT,) "
Speed controller Current loop Motor and load
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Wmr H“’
t+sT,
Tachogenerator
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Figure 426 Simplified speed-controlled dc motor drive fed from a chopper with hysteresis-current control

a; = 2a,a; (4.77)
as = 2a,a, (4.78)

Conditions given by equations (4.77) and (4.78) result in speed-controller time and
gain constants given by

1 a3
K,=—- — - (1 + H.K,K.K 479
s K5 {23; ( (Sl Sl l)} ( )
ZKSKsaZ
L= et (4.80)
ay

For the same example, the speed-controller gain and time constants for various
gains of the current controller are given next, together with the closed-loop poles
and zeros and the steady-state gains of the speed-loop transfer function.

Current Speed Speed

controller  controlier  controller time  Steady-state
gain gain constant gain Zero Poles
0.1 106.7 0.045 1628 —22.22 —18.3 * j31. -369
1.0 1029 0.0188 38,000 -532 ~52.7x j88.9. —105.1
10.0 597.0 0.0026 16x 10" —384.6 ~393+ j666.8, —792.4

Increasing current-controller gain has drastically reduced the speed-loop time
constant without appreciably affecting the damping ratio of the closed-loop speed-
control system. Because of the large integral gain in the speed controller, its output
will saturate in time. An anti-windup circuit is necessary to overcome the saturation
in this controller design and thus to keep the speed controller responsive. The anti-
windup circuit can be realized in many ways. One of the implementations is shown
in Figure 4.27.
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Figure 4.27 Anti-windup circuit with Pl speed controller

The saturation due to the integral action alone is countered in this imple-
mentation. It is achieved by a negative-feedback control of the integral-controller
output through a dead-zone circuit. This dead-zone circuit produces an output
only when the integral controller output exceeds a preset absolute maximum, i.e.,
when the controller output saturates. This feedback is subtracted from the speed
error and the resulting signal constitutes the input to the integrator. When the
integral-controller output saturates, the input to the integral controller is
reduced. This action results in the reduction of the integral controller’s output,
thus pulling the integral controller from saturation and making the controlier
very responsive. If there is no saturation of the integral-controller output, then
the feedback is zero (because of the dead-zone circuit); hence, the anti-windup
circuit is inactive in this implementation. The outputs of the integral and the pro-
portional controllers are summed, then limited, to generate the torque reference
signal. By keeping the outputs of the proportional and integral controllers sepa-
rate, their individual tuning and the beneficial effect of the high proportional
gain are maintained.

4.13 DYNAMIC SIMULATION OF
THE SPEED-CONTROLLED DC MOTOR DRIVE

A dynamic simulation is recommended before a prototype or an actual drive system
is built and integrated, to verify its capability to meet the specifications. Such a sim-
ulation needs to consider all the motordrive elements, with nonlinearities. The
transfer-function approach could become invalid, because of the nonlinear current
loop. This drawback is overcome with the time-domain model developed below. The
speed-controlled drive shown in Figure 4.20, but modified to include the effects of
field excitation variation and with a PWM or a hysteresis controller. is considered
for the simulation.
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4.13.1 Motor Equations
The dc motor equations, including its field, are

.
V, = R,i, + Laf + Ko,

Vi = Ry¢ + L%
= Nyle fdt
dw,,
T.— T, = JT + Biwp
T. = Kdyi,
where
K(D" = Ml(

and M is the mutual inductance between the armature and field windings.

The state variables are defined as
X =1,
X2 = Wy
X; = if
The motor equations in terms of the state variables are
R

X, = ~f:x1 - [:xzx; + EV.A
. _ M B, T,
Xy = TX,X; - sz - T

Xy = ——xy + —1~V(~

Ly L

4.13.2 Speed Feedback

The tachogenerator and the filter are combined in the transfer function as

wmr(s) _ Hu
wn(s) 1+ sT,

The state diagram of equation (4.92) is shown in Figure 4.28, where

Xy = Wy

and the state equation is obtained from the state diagram as

. I
X4 = T_(waz - XJ)

[0}

161

(4.81)

(4.82)

(4.83)

(4.84)

(4.85)

(4.86)
(4.87)
(4.88)

(4.89)

(4.90)

(4.91)

(4.92)

(4.93)

(4.94)
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i X4
Xy O——>] H T > I > Xy

Figure 4.28 State diagram of the speed feedback

s
(w; — X3) o> K, P i

Figure 4.29 State diagram of the specd controlier
4.13.3 Speed Controller

The input to the speed controller is the speed error.and the controller is of a PI type

given by
Ti(s K1 + sT,
. (5) = ( ) (4.95)
((")I - wﬂl() ST\
The state diagram of the speed controller is shown in Figure 4.29. where
= (w: - wmr) (496)
The state equation and the torque equation are
).(i = KJ’] = Ks(w: - wmr) = K~(w: - XJ) (497)
« X3 . X5 X3 R 1 «
TL‘ = f + X5 = %: + K\_vl = :E + Ks‘(wr - Xi) = ~K\XJ + ixi + szr (498)

There is a limit on the maximum torque command, which is included as a constraint as

T (max) =T, = + T.(max) (4.99)

4.13.4 Command Current Generator

The current command is calculated from the torque command and is given as

LT T
1, = — =

1
_ = 4.100
ML M (4.100)
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Substituting for T, from equation (4.98) into (4.100) gives the current command as
‘*—(KS> x“+<1>§+KS o 4.101
BTAUM) x \TM/ x5 T M x; (410

4.13.5 Current Controller

The current error is

i, =10 =1, (4.102)
which. in terms of the motor and controller parameters. is
icr:(—K*>-5+<L>-ﬁ+<ﬁ-w(>-i—xl (4.103)
M/ x; TM/ x: M X3
The current-controller logic is illustrated for hysteresis control. It is given as
e > AL setV, =V, (4.104)
i, < -AlL resetV, =1 (4.105)

Note that the control logic considers only the forward-motoring mode. Suitable
logic has to be incorporated for the rest of the quadrants’ operation. For PWM con-
trol. the logic given by equations (4.61) and (4.62) is used.

4.13.6 System Simulation

The anti-windup controller for the speed controller can be modelled and can be
incorporated in place of the PI speed controller. For the example illustrated in the
following pages, the anti-windup circuit is not incorporated with the PI speed con-
troller. Equations (4.89). (4.90), (4.91), (4.94). and (4.97) consuitute the state equa-
tions: equations (4.100). (4.104). and (4.105) are to incorporate the limits and
current controller. The solution of the state equations is achieved by numerical inte-
gration. with w; serving as the only input into the block diagram. A flowchart for the
dynamic simulation is given in Figure 4.30.

Typical dynamic performance of a speed-controlled chopper-fed dc motor
drive is shown in Figure 4.31. The current controller is of hysteresis type, and a 0.25-
p.u. steady-state load torque is applied. 0.5 p.u. step speed is commanded, with a
maximum torque limit of 2 p.u. resulting in the armature current limit of 2 p.u. The
current window is (1.1 p.u., sufficient to cause low switching frequency for this drive
svstem. The references are shown with dotted lines. The torque response is obtained
in 1.3 ms.and the speed response is uniform and without any noticeable oscillations.
Note that. as the rotor speed reaches the commanded speed. the speed error (and
hence the electromagnetic torque command) decreases. During this time, to reduce
the electromagnetic torque. only zero voltage is applied across the armature termi-
nals. When the armature current goes below its reference value. then the source
voltage is applied to the armature.
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Figure 4.30 Flowchart for the dynamic simulation of the chopper-controlled dc motor drive
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Figure 4.31 Dynamic performance of a one-quadrant chopper-controlled separately-excited dc motor
drive for a step command in speed reference. in normalized units

Figure 4.32 shows the performance of a four-quadrant drive system with hys-
teresis-current controller, for a load torque of 0.25 p.u.. The reference speed is step-
commanded, so the speed error reaches a maximum of 2 p.u., as in the
first-quadrant operation described in Figure 4.31. When the speed reference goes to
zero and then to negative speed. the torque command follows, but the armature cur-
rent is still positive. To generate a negative torque, the armature current has to be
reversed, i.e, in this case to negative value. The only way the current can be reversed
is by taking it through zero value. To reduce it to zero. the armature current is made
to charge the dc link by opening the transistors, thus enabling the diodes across the
other pair of nonconducting transistors to conduct. This corresponds to part of the
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Figure 4.32 Dynamic performance of a four-quadrant chopper-controlled separately-excited dc motor
drive for a step command in bipolar speed reference, in normalized units

second-quadrant operation, as shown in Figure 4.7, with the diodes D;D, conduct-
ing. When the current is driven to zero, note that the speed, and hence the induced
emf, are still positive. The current is reversed with the aid of the induced emf by
switching T, only, as in to the fourth-quadrant operation shown in Figure 4.10. The
induced emf enables a negative current through D,, the machine armature, and T,.
The current rises fast; when it exceeds the current command by the hysteresis win-
dow, switch T, is turned off, enabling D, to conduct along with D,. The armature cur-
rent charges the dc source, and the voltage applied across the machine is +V_ during
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this instant. If the current falls below the command by its hysteresis window, then
the armature is shorted with T, again, to let the current build up. This priming and
charging cycle continues until the speed reaches zero. The drive algorithm for the
part discussed is briefly summarized as follows.

o T; W iy 1, Condition

+ + + + + o < w.i, = Ai.setV, =V,

I, = -AlresetV, =0
(Quadrant 1)

+ - + - + fow, > w.V,=-Vuntili, — 0
(Quadrant I)

+ - + - - fo, > w. i, = Ai.setV, = V,
e < -AlresetV, =0
(Quadrant I'V)

To reverse the rotor speed, the negative torque generation has to be contin-
ued. When the stored energy has been depleted in the machine as it reaches stand-
still, energy has to be applied to the machine, with the armature receiving a negative
current to generate the negative torque. This is achieved by the switching of T, and
T,. From now on, it corresponds to third- and second-quadrant operations for the
machine to operate in the reverse direction at the desired speed and to bring it to
zero speed. respectively. For the operation in the reverse direction, the input arma-
ture voltage conditions can be derived as in the table given above. The quadrants of
operation are also plotted in the figure, to appreciate the correlation of speed.
torque. voltage, and currents in the motor drive system.

4.14 APPLICATION

Forklift trucks are used in material-handling applications, such as for loading,
unloading, and transportation of materials and finished goods in warehouses and
manufacturing plants. The forklift trucks are operated by rechargeable battery-
driven dc series motor-drive systems. Such electrically operated equipment is
desired, to comply with zero pollution in closed workplaces and to minimize fire
hazards. The dc series motor for a typical forklift {6] is rated at 10 hp, 32 Vdc,
230 A, 3600 rpm and is totally enclosed and fan-cooled. It operates with a duty
cycle of 20%. Four-quadrant operation is desired. to regenerate and charge the bat-
teries during braking, and both directions of rotation are required, for moving in the
forward and reverse directions. The torque is increased by having a gear box between
the motor and the forklift drive train. A schematic diagram of the forklift control is
shown in Figure 4.33. The presence of an operator means that the forklift has no
automatic closed-loop speed control; the operator provides the speed feedback and
control by continuous variation of speed reference.

Chopper-controlled dc motor drives are also used in conveyors. hoists, eleva-
tors, golf carts, people carriers in airport lobbies, and some variable-speed hand tools.
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Figure 4.33 Block-diagram control schematic of a battery-fed chopper-controlled dc series
motor-drive system

Exampie 4.6

A separately-excited chopper-controlled dc motor drive is considered for a paper winder in a
winding-unwinding controller. This application uses essentially constant horsepower because
the tension of the strip decreases as the build-up increases on the roll; hence, the winder can
be speeded up. The maximum increase in speed is determined by the output power of the
drive system. The motor ratings and parameters are as follows: 200 kW, 600 V, 2400 rpm,
R, = 0.05Q,L, = 0.005 H,K, = 2.32 V/rad/sec, B, = 0.05 N-m/rad/sec, ] = 100 K g-m’, R, = 30 (2,
L= 20 H, Input = 460V = 10%, 3 ph, 60 Hz = 3 Hz.

Design the chopper power circuit with a current capacity of 2 p.u. for short duration and
dc link voltage ripple factor of 1% for dominant harmonic. (The ripple factor is the ratio
between the rms ac ripple voltage and the average dc voltage.)

Solution
X 2400
= 3% = 251.33 rad/sec
P, 200 x 1000

=-— = ———— = 79577 N:
L= = i m
I —E—M—&BOIA

®T K, 232 '

Lo = 2 X I, = 686.02 A

max
Consider the power circuit shown in Figure 4.11.

(i) DC Diode-Bridge Rectifier
Considering the maximum ac input voltage,

Minimum peak inverse voltage = \/E(V +0.1V) = V2 X 460 X 1.1 = 7156 V

1 1
RMS current per diode (approximate) = Imax\/; = (680)\/; =3926 A

(ii) DC Link Filter
The dominant input harmonic to the dc link voltage is the sixth. Its rms value is
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A 4

Figure 4.34 Harmomnic-equivalent circuit of the de motor drive

Voo L ( 3Vav 2 )
* \/2- s 35
from equation (3.175). which when substituted for nominal line-to-line voltage of 460 V, gives

Ve =251V

_ . Vi
Given ripple factor = 0.01 = —,
de

where V  is the output voltage ripple across the capacitor and V , is the average dc voltage.

Ve = 001V, = 0.01 X 1.35 X V = 0.01 X 1.35 X 460 = 6.21 V
Hence, the ratio of sixth-harmonic output voltage to input voltage is given as

Vo 6.21
= 25 = 0247
Vi, 251
The sixth-harmonic equivalent circuit for the filter and motor load is shown in Figure 4.34.
From the figure, it is seen that, to minimize the harmonic current to the load. the capaci-
tive reactance has to be approximately 10 times smaller than the load impedance:
-3 1 10

VRS T ol e L
w, L, 2
2 . 6w.C;  6w.C;

from which C; is evaluated as

1
G 0 = 10 = 433 uF

60 VR + (bwl,) (6 X 358.14)\/(0.05)2 + (6 X 358.14 x 0.005)’

where w, corresponds to the lowest line frequency. i.e.,
2n(f, — 3) = 2w(60 — 3) = 358.14 rad/sec

The load impedance is 10 times the capacitive reactance: for the purpose of finding the ratio
between the capacitive voltage and the input source voltage, then. the load impedance can be
treated as an open circuit. This gives rise to
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from which L,C; is obtained as

1

0247 "
LG = ’“—7*2——“ =1.09 x 107°
n"w,

s

Hence, the filter inductance is obtained, by using the previously calculated C,, as

o L9 10 1.09x10°°

= = 2.52 mH
' C; 433 x 1076

(iii) Chopper Device Ratings

Iy = I, = 686 A

Vo = Vi = V2V +0.1V) = 7156 V

(iv) Device Selection
IGBT.

A single device per switch is sufficient in both these categories.
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4.16 DISCUSSION QUESTIONS

. Why is the duty cycle usually changed by varying the on-time rather than the chop-

ping frequency?

. Very small duty cycles near zero are not possible to realize in practice. What are the

constraints in such cases ?
Similarly. a duty cycle of one is not feasible in the chopper. What is the reason?

Draw the gating pulses for each of the four quadrants of operation of the chopper-
controtled dc motor drive.

Is a sinc-wave output current possible from a chopper circuit ?

6. Is asinc-wave voltage output possible from a chopper circuit ?

10.

11.

12.

13.
14.

18.

19.

21

22.

The chopper can be switched at very high frequencies. What are the factors that limit
high-frequency operation?

A 5-hp dc motor is to be driven from a chopper for two applications: a robot. and a
winder. Discuss the power device to be selected for each of the applications.

. Compare a four-quadrant chopper and a phase-controlled converter fed from a

3-phase ac supply with regard to the number of power devices, speed of response. con-
trol complexity. and harmonics generated.

A two-quadrant drive to operate in FM and FR is required. Which one has to be rec-
ommended between Figures 4.13(11) and (i) ?

The averaging and the instantancous steady-state computation techniques give identi-
cal results in the continuous-conduction mode. Is this true for the discontinuous cur-
rent mode. too ?

Ripple current is minimized by either increasing the chopper frequency or including an
inductance in series with the armature of the dc motor. Discuss the merits and demerits
of each alternative. Are the alternatives constrained by the size of the motor drive ?
Discuss the control circuit design for a two-quadrant chopper circuit.

Discuss the impact of the choice of the current controllers on the dynamic perfor-
mance of the dc motor-drive system.

Design a digital controller for a hysteresis-current controller.

Design an analog version of the PWM current controller. Use commercially available
integrated chips and operational amplifiers in the design.

. Which one of the current controllers produces the highest switching losses and motor

copper losses?

Is an innermost voltage loop necessary for fast response of the dc motor drive ?

The hysteresis window. A1 can be made a constant or a variable. Discuss the merits
and demerits of both alternatives.

. Likewise, the PWM carrier frequency can be cither a constant or a variable. Discuss

the merits and demerits of both alternatives.

The window in the hysteresis controtler and the carrier frequency in the PWM controller
are made to be variable quantitics. What are they to be dependent upon for variation?
[s the parameter sensitivity of the open-loop chopper-controlled dc motor drive dif-
ferent from that of the phasc-controlled dec motor drive ?

. Time-domain simulation can climinate the errors in the final construction and testing

of a chopper-controlled de motor drive. Discuss a method of including the front-end
uncontrolled rectifier and filter in the simulation.
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24,

25.

The time-domain dynamic model derived and developed in this chapter has to be very
slightly modified to treat either a series or a cumulatively-excited dc motor drive.
What are the changes to be introduced ?

The transfer-function model is true for both small- and large-signal analysis of the
separately-excited dc motor drive. A chopper-controlled dc series motor drive has to
be considered for its speed-controller design. Will the same block diagram be ade-
quate for the task at hand?

4.17 EXERCISE PROBLEMS

L.

A chopper is driving a separately-excited dc motor whose details are given in
Example 4.1. The load torque is frictional and delivers rated torque at rated speed.
Calculate and plot the duty cycle vs. speed. The maximum electromagnetic torque
allowed in the motor is 2 p.u. The friction coefficient of the motor is 0.002 N-m/rad/sec.
Consider the dc motor chopper details given in Example 4.2. Compute the
torque-speed characteristics for a duty cycle of 0.4, using the averaging and instanta-
neous steady state computation techniques. Do the methods compare well in the dis-
continuous current-conduction mode?

. Compare the switch ratings of the two-quadrant choppers shown in Figures 4.13(ii)

and (iit).

. A chopper-controlled dc series motor drive is intended for traction application.

Calculate its torque-speed characteristics for various duty cycles. The motor details
are as follows: 100 hp, 500 V, 1500 rpm, R, + R, =001 Q,L, + L, = 0012 H M =
0.1 H,J = 3Kg- m* B, = 0.1 N-m/rad/sec. The chopper has an input source voltage of
650 V and operates at 600 Hz.

. The motor chopper given in Example 4.4 is used in a position servo application. It 1s

required that the pulsating torque be less than 1% of the rated torque. At zero speed,
the motor drive is producing a maximum of 3 p.u. torque. Determine (i) the increase
in switching frequency and (ii) the value of series inductance to keep the pulsating
torque within the specification.

. The above problem has an outermost position loop. The position controller 1s of

PI type. Determine the overall-position transfer function and find its bandwidth for
K, = 1and T, = 0.2 sec, if the system is stable. Assume that the speed controller is of
proportional type. with a gain of 100. The current controller is a hysteresis controller.

. A chopper-controlled dc motor has the following parameters:

6.3 A,200V.1000 rpm, R, = 4, L, = 0.018 H, K, = 1.86 Virad/sec,J = 0.1 kg - m’,
B, = 0.0162 N-m/rad/sec, f, = 500 Hz, V= 285V

Determine the following:
(i) Torque-speed characteristics for duty cycles of 0.2,0.4,0.6, and 0.8 in the forward-
motoring mode;
(i1) The average currents at 500 rpm, using averaging and instantaneous steady-state
evaluation techniques; (Assume a suitable duty cycle.)
(ii1) Critical duty cycle vs. speed, with and without an external inductance of 20 mH.
(Draw it.)
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8. Determine the speed-controller gain and time constant for the following separately-
excited chopper-controlled dc motor drive:

250 hp, 500 V, 1250 rpm, 92% Efficiency, R, = 0.052 ), L, = 1 mH,
K, = 3.65 Virad/sec,J = 5kg-m? B, = 0.2 N-m/rad/sec, V, = 648 V.

The current controller has a PWM strategy with a carrier frequency of 2 kHz.
Calculate also the speed response for a speed command of 0 to 0.8 p.u., when the load
torque is maintained at 0.5 p.u. {Hint: Calculate the speed controller gain and time
constants, assuming B, = 0.}



CHAPTER 5

Polyphase Induction
Machines

5.1 INTRODUCTION

A brief introduction to the theory and principle of operation of induction machines
is given in this chapter. The notations are introduced, and consistent use of them in
the text i1s adhered to. The principle ol operation of the induction motor is devel-
oped to derive the steady-state equivalent circuit and performance calculations. They
are required to evaluate the steady-state response of variable-speed induction-motor
drives in the succeeding chapters. The dynamic simulation is one of the key steps in
the validation of the design process of the motor-drive systems, eliminating inadver-
tent design mistakes and the resulting errors in the prototype construction and test-
ing and hence the need for dynamic models of the induction machine, The dynamic
model of the induction machine in direct-, quadrature-, and zero-sequence axes
(known as dqo axes) is derived from fundamentals. This is generally considered dif-
ficult and is avoided by many practicing engineers. Hence, care is taken to maintain
simplicity in the derivation. while physical insight is introduced. The dqo model uses
two windings for each of the stator and rotor of the induction machine. The transfor-
mations used in the derivation of various dynamic models are based on simple
trigonometric relationships obtained as projections on a set of axes. The dynamic
model is derived with the frames of observation rotating at an arbitrary speed. The
most useful models in stationary, rotor, and synchronous reference frames are
obtained as particular cases of the arbitrary reference-frames model. The dynamic
model is used to obtain transient responses, small-signal equations, and a multitude
of transfer tunctions, all of which are useful in the study of converter-fed induction-
motor drives. Space-phasor approach has further simplified the polyphase induction
machine model to one equivalent stator and one rotor winding, thereby evoking a
powerful similarity to the de machine to correspond with its armature and field
windings. The space-phasor modeling of the induction motor is introduced as a sim-
ple extension of dgo models. The mernits and demerits of the space-phasor represen-
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Note that the slip does not enter in this; the ratio between the stator and rotor
induced emfs viewed at stator frequency does not contain it, and rotor impedance
absorbs this slip. Substitution of equation (5.14) into equation (5.13) yields
E, E; _
[ =— B (5.16)
AR e
(—SL_) + jws(azl-‘n) ?' + -Iw"L"

where R, and L, are the stator-referred rotor resistance and leakage inductance,
respectively, given as

R, =2°R;;
Lfr i aJLIn

As the fictitious rotor and stator at the air gap have the same induced emf. E . the
physical isolation can be removed to get a connected circuit. The final equivalent
circuil, referred to the stator, is shown in Figure 5.3. Magnetization is accounted for
by the magnetizing branch of the equivalent circuit, consisting of the magnetizing
inductance that is lossless and hence cannot represent core losses. An equivalent
resistance can represent the core losses. This core-loss resistance is in parallel to the
magnetizing inductance. because the core losses are dependent on the flux and
hence proportional to the flux linkages and the resulting air gap voltage E,. The self-
inductances of the stator phase winding, L, and of the rotor phase winding referred
to the stator, L, are obtained as the sum of the magnetizing inductance and respec-
live leakage inductances:

(5.17)

L,=L,+Lg (5.18)
L= Lo # L (5.19)

The corresponding reactances are obtained by multiplving the inductances by the
stator angular frequency, A simple phasor diagram of the induction motor is drawn
by using the cquivalent circuit given in Figure 5.3. The basis is provided by the fol-
lowing relationships, contained in equations from (5.20) to (5.25).

When the machine is energized with no load on the rotor, then the rotor circuit
is open-circuited, because the slip is zero. The stator current drawn during this condi-
tion, known as the no-load current, contributes to the magnetization of the machine

:
§
%

| R, X I L 1, Xy,

<
e
3
\AAAS
m
=
|7
W

Figure 5.3  Equivalent circunt with the rotor at stator frequency
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and resulting core losses. Then this no-load current is viewed as the sum of the mag-
netizing and core-loss components of the current and accordingly is written as

L= Lo 1, (5.20)

where 1, is the no-load phase current, I, is the magnetizing current, and [_ is the
core-loss current. The magnetizing current in terms of the air gap voltage and the
magnetizing reactance is written as

E

I, = — (5.21)

X
where E, is the air gap voltage and X is the magnetizing reactance. Similarly, the
core-loss component of the stator current is written as

_E,
¥ R

[

[ (5.22)

where R_ is the resistance to account for the core losses. The rotor phase current is
given by

E,
R, X
—+
< I
where I, is the rotor phase current. The stator phase current then is

Li=1+1 (5.24)

In terms of the induced emf, stator current, and stator parameters, the applied stator
voltage is expressed as the sum of the induced emf and stator impedance voltage
drop and is given by

Vas =) El A (R~ + jxls)las (5.25)

where V_, is the stator phase voltage.

The phasor diagram is shown in Figure 5.4. The angle ¢ between the stator
input voltage and the stator current is the power factor angle of the stator, and A, is
the mutual flux. The steady-state performance is taken up next by using the equiva-
lent circuit.

5.4 STEADY-STATE PERFORMANCE EQUATIONS

OF THE INDUCTION MOTOR

The key variables in the machine are the air gap power, mechanical and shaft output
power, and electromagnetic torque. These are derived from the equivalent circuit of
the induction machine as follows. The real power transmitted from the stator, P, to
the air gap, P,, is the difference between total input power to the stator windings and
copper losses in the stator and is given as

P, = P, - 3ER, (W) (5.26)
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m

Figure 5.4 Simplified phasor diagram of the induction motor

Neglecting the core losses, the air gap power is equal to the total power dissi-
pated in R /s in the three phases of the machine: there is no other element to con-
sume power in the rotor equivalent circuit. It is given as

. R, )
P, =3l;— (5.27)
S
which could be written alternatively as
2 ay (1 —8)
P, = 3[R, + 3[R, ——— (5.28)

The IR, term is recognized as the rotor copper loss. and hence the remainder,

(1-s) . : :
I’R, T sives the power converted into mechanical form, The rotor copper

losses are equal to the product of the slip and air gap power from equation (5.27),
and this is referred to as slip power. The common term of three in equations (5.27)
and (5.28) accounts for the number of phases in the machines, which throughout this
text is taken as three. The mechanical power output. P, . is obtained as

P. = 3IR,

/=8
( = ) (W) (5.29)
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Alternately, in terms of the electromagnetic torque and rotor speed, the mechanical
power output is equal to their product:

P, = T.w, (5.30)
where T, is the internal or electromagnetic torque, derived from equations (5.29)
and (5.30) as
3R, (1 —s
T = AR M~ ) (5.31)
SWp,

Substituting for the rotor speed in terms of the slip and stator frequency, given by

Wy _ws(l_s}

=— 5.32
=P P/2 932)
into (5.29), the electromagnetic or air gap torque is obtained as
T, = 3(5) LR, 5.33)
&= 2/ sw e

To obtain the shaft output power of the machine, P, the windage and friction losses
of the rotor, denoted as Py, have to be subtracted from the mechanical output
power of the machine, symbolically given as follows:

Ps = P~ P (5.34)

The friction and windage losses are two distinct and separate losses; they are pro-
portional to the speed and the square of the speed, respectively, therefore they
have to be represented as a function of speed for evaluation of the variable-speed
performance of the induction motor. There are also losses due to stray magnetic
fields in the machine; they are covered by the term stray load losses. The stray-load
losses vary from (.25 to 0.5 percent of the rated machine output. The stray-load losses
are obtained from the measurements on the machine under load from the remainder
of the difference between the input power and the sum of the known losses such as
the stator and rotor copper and core losses, friction and windage losses. and power
output. Note that the stray-load losses have not been accounted for in the equivalent
circuit of the machine. Various analytical formulae and empirical relationships are in
use, but a precise prediction of the stray losses is very difficult.

Example 5.1
(i) Find the efficiency of aninduction motor operating at full load. The machine details are
given in the following:
2000 hp, 2300 V, 3 phase, Star connected, 4 pole, 60 Hz, Full load slip = 0.03746
R,=0020;R, =0120;R =451.2 X, =50 X, =X, =0320

(ii) The line power factor needs to be improved to unity by installing capacitors at the input
terminals of the induction motor. Calculate the per-phase capacitance required to obtain
a line power factor of unity.
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Solution (i) The equivalent circuit of the induction motor is utilized to solve the
problem. First, calculate the equivalent input impedance of the induction motor. This is
achieved by finding the equivalent impedance between the magnetizing and core-loss resis-
tance, and then the combined impedance of this with the rotor impedance is found, which,
when added to the stator impedance, gives the equivalent impedance of the induction
machine.

X,
Magnetizing-branch equivalent impedance, Z,, = ECL% = 547 + 149.39
R 1 d Z-&+X Q2 +10.32 01
otor impedance. Z, = — + jX, = & 03447 +j
: ez 2.7,
Equivalent rotor and magnetizing impedance. Z,, = Z +Z =313 +j051Q
Motor equivalent impedance, Z,,, = R, + | X, + Z, = 3.15 + j083 ()
V2300
Phase input voltage ,V, = —=—— = 13279V
G e T
Stator current, I, = Z—" = 3942 - j104.1 A
Lo
Rotor current. I, = 7 I, = 393.87 — j78.07 A
1
No-load current. 1, = I, — I, = 0.33 — j26.03 A
ZI) .
Core-loss current, . = R I, =285 - j0.28 A
Rotor angular specd
w= (1= 5) 2% = (1 2% o omane 2o 2= < yuyas et et
5 = “JP;’Z = 0.0 12 - 43 rad, sec (mech)
Air-gap torque. T, = JEIHJE—SZZUI N-m
ir-gap torque. T, = 35 1I, o ;

Mechanical power, P = w, T, = 1491.2 kW

Shaft power output, P, = P, — P, = 1491.2 — 0 = 1491.2 kW
Stator resistive losses, P, = 3ILPR, = 3 * 407.74°* (.2 = 9.975 kW
Rotor resistive losses, P, = 3ILPR, = 3 * 401.53" * 0.12 = 58.04 kW
Core losses. P, = 3117 R, * 2.865° *451.2 = 11.11 (kW)

Input power, P, = P + P + P+ P, = 14912 + 9975 + S8.04 + 1111 = I570.5 kW
P 1491.2
Yo ! == 100 = = 0496%
Efficiency. m P, 0 15705 100

(ii) The principle of power-factor improvement with capacitor installation at the
machine stator terminals is based on the capacitor’s drawing a leading reactive current from
the supply to cancel the lagging reactive current drawn by the induction machine. In order for
the line power factor to be unity, the reactive component of the line current must be zero. The
reactive line current 1s the sum of the capacitor and induction machine reactuive currents.
Therefore, the capacitive reactive current (1.,,,) has to be equal in magnitude but opposite in
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direction to the machine lagging reactive current, but the machine reactive current is the
imaginary part of the stator current and is given by

[ep + imag(l,) = 0
Hence, I, = — imag(l,) = —(-j104.1) = jI04.1 A
This current is controlled by the capacitors installed at the input. and therefore the capacitor
required is
Ly j1040
jo, V,, 1377 % 13279

= 20.792 uF

5.5 STEADY-STATE PERFORMANCE

A flowchart for the evaluation of the steady-state performance of the motor is
given in Figure 5.5. The relevant equations for use are from (5.22) to (5.33). A set
of sample torque-vs.-slip characteristics for constant input voltage is shown in
Figures 5.6(a) and (b).

The torque-vs.-slip characteristics are shown for slip varving from 0 to 1. The
slip is chosen in place of rotor speed because it is nondimensional and so is applica-
ble to any motor frequency. Near the synchronous speed, i.e., at low slips, the torque
is linear and is proportional to slip; beyond the maximum torque (also known as
breakdown torque), the torque is approximately inversely proportional to slip, as is
seen from the Figure 5.6(a). At standstill. the slip equals unity, and, at this operating
point, the torque produced is known as standstill torque. To accelerate a load, this
standstill torque has to be greater than the load torque. It is preferable to operate
near low slips to have higher efficiency. This is due to the fact that the rotor copper
losses are directly proportional to slip and are equal to the slip power, and, hence. at
low slips, the rotor copper losses are small.

The positive-slope region of the torque-slip characteristics provides stable
operation. Consider the machine operating at | p.u. with a low slip, and let the load
torque be increased to 1.5 p.u. The rotor slows down and thereby develops a larger
slip, which increases the electromagnetic torque capable of meeting the load torque.
The new steady state is reached at 1.5 p.u. torque after a transient period with oscil-
lations in torque. If the operating point at 1 p.u. torque at a slip of 0.85 is considered.
the load torque disturbance will lead to increasing slip, resulting in less and less
torque generation, thereby diverging more and more from the new load torque
leading to a final pullout of the machine and reaching standstill. As this discussion is
addressed to the steady-state characteristics of the machine. the two regions are
named statically stable and unstable, as indicated in Figure 5.6(a).

Figure 5.6(b) shows the torque vs. slip for a wide range of slip. from -2 to 2,
with the stator supplied with rated voltages and frequency. Consider the motor as
spinning in the direction opposite to that of a phase sequence abc. Assume that a set
of stator voltages with a phase sequence abc is applied at supply frequency. This cre-
ates a stator flux linkage counter to the direction of rotor speed. resulting in a brak-
ing action. This also creates a slip greater than one: the rotor speed is negative with
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Read machine paramelters,
stator frequency and [
input voltage

Read the slip

Using the equivalent
circuit, calculate the ‘
magnetizing, rotor and
stator currents

Compute electromagnetic ‘

torque, power output,
power input and power |
factor. etc. I

Display the
results

Figure 5.5 Flowchart for the computation of steady-state performance ol the induction motor
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Figure 5.6 (b) Generation and braking charactenistics of the induction motor
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Figure 5.7 Performance charactenstics of an mduction motor

respect to synchronous speed. This braking action brings rotor speed to standsull in
time. Consider the rotor electrical speed to be greater than the synchronous speed.
resulting in a negative slip. A negative slip changes the generation of positive
(motoring) to negative (generating) torque as the induced emf phase is reversed.
Hence, for negative slip. the torque-vs.-slip characteristic is similar to the motoring
characteristic discussed earlier, except that the breakdown torque is much higher
with negative-slip operation. This is due to the fact that the mutual flux linkages arc
strengthened by the generator action of the induction machine. The reversal of rotor
current reduces the motor impedance voltage drop. resulting in a boost of magnetiz-
ing current and hence in an increase of mutual flux linkages and torque.

The performance characteristics are shown in Figure 5.7 for rated voltage and
frequency. The stator current at standstill on full voltage is 5.35 p.u. The efficiency is
approximately equal to (1 — s). Even though there is torque generated at standstill,
the power output is zero (because of zero rotor speed). For variable-speed applica-
tions, the range of interest for the slip is 0 to 0.13 p.u.. i.e.. in the positive slope
region of the torque-vs.-slip characteristics. [t is seen that the efficiency is high in
this region, as explained elsewhere.

Starting Torque: The starting torque i1s obtained from the torque expression by
substituting for s = 1. Neglecting the magnetizing current, the electromagnetic
torque at starting is approximately

= P \'i" ! I.{r

) s 2 (Ry+ R+ (X, + X))’

=

B
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Figure 5.8 Deep-bar and double-cage rotors for the induction motor

This torque can be augmented for motors started directly with full line voltages
(what are commonly termed line start motors), by increasing the rotor resistance. That
increases the numerator proportionally and the denominator only slightly in equation
(5.35), contributing to a higher torque. Rotor resistance is increased through the con-
nection of external resistors in the slip-ring rotor. In the case of the squirrel-cage rotor,
it is realized through either deep-bar or double-cage rotors, shown in Figure 5.8. Note
that, at standstill, the rotor currents are at supply frequency, and therefore the rotor
conductors have considerable skin effect, resulting in a higher resistance. Further. the
larger slot height, 2 to 3 times the slot width, results in higher leakage flux. which pre-
vents the flow of current in the inner part of the rotor bars, further decreasing the
cross-sectional area of the rotor bar for current conduction and resulting in increased
rotor resistance. When the machine is operating near synchronous speed, the rotor cur-
rent frequency is very low, and hence the skin effect becomes negligible. resulting in an
even flow of current in the rotor bar. That reduces the rotor resistance and hence pro-
vides an efficient operation of the motor in steady state. By similar reasoning. it could
be seen that the outer bar becomes effective during starting and the inner bar predom-
inates during steady-state operation in the double-cage rotor shown in Figure 5.8(ii).
Note that the outer bars have smaller area of cross-section compared to the inner bars.

Induction Motor Classifications: The National Electrical Manufacturers Associ-
ation (NEMA Class A, B, C, and D) has classified induction motors based on the
torque-slip characteristics. Typical characteristics of a NEMA B and NEMA D
induction motor are shown in Figure 5.9. Class A machine characteristic is similar to
Class B machine. NEMA Class A and B are for general-purpose applications, such
as fans and pumps. Class C has lower peak torque but has a higher starting torque
than class B. NEMA Class C is for driving compressor pumps. NEMA Class D is to
provide high starting torque and a wide statically stable speed range of operation,
with the disadvantage of low efficiency compared to other types.
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tation are described. There is a small but significant following among international
engineers for this model. This fact necessitates an understanding of this model to
follow their research work and patents using the space-phasor model. A number of
worked examples are given to illustrate the key concepts and methods in the analy-
sis of induction machines.

5.2 CONSTRUCTION AND PRINCIPLE OF OPERATION
5.2.1 Machine Construction

This section outlines some salient aspects of the machine construction but does not
2o into design aspects. Design details may be found in many of the standard texts.
some of which are cited in the references.

Magnetic Part: The stator and rotor of the induction machine are made up of
magnetic steel laminations of thickness varying from 0.0185 to 0.035 inch (0.47 to
0.875 mm), machine-punched with slots at the inner periphery for the stator and at
the outer periphery for the rotor. These slots can be partially closed or fully open in
the stator laminations to adjust the leakage inductances of the stator windings. In
the rotor laminations, the slots can be partially open or fully closed. The rotor slots
can be very deep compared to the width and might contain from two to five com-
partments Lo hold rotor bars of different shapes placed in them. In such a case. the
rotor is known as a deep bar rotor. Depending on the number of parallel copper
bars placed in a slot. the machine is referred to as a double-, triple-. or multiple-cage
induction motor. The multiple-cage rotor is intended to maximize the electromag-
netic torque during starting and to minimize the rotor copper losses during steady-
state operation. The stator laminations are aligned and stacked in a fixture and
pressed by heavy presses of capacity varying from 40 to 80 tons. to pack the lamina-
tions very closely and to remove the air gap between them. With these steps. the sta-
tor magnetic part of the machine is ready for insertion of windings.

The rotor windings are skewed by one half or a full slot pitch from one end to
the other. to minimize or to completely cancel some of the time harmonics. To
accommodate such skewing, the rotor laminations are assembled with a skew in a
jig and fixture and then pressed to make the rotor magnetic block.

Stator and Rotor Windings: Consider a three-phase induction machine having
three windings each on its stator and rotor. The phase windings are displaced in
space from each other by 120 electrical degrees, where

Electrical degrees = ( Pairs of poles) X Mechanical degrees (5.1)

The three-phase rotor windings are short-circuited either within the rotor or outside
of the rotor, with or without external resistances connected to them. If the rotor
windings are connected through slip rings mounted on the shaft and adjacent to the
rotor of the induction motor to provide external access to the rotor windings, the
machine is referred 1o as a slip-ring induction motor. Alternately, the rotor windings
can be bars of copper or aluminum, with two end rings attached to short-circuit the
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Figure 5.9 Typical speed-torque curves for squirrel-cage induction motors with NEMA Design
classification B and D

From the previous discussion on starting torques, it 1s seen that various types
of motors are realized by means of different rotor slot and bar constructions.

5.6 MEASUREMENT OF MOTOR PARAMETERS

The measurement of motor parameters is based on the equivalent circuit of the
induction motor. The various tests to measure the motor parameters are described,
and the calculation of the parameters is considered.

5.6.1 Stator Resistance

With the rotor at standstill. the stator phase resistance is measured by applying a de
voltage and the resulting current. While this procedure gives only the de resistance
at a certain temperature, the ac resistance has to be caleulated by considering the
wire size, the stator frequency, and the operating temperature.

5.6.2 No-Load Test

The induction motor is driven at synchronous speed by another motor, preferably a
dc motor. Then the stator 1s energized by applving rated voltage at rated frequency.
The input power per phase. P. is measured. The corresponding equivalent circuit
for this condition is shown in Figure 5.10.The slip is zero. so the rotor circuit is open.
For the present, the stator impedance can be neglected: it 1s small compared 1o the
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Figure 5.10  Equivalent circuit of the iduction motor at no load

effective impedance of the magnetizing and core-loss branches. The mutual induc-
tance and the core-loss resistance are calculated as [ollows:
The no-load power factor is given by

B (5.36)
Cos = s
. Vih[ll
from which the magnetizing current is calculated as
I, = 1,sind, (5.37)
and the core-loss current is given by
I, = [,cosd, (5.38)
The magnetizing inductance is computed from
L Vil\ - 1{}
= (5.39)
mo2nfl.,
and the core-loss resistance is given by
V-I! =
R.= 0 (5.40)

For most applications, such an approximate procedure for the evaluation of L and
R, is sufficient.

5.6.3 Locked-Rotor Test

The rotor of the induction motor is locked to keep it at standstill and a set of low three-
phase voltages is applied to circulate rated stator currents. The input power per phase.
P_.is measured along with the input voltage and stator current. The slip is unity for the
locked-rotor condition and hence the circuit resembles that of a secondary-shorted
transformer. The equivalent circuit for this situation is shown in Figure 5.11. The mag-
netizing branch impedance is verv high compared to the rotor impedance. (R, + jX,).
and hence the approximate effective impedance is only the smaller of the two. which is
the rotor impedance in this case. The parameters are calculated as follows.
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Figure 5.11  Equivalent cireuit of the induction motor at standsull

The short-circuit power factor obtained [rom the equivalent circuit is

Py 3
cos b, = VI, (5.41)
and the short-circuit impedance is given by
V. )
Z., = (5.42)

from which the rotor resistance and total leakage reactance are computed as

R,=Z. .cosd, - R, (5.43)
Xeg = Lo sindy (3.44)

where the total leakage reactance per phase. X . is the sum of the stator and
referred-rotor leakage reactances. given as

X

Xy = X + Xy, (3.45)

It is usual to assume that the stator leakage inductance is equal to the rotor
leakage inductance. For precise calculation. it is a good practice to consult the man-
ufacturer’s data sheet. Some rules of thumb are available as to their relationship for
various types of motors.

Example 5.2

The no-load and locked-rotor test results for a three-phase. star-connected. dU-Hz. 2000-hp
induction machine with a stator phasc resistance of (.02 € are as tollows:

Input line 10 Three-phase mput
Test line voltage. V Line current. A power. kW
No load 2300 26,55 11617

Locked rotor 462 .68 17 75 11422
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Find the machine equivalent-circuil parameters,
Solution (i) From the no-load test results:

Input power, P, = 11.617/3 = 3.872 kW/phase

P, 1161710

Valo /3 %2300 ¢ 26,55
Magnetizing current, I, = [ sind, = 2639 (A)

Power factor, cos &, = = 1.1098

Core-loss branch current, I, = 1, cos b, = 29216 (A)

Neglecting stator impedance. the following are calculated:

v 2300, V3
izing i P e m—— . Y 3R
Magnetizing inductance, L, Pl Im*60° 2639 0.1335 H
- Vv, 2300,v3
Core-loss resistance. R, = i? T e 455.37 (01)

(ii) From the locked-rotor test results:
P (319.22/3)* 108

Power factor. cos &, = ‘\-_—‘;l— = T LT

Phase angle. &, = 1.355 rad
V, 46268/V3 26713

L. -rotor impedance, Z,, = — = = =
ocked-rotc pedance, Z, I 20775 20775

e

= (.2137

= (1.65510)

Stator-referred rotor resistance per phase.R, = Z_cos b, - R, = 0.120Q

Total leakage reactance, X, = Z,. sin b, = 0.64 )
The per-phase stator and rotor leakage reactances are hall of the total leakage reac-
tance: hence,

X, =X, =03210
and the leakage inductances are

L, = L, = 0.8488 mH

(iii) Further refinement of the equivalent-circuit parameters: The stator impedance was
neglected in the calculation of magnetizing inductance and core-loss resistance because, at
that time, the stator leakage inductance was not available. Now. having obtained it from the
locked rotor test, we can use the no-load equivalent circuit (o recalculate the magnetizing
inductance and core-loss resistance: their final values are obtained as 0.1326 H and 451.2 (1,
respectively.

5.7 DYNAMIC MODELING OF INDUCTION MACHINES

The steady-state model and equivalent circuit developed in earlier sections are
useful for studying the performance of the machine in steady state. This implies
that all electrical transients are neglected during load changes and stator frequency
variations. Such variations arise in applications involving variable-speed drives.
The variable-speed drives are converter-fed from finite sources, unlike the utility
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sources, due to the limitations of the switch ratings and filter sizes. This results in
their incapability to supply large transient power. Hence, we need to evaluate the
dynamics of converter-fed variable-speed drives to assess the adequacy of the con-
verter switches and the converters for a given motor and their interaction to deter-
mine the excursions of currents and torque in the converter and motor. The
dynamic model considers the instantaneous effects of varying voltages/currents. sta-
tor frequency, and torque disturbance. The dynamic model of the induction motor is
derived by using a two-phase motor in direct and quadrature axes. This approach is
desirable because of the conceptual simplicity obtained with two sets of windings.
one on the stator and the other on the rotor. The equivalence between the three-
phase and two-phase machine models 1s denved from simple observation, and this
approach is suitable for extending it to model an n-phase machine by means of a
two-phase machine. The concept of power invanance is introduced: the power must
be equal in the three-phase machine and its equivalent two-phase model. The
required transformation in voltages, currents, or flux linkages 1s derived in a gener-
alized way. The reference frames are chosen to be arbitrary, and particular cases.
such as stationary, rotor, and synchronous reference frames, are simple instances of
the general case. Derivations for electromagnetic torque involving the currents and
flux linkages are given. The differential equations describing the induction motor are
nonlinear. For stability and controller design studies, it is important to linearize the
machine equations around a steady-state operating point to obtain small-signal
equations. Such a small-signal model is derived in this chapter. Algorithms and flow-
chart are given to compute the eigenvalues, transfer functions, and frequency
responses of the induction motor, Various stages in the dvnamic modeling ol the
three-phase induction machine are shown in Figure 5.12. For the sake of complete-
ness, the space-phasor model is derived from the dynamic model in direct and quad-
rature axes. The space-phasor model powerfully cvokes the similarity and
equivalence between the induction machines and de¢ machines from the modeling
and control points of view. Examples are included in this section to illustrate the
essential concepts.

5.7.1 Real-Time Model of a Two-Phase Induction Machine

The following assumptions are made to derive the dynamic model:

(i) uniform air gap:

(ii) balanced rotor and stator windings. with sinusoidally distributed mmf:
(iii) inductance vs. rotor position is sinusoidal; and
(iv) saturation and parameter changes are neglected.

A two-phase induction machine with stator and rotor windings is shown in Fig-
ure 5.13. The windings are displaced in space by 90 electrical degrees, and the
rotor winding, «. is at an angle 8, from the stator d axis winding. [t is assumed that
the d axis is leading the g axis for clockwise direction of rotation of the rotor. If the
clockwise phase sequence is dg, the rotating magnetic field will be revolving at the
angular speed of the supply frequency but counter to the phase sequence of the sta-
tor supply.
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Two-phase machine Two-phase machine Three-phase 1o

with time varying ::> with constant :> two-phase

inductance inductance transformation
Derivation of Generalized model
electromagnetic <: in arbitrary <: Power - <:_
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Stationary. rotor and
synchronous reference |—h Model with :> Per unit

frame model and v 1 flux linkages model derivation
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transfer functions and <: model and K |
frequency responses normalization

Figure 5.12 Dvnamic modeling of the three-phase induction motor

Therefore, the rotor is pulled in the direction of the rotating magnetic field—
that is, counter clockwise, in this case. The currents and voltages of the stator and
rotor windings are marked in Figure 5.13. The number of turns per phase in the sta-
tor and rotor, respectively are T, and T,. A pair of poles is assumed for this figure,
but it is applicable with slight modification for any number of pairs of poles if it is
drawn in terms of electrical degrees. Note that 8, is the electrical rotor position at
any instant, obtained by multiplying the mechanical rotor position by pairs of elec-
trical poles. The terminal voltages of the stator and rotor windings can be expressed
as the sum of the voltage drops in resistances and rates of change of flux linkages,
which are the products of currents and inductances. The equations are as follows:

"’qs q qs + P{qu qﬁ} 3 p(quldq] + p(an n) + p(Lqﬂla] (546}

Vas = P(Laqglgs) + Ryig + P (Lygigs) + P(Lyaia) + P (Lygig) (5.47)

a p{Luqiq\) ¥ p'LudldS) + R(uiu + p(L‘uulu} + p“—-qslui “‘148)

where p is the differential operator d/dt, and the various inductances are explained as
follows. v, Vy, vy, Vg are the terminal voltages of the stator g axis, d axis, and rotor « and
B wmdlngs, respectively. i,  and iy, are the stator g axis and d axis currents. respectively.

i, and i are the rotor a and B windings currents, respectively. L, Ly, L. and Ly are
the stator g and d axes winding and rotor a and 3 winding self-inductancus, respectively.

<
|
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Figure 5.13  Stator and rotor windings of a two-phase induction motor

The mutual inductances between any two windings are denoted by L with two
subscripts, the first subscript denoting the winding at which the emf is measured due
1o the current in the other winding. indicated by the second subscript. For example,
Ly is the mutual inductance between the g and d axes windings due to a current in
the d axis winding. Under the assumption of uniform air gap, the self-inductances
are independent of angular positions: hence, they are constants:

Lia= L[{u = Ly (5.50)
Lua = Lg =Ly (5.51)
The mutual inductances between the stator windings and between the rotor windings
are zero, because the flux set up by a current in one winding will not link with the other
winding displaced in space by 90 degrees. This leads to the following simplifications.
Lig=Lg =0 (5.52)
Lg=Lu=0 (5.53)

]
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The mutual inductances between the stator and rotor windings are a function of
the rotor position, 6, and they are assumed to be sinusoidal functions because of
the assumption of sinusoidal mmf distribution in the windings. Symmetry in wind-
ings and construction causes the mutual inductances between one stator and one
rotor winding to be the same whether they are viewed from the stator or the rotor:

Lo = Ly, = L, cos 6, (5.54)
Lgg = Lgg = Ly sin 6, (5.55)
Loy = Ly = Ly 5i6; (5.56)
Lg, = L = —Lgcos b, (5.57)

where L, is the peak value of the mutual inductance between a stator and a rotor
winding. The last equation has a negative term, because a positive current in 3 wind-
ing produces a negative flux linkage in the g axis winding, and vice versa.
Substitution of equations from (5.50) to (5.57) into equations from (5.46) to (5.49)
results in a system of differential equations with time-varying inductances. The
resulting equations are as follows:

Ve = (R, + Lip)ig, + Lp(i,sin8,) — Lp(igcos6,) (5.58)
vae = (R, + Lp)ig + Lpli,cos8,) + L,pliysin6,) (5.59)
Ve = Lapligsin ;) + Lp(igcos ;) + (R, + Lpli, (5.60)
vy = =L plicos 6,) + Lipligsinb,) + (R, + L,pliy (5.61)
where
R.=R,= Ry (5.62)
R,=R,=Ry (5.63)

The solution of these equations is time-consuming, because of their dependence
on the product of the instantaneous rotor-position-dependent cosinusoidal func-
tions and winding currents, and an elegant set of equations leading to a simple
solution procedure is necessary. Transformations performing such a step are dis-
cussed subsequently.

5.7.2 Transformation to Obtain Constant Matrices

The transformation to obtain constant inductances is achieved by replacing the
actual with a fictitious rotor on the ¢ and d axes, as shown in Figure 5.14. In that
process. the fictitious rotor will have the same number of turns for each phase as the
actual rotor phase windings and should produce the same mmf. That leads to a can-
cellation of the number of turns on both sides of that equation, resulting in a rela-
tionship of the actual currents to fictitious rotor currents i, and i, Then the
fictitious rotor currents iy, and iy, are equal to the sum of the projections of i, and iy

qrr
on the g and d axis, respectively, as given below:

. 5 a " s .
Pd"] _ [cos®. sin 8, J[lu} (5.64)
Ly sinB, — cosB [lig
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Figure 5.14  Transformation of actual 1o fictitious rotor variables

Equation (5.64) is written compactly as

idqn = rT’u[ﬂ iuﬁ {‘3()5}
where
b = e el (5.66)
g = [ia ip]' (5.67)
and

Tr:(ﬂ ==

cos B, sin 6, ~
(5.68)

[sinB, — cos6,
This transformation is valid for voltages. currents. and flux-linkages in a machine.

That the transformation from a, B axes to d, ¢ axes and vice versa is elegant 1s due to
the fact that

Top =T (5.69)

e
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This matrix is both orthogonal and symmetric. Applying this transformation to the
and {8 rotor-winding currents and rotor voltages in equations (5.60) and (5.61), the
following matrix equation is obtained:

Vi R, + Lp 0 Lyp 0 Iy
Vds - 0 R\ £ LJ’ 0 LsrP ?ds (5?{})
\-"q”. L».J-P _L«Br Rn + erp _Lll'el lqn
Varr L~~-|er L\lp thet I"lrr it erp id.rr

where 0, is the time derivative of 8. The rotor equations need to be referred to the
stator. as in the case of the transformer-equivalent circuit. This step removes the
physical isolation and facilitates the corresponding stator and rotor d and ¢ axes
windings in becoming physically connected. The steps involved in referring these
rotor parameters and variables to the stator are as follows:

R, = a’R,, (5.71)

L, =aL, (5.72)
i 1

= (5.73)

i = (5.74)
d

\"q| = a\’q” {5?5)

Vg = @V (5.76)

where

Stator effective turns per phase kT,

* 7 Rotor effective turns per phase  k-T, GhEE)

Note that the magnetizing and mutual inductances are.
L, o T} (5.78)
R i (5.79)

From equations (5.77) and (5.79). the magnetizing inductance of the stator is
derived as

L, = aL, (5.80)

m

Substituting equations from (3.71) to (5.80) into (5.70). the machine equations
referred to the stator are obtained as

Vi R.+ Lp 1] L.p 0 I

) . las
Vs s ( Rh LaP 0 Lrnp Fls (58] )
Vql’ L"'IF‘ _Ll'l'lel Rf + Llp _Lrer ll."

Vit Ln\gu me Lrér R! < LTP idl
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bars on the rotor itself, thus making the rotor very compact. Such a construction is
known as a squirrel-cage induction motor.

The numbers of slots in the stator and rotor are unequal to avoid harmonic
crawling torques. The windings are distributed in the slots across the periphery of
the stator and rotor. The windings can have different progressions, such as concen-
tric or lap windings. In concentric windings, the windings are centered around slots
within a pole pitch. In the case of lap windings, a coil is spread over a fixed pitch
angle, say, 180 electrical degrees, and connected to the coil in the adjacent slot, and
so on. With a coil pitch of 180 electrical degrees, the induced emf of the coil side
under the north pole will be equal but opposite to the induced emf in the coil side
under the south pole. The induced emf in the coil is equal to the sum of the induced
emfs in both the coil sides, which will be twice the voltage induced in one coil side.
The windings need not have a pitch of 180 electrical degrees and might have less
than that, to eliminate some fixed number of harmonics. This case is known as short-
chorded winding. Short chording reduces the resultant voltage, because the coils are
not displaced by 180 degrees but by less, with the outcome that their phasor sum is
less than their algebraic sum. Such an effect is included in the pitch factor, c,.

The slots have a phase shift, both to allow for mechanical integrity and to con-
trol the short-chording angle, so the induced emf in the adjacent coils of a phase will
have a phase displacement. When the emfs in these coils of a phase are summed up.
the resultant induced emf is the sum of the phasor voltages induced in these coils. A
reduction in the voltage results because of the phasor addition compared 1o their
algebraic sum. The factor to account for this aspect is known as the distribution fac-
tor, ¢,

The resultant voltage in a phase winding is reduced both by the pitch and dis-
tribution factors. Therefore. the winding factor, k. which reflects the effectiveness
of the winding, is given as

Ko = €4, (5.2)

Induced Emf: With this understanding, the induced emf in a stator phase winding
is derived from the first principles. The mutual flux linkages are distributed sinu-
soidally. The induced emf is equal in magnitude to the rate of change of mutual flux
linkages, which in turn is equal Lo the product of the effective number of turns in the
winding and the mutual flux. From this, the induced emf in a phase winding is
derived as

o
dt

d 3 e &
€us = % {(ko Ty, sin(2wft)} = —2wfk,, T\, cos(2wlt) (5.3)
where {_ is the supply frequency in Hz, @ is the peak value of the mutual flux, T, is
the total number of turns in phase a, and Kk, is the stator winding factor. The rms
value of the induced emf is given by

le..l
Ex = —% = 444k, T,®., (54)
\.“}

The expression for the induced emf in the rotor phase windings is very similar to
equation (5.4) if appropriate winding factor, number of turns, and frequency for the
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This equation is in the form where the voltage vector is equal to the product of the
impedance matrix and current vector. Note that the impedance matrix has con-
stant inductance terms and is no longer dependent on the rotor position. Some of
the impedance matrix elements are dependent on the rotor speed. and only when
they are constant. as in steady state. does the system of equations become linear.
In the case of varying rotor speed and if its vanation is dependent on the currents,
then the system of equations becomes nonlinear. It is derived later that the elec-
tromagnetic torque, as a function of winding currents and rotor speed. is deter-
mined by the electromagnetic and load torques along with load parameters such
as inertia and friction. In that case. it can be seen that the induction-machine svs-
tem is nonlinear.

5.7.3 Three-Phase to Two-Phase Transformation

The model that has been developed so far is for a two-phase machine. Three-
phase induction machines are common: two-phase machines are rarely used in
industrial applications. A dyvnamic model for the three-phase induction machine
can be derived from the two-phase machine if the equivalence between three and
two phases is established. The equivalence i1s based on the equality of the mmt
produced in the two-phase and three-phase windings and equal current magni-
tudes. Figure 5.15 shows the three-phase and two-phase windings. Assuming that
each of the three-phase windings has T, turns per phase and equal current magni-
tudes, the two-phase windings will have 3T,/2 turns per phase for mmf equality.
The d and g axes mmfs are found by resolving the mmfs of the three phases along
the d and g axes.

The common term. the number of turns in the winding. 1s canceled on either
side of the equations, leaving the current equalities. The 4 axis is assumed to be lag-
ging the a axis by 8_The relationship between dgo and abc currents is as follows:

2n L4

cos 8, cus(H‘ = T) cos (H‘ - — )
. . ] il . =
l ld\
il )| . 2r . 2n .
g | ==| sinll, SmiB.— = sin |6 - = . (3.82)
d = | 3 A ‘
1 RS
€ ] I ] I,

2 2 2

The current i, represents the imbalances in the a, b, and ¢ phase currents and can be
recognized as the zero-sequence component of the current. Equation (5.79) can be
expressed ina compact form by

g = [Toioe o (5.83)

where
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Figure 5.15 Two- and three-phase stator windings

and the transformation from abc to gdo variables is

i 2n 2 |
cos . cos (Bc = F) cos (8c + —3—-)
[Tane] = A sin B, sin (Bc = Z—E) sin (BL. + EE) (5.86)
3 3 3
1 1 1
L 2 2 2 i

The zero-sequence current. i, does not produce a resultant magnetic field. The

transformation from two-phase currents to three-phase currents can be obtained as
iaN = [’rahc] i liqdﬂ (58?)

where

cos 6, sin 6, 1
2 . 2
[Tape]™ = cos (Bc = Tn) sin (GL. = Tn) | (5.88)
] 2n . 2n
hcns (.Br + T) sin (9‘ + 3 ) 1
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This transformation could also be thought of as a transformation from three
(abc) axes to three new (gdo) axes; for uniqueness of the transformation from
one set of axes to another set of axes, including unbalances in the abc variables
requires three variables such as the dgo. The reason for this is that it is easy to
convert from three abc variables to two gd variables if the abe variables have an
inherent relationship among themselves, such as the equal-phase displacement
and magnitude. Therefore, in such a case, there are only two independent vari-
ables in abc; the third is a dependent variable, obtained as the negative sum of
the other two variables. Hence a gd-to-abc transformation is unique under that
circumstance. When the abe variables have no such inherent relationship, then
there are three distinct and independent variables; hence. the third variable can-
not be recovered from the knowledge of the other two variables only. It also
means that they are not recoverable from two variables gd but require another
variable, such as the zero-sequence component. to recover the abe variables from
the dqo variables.

Under balanced conditions only, there are four system equations, as given in
(5.81). Under unbalanced conditions, note that two more system equations, one for
the stator zero-sequence voltage and the other for the rotor zero-sequence voltage,
emerge. They are given as [8]

<
|

o = R+ Ly Pis (5.89)
vlll = RI T l'lr piu! {5<t)(I]

where in the variables the first subscript, o, denotes the zero-sequence component
and the second subscript denotes the stator and rotor by s and r, respectively. They
could be derived from the stator and rotor inductance matrices in the abc frames,
then converted into dgo frames by using the transformation derived above. It is
interesting to observe that only leakage inductances and phase resistances influ-
ence the zero-sequence voltages and currents. unlike in the dg component vari-
ables, which are influenced by the self and mutual inductances and phase
resistances,

[t is usual to align the ¢ axis with the phase @ winding: this implies that the ¢d
frames are fixed to the stator. The model is known as Stanley’s model or the staror
reference frames model. In that case, 8. = 0, and the transformation from abc to gdo
variables is given as

_ | .
L =3 73
2 V3 3
T = =0 = T1 v (5.91)
1 !
| 2 2 2 |

In a balanced three-phase machine, the sum of the three-phase currents is zero and
IS given as

L Fap k. =0 (5.92)
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leading to a zero-sequence current of zero value:

e A . ;
i, = 5(1,5 + i+ i) =0 (5.93)
With equations (5.86) and (5.88). the equivalence between the two-phase and three-
phase induction machines is established. It is instructive to know that the transfor-
mation derived is applicable to currents. voltages. and flux-linkages.

Example 5.3

An induction motor has the following parameters:

5 hp, 200V, 3-phase. 60 Hz, 4-pole. star-connected: R, = 0.277
R =0180Q L,=00538H L ,=00553H L =056H
Effective stator to rotor turns ratio.a = 3

The motor 1s supplied with its rated and balanced voltages. Find the g and d axes steady-state
voltages and currents and phase currents 1. I, . 1,,and 1, when the rotor is locked. Use the
stator-reference-frames model of the induction machine.

at

Solution The applied phase voltages are as follows:

200 — !
Voo = A X W2sinwt = 163.3 sin w,l
v

: . 27
Vie = 163.3 5in {w,l =

) 2
v, = 163.3 sin (mJ + =

The d and g axes voltages are

Vq‘ Vi
Vs | = T:hr Vs
UI'\ \’L"S
2 1
Hence. Vgs = i Yo = 5 (Vhe + Vi)
3l 2
For a balanced three-phase input.
Vo TV v =10

Substituting for v and v, in terms of v, vields

2(3
\Iqs = E \;E Vis| = Vs
Similarly,
Vas = NG (Ve = Vi)
andv, =0

Vgs = Vo = 1633 sin @) = 163.320° = 1633 V



Section 5.7  Dynamic Modeling of Induction Machines 207

Ve = 71”3‘(‘% ~ vp) = 163.3 cos wt = 163.329%0° = j1633 V

The rotor is locked; hence.
8, =0
For steady state evaluation.
p = jo, = j2uf, = j2%.60 = j377 rad/sec

The system equations in steady state are

Ve R, + jo,L, 0 joL, 0 Igs
Vas | _ 0 R, + jo,L 0 joL, fas
0 jol, 0 R, + jol, 0 i
0 0 jol,, 0 R, + joo.L, | i,

Note that the rotor windings are short-circuited. and hence rotor voltages are zero. The numer-
ical values for the parameters and variables are substituted to solve for the currents. The cur-
rents are

ige = 33.37 = jIOB.IR = 113.81£-71.90°
= 108.18 +)35.37 = 11381 218.10
By = =388 + j103.63 = 10934/ 108.6
iy = —103.63 - j34.88 = 109342 - 1614
Note that the stator and rotor currents are displaced by %0° among themselves. as expected in
a two-phase machine. The zero-sequence currents are zero, because zero-sequence voltages

are nonexistent with balanced supply voltages.
The phase currents are

fas 1 0 ][ g 11382 -71.9"]
i |=1-12 V372 1||ig]|=|11382168.1 }
i -12 V372 1]l 113.8248.1

The various rotor currents are

Ly = alg, = 328.022108.6
lar = Ay = 328.022-161.4°

The a and B currents. assuming #, = 0. are

[:} B [msﬂ, sin ][MJ 2 [1 0 Hidﬂ} B [328.02(. : mu--J
is sinf,  -cos B J{i,, 0 =1llig, |- 328.02 2 108.6

Example 5.4

Derive the steady-state equivalent circuit from the dynamic equations of the induction motor.
Solution  The steady-state equivalent circuit of the induction motor can be derived

by substituting for the 4 and ¢ axes voltages in the system equations:

Vi = \Im Sin w,t
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>
Hence.
Vi vy, Vi sin @yl Vs 0°
Vos | = [Tan]| Vi | = | Vmecos gt | = | V,,290°
Vo Ve 0 0
In steady state,
P = jo
Vq' = Vg = 0

Substituting these into the system equations yields

Va R, + jmL 0 jol 0 s
WVa | _ 0 R, + jo L 0 jo.L, (S
0 jo,l, ~ol, R +jol, -Lo, i
0 oL, oLy, Lo, R, + joL, || iy

The input voltages are in quadrature. so the currents have to be in quadrature, because the
system in steady state 1s hnear, and they can be represented as

ids = jiqs

idr i qur

Substituting these equations into the above equation and considering only one stator and
rotor equation with rms values viclds

V.=(R, + ]"'"o[«)l‘ + jh'sL-Il
0= jLg(w, — )l + (R, + jlo, =)L),

where V_ is the stator rms voltage and |, and |, are the stator and rotor rms currents, respec-
tively. Rearrange the rotor equation with the aid of

Wy = W, ~ W, = S,

The rotor equation then is
: R, .
0= Lo, + (= +jul, )1,

The rotor and stator equations, when combined. give the equivalent circuit, with an under-
standing that the sum of stator and rotor currents gives the magnetizing current. Note that
the stator and stator-referred rotor self-inductances are equal to their magnetizing induc-
tance and respective leakage inductances and are given as

L= Lt Ly
L, =L, +Lg
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5.7.4 Power Equivalence

The power input to the three-phase motor has to be equal to the power input to the
two-phase machine to have meaningful interpretation in the modeling, analysis, and
simulation. Such an identity is derived in this section. The three-phase instantaneous
power input is

Pi= \‘:h&:iah‘ = Vasi.n iy \'h\ih\ + \'ctin (594]
From equation (5.82), the abc phase currents and voltages are transformed into
their equivalent qd-axes currents and voltages as

e = [Tae] igao (5.95)

Vare = [Tane] I"qd.. (5.96)

by
Substituting equations (5.95) and (5.96) into equation (5.94) gives the power input as

P» = v:[lhl([’rdht'] § )l [‘rul“‘k.. !iqsl.l [5>g?}
Expanding the right-hand side of the equation (5.97) gives the power input in dgo
variables:

3 : : : -
P = 5 ((Viplgs + Vaslas) + 2%i0) (5.98)

For a balanced three-phase machine, the zero-sequence current does not exist;
hence. the power input is compactly represented by

|t

(Vi oo + Viggdac) (5.99)

i‘ = gstgs

i

ra

The model development has so far kept the d and ¢ axes stationary with respect to
the stator. These axes or frames are known as reference frames. A generalized
treatment where the speed of the reference frames is arbitrary is derived in the
next section. The input power given by equation (5.98) remains vahd for all occa-
sions, provided that the voltages and currents correspond to the frames under
consideration.

5.7.5 Generalized Model in Arbitrary Reference Frames

Reference frames are verv much like observer platforms. in that each of the plat-
forms gives a unique view of the system at hand as well as a dramauc simplifica-
tion of the system equations, For example, consider that. for the purposes ol
control, it is desirable to have the system variables as de quantities. although the
actual variables are sinusoidal. This could be accomplished by having a reference
frame revolving at the same angular speed as that of the sinusoidal variable. As the
reference frames are moving at an angular speed equal to the angular frequency of
the sinusoidal supply, say. then the differential speed between them is reduced to
zero, resulting in the sinusoid being perceived as a de signal from the reference
frames. Then. by moving to that plane. it becomes casier to develop a small-signal
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equation out of a nonlinear equation. as the quiescent or operating point is
described only by dc values; this then leads to the linearized system around an
operating point. Now, it is easier to synthesize a compensator for the system by
using standard linear control-system techniques. Likewise, the independent rotor
field position determines the induced emf and affects the dynamic system equa-
tions of both the wound-rotor and permanent-magnet synchronous machines.
Therefore, looking at the entire system from the rotor. i.e., rotating reference
frames. the system inductance matrix becomes independent of rotor position. thus
leading to the simplification and compactness of the system equations. Such
advantages are many from using reference frames. Instead of deriving the transfor-
mations for each and every particular reference frame. it is advantageous to derive
the general transformation for an arbitrary rotating reference frame. Then any
particular reference frame model can be derived by substituting the appropriate
frame speed and position in the generalized reference model.

Reference frames rotating at an arbitrary speed are hereafter called arbitrary
reference frames. Other reference frames are particular cases of these arbitrary ref-
erence frames. The relationship between the stationary reference frames denoted by
d and ¢ axes and the arbitrary reference frames denoted by d° and q° axes are shown
in Figure 5.16. From now on, the three-phase machine is assumed to have balanced
windings and balanced inputs, thus making the zero-sequence components be zero
and eliminating the zero-sequence equations from further consideration. Note that
the zero-sequence equations have to be included only for unbalanced operation of
the motor. a situation common with a fault in the machine or converter.

q° - axis 3 r g O d—axis
Trdct] [ Vs /
} L .

o B

=

las

Figure 5.16  Stationary and arbitrary reference frames
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Assuming that the windings have equal number of turns on both of the refer-
ence frames, the arbitrary reference frame currents are resolved on the d and ¢ axes
to find the currents in the stationary reference frames. The relationships between
the currents are writlen as

g = [T (5.100)
where
g = [ i)' (5.101)
e = 115 1&)' (5.102)
and
- z
B ity
The speed of the arbitrary reference frames is
‘ 0. = w (5.104)

Similarly. the fictitious rotor currents are transformed into arbitrary frames by using
T and they are written as

il|l|l o [Tu]iadt [5“)5]

where
ith = [im e ) (5.106)
tqar =[G &) (5.107)

Likewise, the voltage relationships are

Vo = [T¥] Vius (5.108)

Vaor = [T°] Vou (5.109)
where

Vi = Yo Yl (5.110)

Ve =1V Yal (5.111)

\"q.il = {vqr Vi I (5.112)

“'t.;.n = [v:il Vfl! ll (5.113)

By substituting equations from (5.100) to (5.113) into equation (5.81). the induction-
motor model in arbitrary reference frames is obtamed. 1t 1s given below for use n
subsequent sections.

{mﬂ R, + Lp L, L.p o i,
Vs -y L R, + Lp =9 L, L.p .|:,\ Gl
! \':p me [t I‘JJ,)L,“ Rr + Llp (e — i'l,]l l:r

LV = Vo g | Lap (0. —w, )L, R, + Lp JLi§
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where
w, = 6, (5.115)

w, is the rotor speed in electrical radians/sec. The relationship between the arbitrary
reference frame variables and the a, b, and c vaniables is derived by using

= [T%] " (5.116)

By substituting from equation (5.91) for i, in terms of a, b, and ¢ phase currents in
the stator reference frames, the gdo currents in the arbitrary reference frames are
obtained as

T¢ 1 0 ) .
oo = [[ : [TaeIliabe] = [Tane][ianc!] (5.117)

[0]

where [0]isa 1 X 2 null vector. Note that the zero-sequence currents remain unchanged
in the arbitrary reference frames. This transformation is valid for currents, voltages, and
flux-linkages for both the stator and the rotor. Particular cases of the reference frames
are derived in a later section. The next section contains the derivation of the electro-
magnetic torque in terms of the current variables in the arbitrary reference frames.

5.7.6 Electromagnetic Torque

The electromagnetic torque is an important output variable that determines such
mechanical dynamics of the machine as the rotor position and speed. Therefore, its
importance cannot be overstated in any of the simulation studies. It is derived from the
machine matrix equation by looking at the input power and its various components.
such as resistive losses. mechanical power, rate of change of stored magnetic energy.
and reference-frame power. Elementary reasoning leads to the fact that there cannot
be a power component due to the introduction of reference frames. Similarly. the rate
of change of stored magnetic energy must be zero in steady state. Hence. the output
power is the difference between the input power and the resistive losses in steady state.
Dynamically, the rate of change of stored magnetic energy need not be zero. Based on
these observations, the derivation of the electromagnetic torque is made as follows.
The equation (5.114) can be written as

= [R]i + [L]pi + [G]w,i + [Flwdi (5.118)

where the vectors and matrices are identified by observation. Premultiplying the
equation (5.118) by the transpose of the current vector gives the instantaneous
input power as,

pi=i'V = i[R]i + i[L] pi + i[G]awi + i'[F]wd (5.119)

where the [R] matrix consists of resistive elements. the [L] matrix consists of the coef-
ficients of the derivative operator p, the [G] matrix has elements that are the coeffi-
cients of the electrical rotor speed w,, and [F] is the frame matrix in terms of the
coefficients of the reference frame speed, w_ The term i [R] i gives stator and rotor
resistive losses. The term i [F] w_' is the reference frame power. and upon expansion is
found 1o be identically equal to zero, as it should be. because there cannot be a power
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induced emf in the rotor are inserted into equation (5.4). More on this is deferred
for the present.

Winding Method: Two types of winding methods are common in induction
machines. They are known as random- and form-wound windings. They are briefly
described in the following.

(i)

(ii)

Random-Wound Windings: The coils are placed in the slots and separated
from the magnetic steel with an insulation paper, such as a mica sheet. Each
coil in a slot contains a number of circular but stranded enameled wires which
are wound on a former. This type of winding is referred to as random-wound.
They are used for low-voltage (<600 V) motors. The disadvantages of this
method of winding the coil are: (i) The adjacent round wires in the worst case
can be the first and the last turn in the coil. Because of this, the turn-to-turn
voltage can be maximum in such a case and will equal the full coil voltage but
not equal the sequential turn-to-turn voltage, which is only a small fraction of
the full coil voltage. (ii) They are likely to have considerable air pockets
between the round wires. These air pockets form capacitors between strands
of wire. With the application of repetitive voltages at high frequency with high
rate of change of voltages from the inverter. a discharge current flows into the
air capacitor. This i1s known as partial discharge. These partial discharges cause
insulation failures.

Random-wound machines are economical, have low losses, and hence

have a higher efficiency and tend to run cooler. Random-wound machines use
a semiclosed slot, which reduces the flux density in the teeth, resulting in lower
core losses—as much as 20 10 30%. Some methods have very recently been
suggested to reduce the partial-discharge possibility of random-wound
machines. The methods recommend using (i) heavier insulation; (ii) a wind-in-
place insertion method. making the wire placement sequential: (iii) extra
strategically placed insulation within a phase of the motor; (iv) extra insulating
sleeves on the turns nearer to the line leads.
Form-Wound Windings: Higher-voltage (=600 V) induction machines are
usually form-wound. meaning that each wire of rectangular cross section is
placed in sequence with a strand of insulation in between them and then the
bundle is wrapped with mica ground wall insulation, over which an armor cover-
ing is applied to keep all the wire arrangement firmly in place. The form-wound
coils are placed in a fully open slot, as it is not possible to use the semi-closed
slot for this arrangement. with the consequence that the machine will have
higher core losses. This is because the tooth flux density increases: there is a siz-
able reduction of its cross sectional area compared to a semi-closed slotted
tooth. On the other hand. form-wound windings have a much higher resistance
to partial discharges, as their turn-to-turn voltage is minimal and a heavier insu-
lation build between them also helps mitigate them. The disadvantage of this
winding 1s that it is relatively expensive compared to random windings.

Rotor Construction: Two methods of rotor construction are used for induction
machines. They are fabrication and die casting of the rotor. Fabricated rotor
construction is possible for both aluminum and copper har rotors hut alnminnm
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associated with a fictitious element introduced for the sake of simplifying the model
and analysis. The term i' [L] pi denotes the rate of change of stored magnetic energy.
Therefore, what is left of the power component must be equal to the air gap power,
given by the term i' [G] w,i. From the fundamentals, it is known that the air gap power
has to be associated with the rotor speed. The air gap power is the product of the
mechanical rotor speed and air gap or electromagnetic torque. Hence air gap torque,
T,.is derived from the terms involving the rotor speed, w,, in mechanical rad/sec. as

weT. = P, = #[G]i X w, (5.120)

Substituting for w in terms of w leads to electromagnetic torque as

P s =
Tt.=;|‘._.G]1 (5.121)
By substituting for [G] in equation (5.121) by observation from (5.114), the electro-
magnetic torque 1s obtained as

T, =

¢

L (G5~ 832 (5.122)

LoF B RN ]

LSS =]

The factor 7 is introduced into the right-hand side of equation (5.122) from the

power-equivalence condition between the three-phase and two-phase induction
motors. The next section considers the frequently used models in various reference
frames and their derivation from the generalized induction-motor model in arbi-
trary reference frames.

5.7.7 Derivation of Commonly Used Induction-Motor Models

Three particular cases of the generalized model of the induction motor in arbitrary
reference frames are of general interest:

(i) stator reference frames model;

(ii) rotor reference frames model;
(iif) synchronously rotating reference frames model.

Their derivations and transformation relationships are considered in this section.

5.7.7.1 Stator reference frames model. The speed of the reference

frames is that of the stator. which is zero: hence.
w. = {) (3:123)

<

is substituted into equation (5.114). The resulting model is

Vig R, +Lp 0 La.p 0 i
va | 1} R, + Lp 0 L.p s (5.124)
Vol | Lap wl, R +Lp -oL ||i o

nn (l'f,I.,“ me “L.I- ] R- i Lrp i|I| .



214 Chapter 5 Polyphase Induction Machines

For convenience, the superscript & is omitted for the stator reference frames model
hereafter. The torque equation is

I e s Z
Te = 5 3 Lm(igslar = lasigr) (5.125)

Note that equations (5.124) and (5.81) are identical. The transformation for vari-
ables is obtained by substituting 6, = 0 in [T,,_] and will be the same as [T}.].
defined in equation (5.91). This model is used when stator variables are required to
be actual. i.e., the same as in the actual machine stator, and rotor vanables can be
fictitious. This model allows elegant simulation of stator-controlled induction-motor
drives. such as phase-controlled and inverter-controlled induction-motor drives,
because the input variables are well defined and could be used to find the stator g
and d axes voltages through a set of simple algebraic equations, for a balanced
polyphase supply input, given by:

Vgs = Vas (5.126)

i (Ves — Vi)

“‘ V3
Such algebraic relationships reduce the number of computations and thus lend
themselves to real-time control applications in high-performance variable-speed

drives requiring the computation of stator currents, stator flux linkages. and electro-
magnetic torque for both control and parameter adaptation.

(5.127)

5.7.7.2 Rotor reference frames model. The speed of the rotor reference
frames is

we = W, (5.128)
and the angular position is
6.= 6, (5.129)

Substituting in the upper subscript r for rotor reference frames and equation (5.128)
in the equation (5.114), the induction-motor model in rotor reference frames is
obtained. The equations are given by

Ve R, +Lp oL Lap oLy, [
":1\ = —(ﬂr]_., Rs + LsF' g (IJ,L,“ me l::lc (S 1-*0)
“':;l me 0 Rl + Ltp =1 i:qr s
Vi 0 Lap 0 R, + LpJLik
and the electromagnetic torque is
IV s e
Te = 5-2- Lm(itrpldr - ldsl:") (5-131)

The transformation from abc to dqo variables is obtained by substituting (5.129)
into [T, ]. defined in (5.86) as
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cos 0, cos (G, - %’E) cos (B, + %’—t)

[Tieel = 2 sin@, sin (9, = 2—,5) sin (9, + E) (5.132)
3 3 3
1

2

| —
b | —

The rotor reference frames model is useful where the switching elements and power
are controlled on the rotor side. Slip-power recovery scheme is one example where
this model will find use in the simulation of the motor-drive system.

5.7.7.3 Synchronously rotating reference frames model. The speed of
the reference frames is
. = ®, = Stator supply angular frequency,/rad/sec (5.133)
and the instantaneous angular position is
B, =0, = wl (5.134)

By substituting (5.134) into (5.114). the induction-motor model in the synchronous
reference frames is obtained. By using the superscript e to denote this electrical syn-
chronous reference frame, the model is obtained as

e R, +Lp w, L, L.p w.l., ig
Vi | -m,L, R, + Lp -wL, L.p i (5.135)
Ve Lup (w, - w, )L, R, + Lp (w, — o)L, || 1§
Vi = (o — @)Ly Lup —(o, o)L, R+ Lp L
The electromagnetic torque is,
T. = %ng(i:k g — lavdge)  (N'm) (5.136)

The transformation from abc 1o dgo variables is found by substituting (5.134) into
equation (5.86) and 1s given as

2 2
cos B, cos (9\ = j) cos (& + _n)
3 3)
2 2 2 =
[Tl = 3 sin B,  sin (9, = —;E) sin (9, + :E) (5.137)

P | =

1 i
2 2

It may be seen that the synchronous reference frames transform the sinusoidal
inputs into dc signals. This model is useful where the variables in steady state
need to be dc quantities, as in the development of small-signal equations. Some
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high-performance control schemes use this model to estimate the control inputs;
this led to a major breakthrough in induction-motor control, by decoupling the
torque and flux channels for control in a manner similar to that for separately-
excited dc motor drives. This is dealt with in detail in Chapter 8, on vector control
schemes.

Example 5.5

Solve the problem given in Example 5.1 when its speed i1s 1400 rpm, using the synchronous
reference frames model and rotating reference frames model.

Solution (i) Synchronous Reference Frames

v;, Voo
Vs | = [Taec]| Vis
vﬂ VCS
where
Ve = Vi sin ot
Y 2
Vi = V,,sm(m‘l = ?ﬂ)
: 2
V=V sm(m,l * T“)
and

Vg = 1633V

Substituting these. and solving for the d and g axes stator voltages in the synchronous refer-
ence frames, yields

Ve Vo 0
vas | = [Toec)| Vs | = | Vi
Vo Ve 0

The d and g axes stator voltages are dc quantities; hence, the responses will be dc quantities,
too, because the system is linear. Hence,

Pigs = Pl = Pige = Pl = 0

Substituting these into the system equations gives

0 R, o,l, 0 oL [ i
Vo | | —0L R, o . 0 i
0| 0 oyl R, ayL, || g,
0 > (JJ.“[.,,. 0 ol ('-\Il-r Rr 55'

where

wy = w, — w, = slip speed
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The currents are solved by inverting the impedance matrix and premultiplying with the
input-voltage vector. The currents in the synchronous frame are

2 ~927A
5 14.35 A
3 -1.69 A
i5, ~ 1460 A

The electromagnetic torque is given by

e O L T T .
Te = 55 La(ig o — i ig)(N'm) = 25758 N'm

The actual phase currents are obtained by the following procedure:

iahc = [Tnbc_] i lif{du

Hence,
i = 17.08 sin(w,t — 0.57)
i, = 17.08 sin{w,t — 2.67)
ie = 17.08 sin(w,t + 1.52)

Note that the three-phase currents are balanced and that the power-factor angle is 0.57 radi-
ans (32.97) lagging.

(ii) Rotor Reference Frames

% Vas
Vi | = [Tisc]| Vin
Vo Ves

Substituting for the transformation from equation (5.118) gives

Ve V, sin @yt 0—jV,
Vis | = | Vmcosayt [ = |V, +j0
v, 0 0

The stator voltages appear at slip frequency in rotor reference frames: hence, the currents are
at slip frequency in steady state. By substituting for p = jw,, in the system equations, the fol-
lowing is obtained:

- ij Ra + j(l3,|L, ‘-'-‘:Ls ju’ile (IJ,LI,., i:'.\
Vm = o wlLi R’I + jmsll-‘s - (JJ‘-L,“ jmﬂLm ii‘]b
0 | | joula 0 R, + jayl, 0 ity
0 0 Jogl 0 R, + jogL, | | ig

from which the rotor reference frame currents are

g 17.08 sin{wyt — 0.57)
ig | _ | 17.08 cos(wyt — 0.57)
i, | | 14.69sin(wgt ~ 3.03)
I 14.69 cos(wyt — 3.03)

from which, by using the inverse transformation [Th,.] ' the actual phase stator currents can
be evaluated. It can be seen that the stator g and d axes currents are displaced from each



218 Chapter5  Polyphase Induction Machines

other by 90°, and so are the rotor g and d axes currents in the rotor reference frames. They
can be written as

B=Liy G=Ley+90° =jlely=Lsnb=1Lsn+9 =jlcn=jl
where I, = 17.08 A:1, = 1469A:y = —0.57 rad :y = —3.03 rad.

Using the torque expression shows that T, = 0, even though it is incorrect. In steady state,
speed is constant. and therefore the air gap power is proportional to the torque; however, the
torque is a function of products of two currents, as seen from the expression derived earlier.
The currents are complex vanables in steady state. so when products are involved. one of
them in each product has to be a complex conjugate. as in the case of the evaluation of power
in ac circuits. Hence. the torque expression for use in this case is modified as follows:

T, = %'_2’ Lo(ISF - I5T5)  (N'm) = 25758 N'm

Note the bar on the rotor currents, to indicate that they are complex conjugates of their respec-
tive values. This gives the correct value for the torque and matches that from using svnchronous
reference frames, given in the above. The solution for torque. like that for other output vari-
ables, such as the rotor speed and input and output power, is independent of reference frames: it
is importanl to realize that the observation frames cannot affect these machine values. A similar
approach is to be used in the stator reference frame model also, for the evaluation of the steady-
state electromagnetic torque of the machine: the currents turn out to be complex values.

5.7.8 Equations in Flux Linkages

The dynamic equations of the induction motor in arbitrary reference frames can be
represented by using flux linkages as variables. This involves the reduction of a
number of variables in the dynamic equations. which greatly facilitates their solu-
tion by using analog and hybrid computers. Even when the voltages and currents
are discontinuous, the flux linkages are continuous. This gives the advantage of dif-
ferentiating these variables with numerical stability. In addition, the flux-linkages
representation is used in motor drives to highlight the process of the decoupling of
the flux and torque channels in the induction and synchronous machines.

The stator and rotor flux linkages in the arbitrary reference frames are

defined as
Ags = Lslgs + Ly
& = Lii§ + Loy
Agr = Liig + Lanig (5.138)
N = Ly + Loy

The zero-sequence flux linkages are

AUS Lisinh
A = Lirinr {5‘139)

The q axis stator voltage in the arbitrary reference frame 1s

Ves = Rig + o (LG + Luif) + Lapiy + Lypig (3
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Substituting from the defined flux-linkages into the voltage equation yields
= Rii§, + @G + PAG (5.141)

Similarly, the stator d axis voltage, the d and g axes rotor voltages, and the zero-
sequence voltage equations are derived as

Vi = Ryl — oA + pAg (5.142)
Vo = Rjig + PAs, (5.143)
vu‘.p =: Rl‘; + (o — w!)xfill' 2 ph;r (5.144)
Ve = Rt':: i ("’c - wt))\;t + phfl: (5.145)
Vor = Riigy + PAuy (5.146)

These equations can be represented in equivalent circuits,

Power-system engineers and design engineers use normalized or per unit
(p.u.) values for the varnables. The normalization of the variables is made via reac-
tances rather than inductances. To facilitate such a step. a modified flux linkage is
defined whose unit in volts is

d-':gs = mh)\;s == mh(LJ;s + Lml:r) = xsl:ﬁ L xmiar (5.147)

where wy, is the base frequency in rad/sec. Similarly the other modified flux linkages
are wrilten as

Ug = X\l + Xlie (5.148)
Ve = Xoige + Xalgs (5.149)
= X,ig + Xk (5.150)
W = Xyl (5.151)
Yor = Xieloe (5.152)
Substituting the flux linkages in terms of the modified flux linkages yields
Nes = ?u;—:-krg = f‘;.h.‘,. = ::’ Ap = t‘:.h:;, = ‘ii Ao = 1—'};‘ (5.153)

and. by substituting equation (5.153) into equations from (5.141) 1o (5.146). the
resulting equations in modified flux linkages are

¢ < W c P C " - : We o P v - - P
Voo = Rslqs + u.l_’hlbd‘ + w_h"l-'qv Vis = Rigs — w_hwqa + W_h Wis Vos = Ryles + U-‘_h L
- (we — ) x LA (w, — w) c
= erqr + ;"bqr‘ ""dr R,i 'dr = '_"l'uh q"dr
-y P =
Vor = Rtlm +—dy (5.154)
Wy
The electromagnetic torque in flux linkages and currents is derived as
3P . 3P . : _—
Te=oo LGl — 4 1f.,}=:’—;!| (Lg i) = iK(Laif)) (5.155)
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The rotor currents can be substituted in terms of the stator currents and stator flux
linkages from the basic definitions of the flux linkages. From equation (5.138),

Lt + Lyigs = N (5.156)
Hence,

L.i& = (A& — L&) (5.157)
Similarly,

Luige = (Ags — Lidgs) (5.158)

Substituting equations (5.157) and (5.158) into equation (5.152) gives the electro-
magnetic torque in stator flux linkages and stator currents as

3P

T, = (lqs(}\'ds LyiG) — 15— Lal)) = = (s — 15AG) (5:159)

22
Alternatively, the electromagnetic torque in terms of modified flux linkages and
currents is

1 P ] c (= 3E [
Te = 2 _2— w_ qs‘bds ) ldslbqs} (5160)
The electromagnetic torque can be expressed in only rotor variables and in many other

forms. Note that they are all derivable from equation (5.152) by proper substitutions.

5.7.9 Per-Unit Model

The normalized model of the induction motor is derived by defining the base vari-
ables both in the abc and the dgo variables. In the abc frames, let the rms values of
the rated phase voltage and current form the base quantities, given as

Base Power = P, = 3V;l5 (5.161)

where V,; and I ; are three-phase base voltage and current, respectively. Selecting
the base quantities in dg frames denoted by V, and I, to be equal to the peak value
of the phase voltage and current in abc frames, we get

L = Valy (5.163)
Hence. the base power is defined as
A 3 .
P, = 3Vpslps = 3 ;%% =5 Vil (5.164)

The arbitrary reference frame model is chosen to illustrate the normalization process.
Consider the g axis stator voltage to begin with. which is given in the following:

Ve, = RS, + 0 (Lii + Lyif,) + LapiS, + Lypi (5.165)
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Writing the inductances in terms of reactances at base frequency of w,, gives
. . wX, . wXp ..
ves = Ry + —(;:‘p;;, i F :f pE + ——i% (5.166)
It is normalized by dividing by the base voltage V,:
¢ v;s R1 e x\ T, wcx\ i >{n'i 0 wcxm i (5 167
Vain == =— . ;
qsn vh Vh lgs mhvh plqa ’-l’hvh ds U’hvh e '-Uhvh Ly )
Substituting for base voltage in terms of base current. I,. and base impedance, Z,, as
follows,
into equation (5.167) yields
R\ (1 X (A e N\EXNLE
- (2)6) @) - G)E)E)
Z., Ib wy, Zh I|\ Wy Z,. Ih
1 i
2P GE)E) 159
wy\ Z, Iy wy/\Z,, Iy

By defining the normalized parameters and variables in the following manner,

_R‘ _X‘ o, o Mg o Ve
R, = Z, p.u., X, = A P-U., Wp, = o p-U., Ig, = I, Pl Vi = v, p.u.
R 3 I:i\ ] l:jr v:l'
Rm = 'Z'i p.u., X,n = Ei p-u., ‘fr.in '[-h' Pl g = E p-u., Vam : V p-u. (5.170)
b
x xm W, s ':]r < vf“ < Vf;, u
= W1 o = — p.U.. g = S PWsVNaa = 3, P-UaYau T 3 P
mn thl.l Wen u}hpu 'qr lhpu i VhPu d vhp

and by substituting equations in (5.170) into appropriate places in (5.169), vi,, is
obtained as,

X X
V;sn = (R\n + ::Jp)fpn T wcnxsnihsn w w—':nPiLm + mmxmniam (5171]

Similarly. the other equations are normalized and given below:

qsn

<
Visn

<
Vam

Vim

R, + Yo
n U}hp

= U’Lnxm
xmn
=1}
u""

- (W, = m!n)xmn

w, nx sn

Ry + —
m mhp

(00, — mm)xmn

mn p
y,

xma

u’tnxmn
b X
_mtnxmu 2 )
Wy
x
Rm + — P (T wmixmn

0y,

Xrn

o (ll)“, i win}x:n R!n + W, P

Lisn

"
lym

e
Ll
J

(5.172)
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The electromagnetic torque is,

5.0 Lo
= EE m_h (lqsq—'ds = lﬁs‘l’f}s) (5.173)
but the base torque is,
P PF
Ty=—=—=— (5.174)
Wy 2wy
P/2
from which the normalized electromagnetic torque is oblained as
P11
Te 2 2 mh 1€ ic (o 3/2 o o ko c 3!{2 b c c .
Tcrl = -]Th =5 B& (lqsd‘ss L Illﬁlquﬁ) — ?'h (lqslbds 2 Ids‘bqﬁ} = m(]qslbd\' s q }
2 Wy
lh Vh ltu Vh gsn dsn Lisn gsn p-u. GlEal
where
¢ = Y
l!"dsn = Vh p-u.
<
S
Wi = T/; p.u. (5.176)

Note that the modified flux linkages, yg, and Wig,, are in volts, and hence g, and Ui,
become dimensionless. The electromechanical dynamic equation is given by

dw,,
T.=1J T + T, + Buw,, (5.177)

where J is the moment of inertia of motor and load, T, is the load torque, B is the
friction coefficient of the load and motor, and w,, is the mechanical rotor speed.
Normalizing this equation yields

Jdmm
T. = E... dt +B+ Buw,, _ Jopw, d (&) T _Bu.lbmhu.l,
T (Ph_x'.’ﬁ) T (P--’“Ph) (P/2PP, dt\w,/ " (P/2)* Py,
. m'" (5.178)
S Job dow o BOb e + T, + B
B/APE, 4t % [BAPRT T T S
where
1 Joj
= o 5.179
2 P.(P/2)] (5.179)
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fabricated rotors are hardly ever used. The reason is that a fabricated aluminum
rotor is expensive, whereas a die-cast aluminum rotor is inexpensive. The fabricated
copper-bar rotor is used in large machines where the aluminum die-cast rotor is not
available or in high-inertia loads demanding frequent starts, such as in crushers and
shredders. Frequent line-supply starts of the induction machine result in higher
inrush currents that are multiple times the rated currents and hence produce more
losses and forces capable of dislodging the rotor bars.

The aluminum die-cast rotor construction is used in applications having lower
load inertia than recommended by National Electrical Manufacturers Association
(NEMA) and not required to meet stall condition or very high starting torques. This
rotor type is used prevalently and covers as much as 90% of apphications.

Insulation: The stator and rotor with windings on the magnetic circuit are immersed
in varnish and heat-treated for drving. The insulation sheets between the slots and coils
and on the enameled wires and between turns in the coil consist of insulation materials
of different classes, known as A, B, F, and H. The choice depends on the maximum tem-
perature rise permissible for each class. The NEMA MGI1 and American National
Standards Institution CR50.41 specifications for allowable stator temperature rise for
various insulation classes are given in Table 5.1. Service factor is the ratio between the
steady-state maximum power output capability and the rated power output of the
machine. Because of the uncertainty in sizing some loads, service factors greater than |
are recommended in field applications. Note that a service factor of 1.15 means that the
machine can generate 15% more power than its nameplate rating. A majority of induc-
tion machines have class F insulation; motors for servo-drive applications usually need
class H insulation. Underutilized machines in nonrigorous applications with practically
no overloads and infrequent starts can use lower-class insulations. Higher winding tem-
peratures usually result in transmission of heat to bearings, resulting in failures and fre-
quent replacements. Therefore. higher operating winding temperature is not preferred.
and that is the reason for a majority of motors to have an insulation class of F or lower.

Rotor Shaft: The rotor shaft is usually made of forged steel for higher speeds
(> 3.600 rpm) and has to conform to sizes recommended for power levels by
NEMA or other applications-specific industrial standards such as American
Petroleum Institute (API) standard 541.

TABLE 5.1 Standards for stator temperature rise

Motor Rating Method of Temperature Maximum Winding Temperature ( C) for
& Voltage © Measurement vartous classes of insulation
Service Factor = | Service Factor = 115
A B F H A B F
All Resistance 60 S0 105 125 70 9 115
= 1500 hp Embedded Detectors 70 9 15 140 80 o 125
> 1500 hp.= 70V  Embedded Detectors 65 85 110 135 75 93 1241

> 1500 hp. > 700V Embedded Detectors S0 80 15 125 70 W LS
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is known as inertial constant, and the normalized friction constant is

B, = B—wﬁ (5.180)
" Ry(P/2) '
The normalized equations of the induction machine in the arbitrary reference
frames are given by equations (5.172), (5.175).and (5.178).

5.8 DYNAMIC SIMULATION

The dynamic simulation of the induction machine is explained in this section. The
equations of the induction machine in arbitrary reference frames in p.u. are cast in
the state-space form as

PpX, + X, =y, (3.181)
where
[ Xu 0 ZXm !
Wy, y,
x an
0 e g —=
Wy, Wy,
= (5.182)
CXm g, Xe
Wy, wy,
X X
0 = m
- @y, oy, |
R O Xy 0 Wcn X
Q= "B Ru ™ OcaXomn v (5.183)
0 ((’)cu i mm)xmn an (W, — wm]xm
(W — O ) Xy 0 — (W — Oy) X, an
xI = [i;in iflsn i;rn i:lm_"I {5184]
U = [Ven Vasn  Vom Vi) (5.185)

The equation (5.178) can be rearranged in the state-space form as follows:

pX, = PV (n, — QX (5.186)
This can be written as
pX, = A X, + By, (5.187)
where A| = —P{'Q, and B, = P, and they are evaluated to be
Xm 0 — X 0
B, =P'= i _;: ﬁ;“ ;] T, (5.188)

0 =X. 0 X,
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A

where
s = (Kaa Xeo) s189)
Wy,
R X ki + 00 XG0 “Ren Xona O X Xonn
__ k- onXh RaXa 0 XuXm  RaXm | 00)
A Ry X = Wy Xnp X R Xy k) = 0g Xy
DK X R Xoun -k + 0, X X R X
where
ki = 0ey (X X = Xin) (5.191)
The electromechanical equation is
Tea = 2Hpw,, + Tj, + By, (5.192)
where
Ten = igalin — GaWigsn (5.193)

The modified flux linkages require additional computation: the torque can be con-
veniently expressed in terms of the normalized currents as

TI.‘I! = xmn{itpn iLL.Jrn - i'fhn i:pn] (3.194)
and hence the electromechanical equation can be written as
xrn . . - ¢ 'rl Bn &
pwy, = 'Z_HH“q\n Kien — lasn lqinj = EI__:' = H Wy {5-193)

Solving equations (3.187) and (5.195) by numerical integration gives the solutions for
currents and speed from which the torque. power output, and losses are calculated. A
flowchart describing the steps in the dynamic simulation is shown in Figure 5.17.

Example 5.6

An induction motor has the following constants and ratings:

200 V.4 pole. 3 phase. 60 Hz. Y connected
R, = 0183 0. R =02770, L, =0.0538H
L,=00553H.L, =0056H,B=0
Load torque = T, = 0 N-m,J = 0.0165 kg-m’
Base power is 5 hp
The motor is at standstill. A set of balanced three-phase voltages at 70.7% of rated values at

60 Hz is applied. Plot the starting characteristics of speed vs. torque, instantaneous stator and
rotor currents in all the three reference frames. and stator flux linkages and flux phasor.
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Solution The plots are shown in Figures 5.18(a), (b) and (c). The machine outputs.
such as air gap torque, speed, actual stator and rotor phase currents, and magnitude of stator
flux linkages are all the same regardless of reference frames. Also note that the flux linkages
are in real units, while other variables are in normalized units. Line start produces higher cur-
rents. flux linkages. and dc offsets in them. The torque pulsations are very severe, and
repeated line starting could endanger the mechanical integrity of the motor. Higher stator
and rotor currents also produce resistive losses that are multiple times the design limit,

5.9 SMALL-SIGNAL EQUATIONS OF THE INDUCTION MACHINE

5.9.1 Derivation

The electrical equations of the induction machine and the electromechanical sub-
systems given in (5.187).(5.194). and (5.195) combine to give the dynamic equations
of the motor-load system. These dynamic equations are nonlinear: some of the
terms are the products of two current variables or a current variable and rotor
speed. The transient responses or the solution of the dynamic equations are
obtained by numerical integration. While any of the standard subroutines can be
used for numerical integration, the fourth-order Runge-Kutta method is adequate
for the study of induction machines. For the solution. the equations have to be
arranged in the state-space form. For controller design with linear control-system
design techniques, the nonlincar dynamic equations cannot be directly used. They
have to be linearized around an operating point by using perturbation techniques.
For small-signal inputs or disturbances, the linearized equations are valid. The ideal
model for perturbation to get the lincarized model is the one with steady-state
operating-state variables as dc values. This is possible only with the synchronously
rotating reference frames model of the induction motor. The lincarized equations
are obtained as follows,

The voltages, currents, torque. stator frequency, and rotor speed in their steady
state are designated by an additional subscript with an "o" in the variables. and the
perturbed increments are designated by a & preceding the variables. Accordingly,
the variables in SI units after perturbation are

Wi = Vi <+ SV (5.196)
Vas = Vi + 8V (5.197)
i = g ¥ B (5.198)
ige = Mo + 81 (5.199)

1= O (5.200)

POWEREN.IR iy = U + OIG, (3.201)
T = Ty BE (3.202)
T, =T, + T (3.203)
w, = w,, + duw, (3.204)

w, = W, + dw, (3.203)
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Enclosure: Windings are inserted in the stator laminations and the stator lamina-
tions are fitted inside of a nonmagnetic steel housing. Two end covers will be
attached to the steel housing with part of the bearings attached to them. They then
will be assembled with through bolts after inserting the rotor with shaft. The non-
magnetic steel housing is intended for protecting the stator and rotor assembly from
environmental factors (such as rain, water, snow. insects. birds. and rodents making
an ingress into the machine), for providing an intermediary medium for exchange of
heat between the machine windings and ambient. and for providing mechanical
strength and ease of assembly. Commonly used enclosures are open drip-proof
(ODP), weather-protected types | and 1T (WPL WPII). 1otally enclosed air-1o-air
cooled (TEAAC). totallv enclosed fan cooled (TEFC). and totally enclosed water-
to-air cooled (TEWAC) types. These provide varving degrees of protection from
environment and come with cost differentials among them. The enclosures are
briefly summarized in the following,

ODP: It will resist the entrance of water that falls at an angle less than 15 from the
vertical, It is widely used. but it is not suited for an outdoor application or a dirt-
filled environment.

WPI: Itis an ODP with the additional sereens or louvers to prevent the entrance of
objects with diameter greater than (.757 (1-gem). It is not ideally suited for harsh
outdoor application or persistent pollution with airborne materials or abrasive dust.
Examples are in textiles manufacturing and mines.

WPII: This is suitable for outdoor applications and can prevent windblown rain or
snow. The heavier particles in the air are caught with blow-throughs which are 9
bends creating a low velocity area where the heavier particles drop out before they
reach inner electrical parts of the machine. These can also be provided with filters to
eliminate particles greater than 10 microns in size. Periodic cleaning and replace-
ment of filters becomes necessary in this situation but comes with the advantage of
longer life for the motor.

Totally Enclosed Motors: These enclosures offer the greatest protection against
dirt and environment. TEAAC and TEWAC have higher power density compared
to TEFC machines. These enclosures are expensive compared to other tvpes.
TEAAC has heat pipes. also known as cooling tubes or heat exchangers. that
increase the overall volume of the machine with their mounting on top of the
machine and also carry the disadvantage of periodic maintenance of the cooling
tubes, which could clog. TEWAC has the disadvantage of requiring a clean water
supply and auxiliary pump for the operation of its cooling system. It has the advan-
tage of being practically independent of local ambient conditions,

Industrial-grade motors that are not operated continuously should be
equipped with a drain. a breather, and a space heater to prevent condensation of
moist air due to the breathing in of air that takes place with all types of enclosures.

Bearings: With the proper enclosure chosen for an application. the bearing
selection and maintenance is the next step. Between the shaft and the end covers
of the stator structure. one bearing on each end is mounted. Two Kinds ol bearings
are available: sleeve and antifriction bearings. Antifriction bearings arc cheaper
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where
3P = i i
T = 23 L (iGeo idro — idso igro) (5.206)

By substituting from equations (5.196) to (5.206) into equations (5.114).(5.122).and
(5.177), by neglecting the second-order terms, and by canceling the steady-state
terms on the right- and left-hand sides of the equations, the small-signal dynamic
equations are obtained:

avs, = (R, + Lp)Bis + wy,LBiG + Lopdig, + w,Ln5i,
+ (LyiS0 + Liibeo)do, (5.207)
BV = —w LIS, + (R, + Lp)di§ — @, Lgdif, + Lupdify — (Lyide + Luni§y )8, (5.208)
V5 = LapBify + (0 = w,)Ladids + (R, + Lp)Bi§, + (0, — w,,)L3i5
= (Liidso + Leiro )80, + (Lidio + Laideo )3, (5.209)
VG, = (0 = W )Lgdif + Lupdif, — (0, = 0, )L + (R, + L,p)dif,

i (Lmi:m + Lri:m}awr - (Lmlzw + Lri::nJ&")s (5.210)
P
Ipdw, + Bdw, = E{ﬁT" = dT)) (5211
— 3 P e H H H H S H -3 H - e M2
ol, = 5 5 Lm{'qsualdr + ldmalqs - ldsoal'qr ] lqms'ch} (5.212)
Combining equations from (5.207) to (5.211) and casting them in state-space
form gives
pX = AX + BjU (5.213)
where
X = [8if dig dig dif do, (5.214)
U = [8vg B Bvy, dvy dw, BTt (5.215)
A = P;'Q, (5.216)
B; = PI'R, (5.217)
L O Ly 0 0
0 1y 0 Eg O
Phb=|L, 0 L, 0 0 (5.218)
0 L, 0 L 0
o o o0 o0 1
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—R5 _msoLs 0 _m’oL’“ ¢
msuLn _R> %Lm 6 v
Q] = 0 '(mw = mlu)Lm -R, _(mm = wm)l'r L“,IE“, it l"iz"'
(w,, — )Ly ] (mm = mru)Lr -R, (L 1‘4‘“ + Lrlqm)
k_‘-iarn -kﬂulu "k'_'i:isu k?iaﬂ‘ -B
(5.219)
3/ PN 5
s E(T’z) L. (5.220)
1 0 0 0 -Lik+Laifw 0]
0 1 0 0 Lij+ Ly 0
RI = U () ] n L ids:: + L Idnl D (5221 ]
00 0 1 Ly +Lis, 0
P
0 0 0 0 =

The output of interest can be a function of the state variables and inputs. expressed as
y=CX + DU (5.222)

where C and D are now vectors of appropriate dimensions. The system and its out-
put are described by the equations (5.213) and (5.222). respectively,

5.9.2 Normalized Small-Signal Equations

The small-signal equations for the normalized model can be derived as in the proce-
dure adopted for the SI-unit model. The equations thus obtained are presented in this
section. The small-signal equations for the torque and voltages are given as follows:

_ e gy e e 5 L =
BTen = an“q-.m-m:lm + I:JmuOlqsn - I:isnualqin - qrnlscld\nl (5.223)

- R i__ an
b\q sn < P hlq-.n + wsnuxanaldsn s pblqrn + xmnbldln
Gy

T {Xmissnu T aniﬁlnujamm (:’224)
B = ( X wdl o '\Imn ~ g
?)\"J"l - -nnX hlqan ’ R + P 8ldsn - U}m.-xmuhlqm T POl
wy, Wy,
= \(snlqmn xmni;rnn]swsn (5.225)
5 _ xmn Si¢ 4 e Xll: ssa
OV g P 1l|.~|| [man.s - wrnu)xmnSItlsn T RIH = P hlquu
wy, (1,

+ ({U-n-- = Ujrﬂu}xruaiflrn = (xnm L \<|u].lrnn)awrrl + (xnmifhnn L Xrnirllr:--]a‘-'-’m (5226)
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> xn =g 1€
5‘,:" s (wm 5 wm)x_al;sl + I pa'dn = A, = wml)xmalﬂﬂl

X
¥ (Rn * fp)sigm + (xml;im i xmi;un]&"m = (xmi;m' * xmi:l"'“)&"“' (5.227)

2Hpdw,, + Bdw,, = (8T, — 3T,,) (5.228)

Combining the equations from (5.223) to (5.228) and casting them in state-space
form gives

px = Ax + By (5.229)
where
X = [Bi, O, Oy, &, Oouw,' (5.230)
u= (v, Vi OV, Vi, Bw, aT," (5.231)
A= P|-I05 (5.232)
B, = P/'R, (3.233)
Xon 0 X 0 0
Wy Wy,
0 Xa 0 X 0
Wy, y,
v == p 3
PR=— 0 == o0 0 (5.234)
w, wy
X X
0o = 0o = 0
(O ahy,
0 0 0 0 H
_R\n —mmX,,, 0 'msmxmn 0
WX -Ry 0 X 0 0
Ol — 0 '(’-‘xvhwxmn 'Rln '“)-Jlmxrn xlllﬂi:]-rlhl I xrrli:lrml t5'2351
u-\lnuxmn 0 w\lm-xrn _Rtn xmni:lr-nu T xmi:;mn
xmiamu 'xmi;rnu —xmuiﬁ\nu xmni;\nx; g Bu
where
Wgpe = Wy, — Wy, = slip speed (pou.) (5.236)
Ik O 0 <X+ X 0%, 0
0o 1 o 0 p S G, 2, S 0
Ri=|0 0 1 0 —(Xuliso ¥ Xoliw) 0 (5.237)
0 0 0 1 7 S LANAE B S 1)
0 0 0o 0 0 -1
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The output of interest can be a function of the state variables and inputs, expressed as
y = Cx + Du (5.238)

where C and D are now vectors of appropriate dimensions.

The system and its output are described by the equations (5.229) and (5.238),
respectively. They can be used to study the control characteristics of the system, as
shown in the next section.

5.10 EVALUATION OF CONTROL CHARACTERISTICS OF THE

INDUCTION MACHINE

The control characteristics of the induction machine consist of stability and of fre-
quency and time responses. They require the evaluation of various transfer func-
tions. Stability is evaluated by finding the eigenvalues of the system matrix A in the
equation (5.213). It can be found by using standard subroutines available in a soft-
ware library. The evaluation of transfer functions and of frequency and time
responses is available in control-system simulation libraries. Simple algorithms to
develop the above are given in this section.

5.10.1 Transfer Functions and Frequency Responses

Taking the Laplace transform of equations (5.213) and (5.222) with the assumption
of zero initial conditions gives

sX(s) = AX(s) + Byu(s) (5.239)
y(s) = CX(s) + Du(s) (5.240)

By manipulating equations (5.239) and (5.240), the output can be expressed as
y(s) = (C(sI = A)™'B; + D)u(s) (5.241)

where I is an identity matrix of appropriate dimensions.
The transfer function involves one input, so the input matrix product B,u(s) is
then written as

Byu(s) = biuy(s) (5.242)

where b, is the i column vector of B matrix and i corresponds to the element num-
ber in the input vector. Then, correspondingly,

Du(s) = dyu(s) (5.243)
Then the resulting equations are
sX(s) = AX(s) + bjuy(s)
y(s) = CX(s) + diu(s)

The evaluation of transfer functions is made simple if the canonical or phase-vari-
able form of the state equation given in equation (5.244) is found. Assume that is
effected by the following transformation,

(5.244)
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X =TX; (5.245)

Then the state and output equations are transformed to
pX, = AKX, + By (5.246)
y = CX, + du, (5.247)

where

A= TAT, (5.248)
B, = T,'b; (5.249)
€, =CT, (5.250)

These matrices and vectors are of the form

0 1 0 1] 0
0 0 1 0 0
Ay=| @ 0 O ! 0 (3.251)
0 0 ) (0 1
-m; -~-m; m; -m, -—m;s
B,=[0 0 0 0 1] (5.252)
C,=I[ny mn n; ny ngf (3.253)
and the transfer function, by observation, is written as
+ 0,8 + n3s? + ngs' + ngs’
y(s) _ n, + n,s + nss n,s’ + nss il I

us) my +mys + ms’ + ms + ms’ + 8

The problem lies in finding the transformation matrix. T . An algorithm to construct
T, is given below:

T.=[t 4§ & t t]
=10 (5.253)
€3 L;A15_k_]+mj_k;1h,;k=|.2.3.4
where, t, ,.... s are the column vectors. The last equation needs the coefficients of

the characteristic equation and is computed beforehand by using the Leverrier
algorithm. The Leverrier algorithm is given in the following.

m; = —trace(A); Hs = A + m:l 3
1

my = —;lrace(AHq): H, = AH: + m,l
3 (3.256)
1

m, = —;[race(AH;_}
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where the trace of a matrix is equal to the sum of its diagonal elements. The fre-
quency response is evaluated from equation (5.241) by substituting s = jo wherever
s occurs. The magnitude and phase plots can be drawn over the desired frequency
range for the evaluation of control properties. A flowchart for the computation of
transfer functions and of frequency and time responses is given in Figure 5.19. The
compultation of time responses is considered next.

5.10.2 Computation of Time Responses

If the state equation given in (5.213) is transformed into diagonal form by the

transformation
X=TZ (5.257)
then the transformed equations are
Z =T;'AT,Z + T{'B,U = MZ + HU (5.258)
where M is a diagonal matrix with distinct eigenvalues and
M=T,'AT, (5.259)
H=T;'B (5.260)

Solving for z,....z, from equation (5.260) gives

o (-1+e)
Zn“) = {)_,H“]ll)" "
=1 Ay

(5.261)

where A, is the n™ eigenvalue and m is the number of inputs. Once vector Z is evalu-
ated via equation (5.263), the output y is obtained from the following:

y=CX +DU-=CT,Z + DU (5.262)

Example 5.7

For the induction motor given in Example 5.4 and for the steady-state operating conditions
given below, find the transfer function between the rotor speed and load torque and the poles
of the system.

w,, = 377 rad/sec

w,, = 370 rad/sec

Solution The steady-state current vector is obtained as follows: The impedance
matrix in synchronous reference frame 15

R, L, 0 L.,
= = Le(’-‘h- R., = Lm(""slu 0
) 0 L g, R, Ly,

- Lm(”\h- 0 = ]—'hmslu Rl
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where

w,, = 377 rad/sec
Wy, = Wy, — W, = 37 — 370 = 7 rad/sec

The g axis stator voltage in synchronous reference frame is

v:w ={
and
Viso = X\% V=1633V
0
163.3
v =
0
0
-9.48 5ol
15.15 15
1= [Z v = A=|
[z 1.90 15,0
—15.44 {3
The steady-state torque is
i . 5
Tun " E ' E : Lm(I;su ll.n.iru - ll‘i\m ];m)
= 1898 N'm
The next step is to compute the system matrices A and B, as follows :
A =P/'O
B, = P{'R,

where

i1 0 0 6 <¢ O
0 1 a6 & 0
R,={0 0 1 0 =C; 0
0001 C 0
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-R; -y, Y “Lpo, 0

L, -R, Loy, 0 0

Q = 0 Loy -R Loy, G
Ly, 0 -Log, -R, -G,

Kilfe -kilf -kl ki, -B

yro

where

C, = L5, + LIS, = 0.007

C= LIS, + LIS, = —0422

Cy= LIS, + LIS, = —005

Cy= Lalfe + LI, = —0404
3fP\?

k) = 5(5) T =1.323

The fifth column in the R matrix is due to the dw,_term. The output is incremental torque.
which 1s written as the elements of € vector as follows:

= “‘:lﬁm _k![:lu _k!lssn k:‘;m 0]

where

Lo

TR
=)o

Note D = (.
The coefficients of the charactenistic polynomial are obtained from Leverrier’s algo-
rithm by using the A matrix. as :

m; = 1.132 X 10"
m, = 2.706 x 10°
m,; = 1.646 x 107
1.75 x 10°

my = 253.63

B
]

To compute the numerator polynomial, the column vector of the B, matrix is identified as
corresponding 1o the input which is the sixth column for the load torque input:

0
i
hy = 6" columnof B, =| 0
0
-119.8

By using A.m, to m,, and b, the column vectors t; to t, are found via the algorithm

., =h forn=35
Ly = AL, + myb, forn=5.4.3.2
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The transformation matrix T, is
To=[t tz t3 ty ts
231 % 10" 139 x 10° -291x10° -1.58x10° 0 ]
§025:5¢ [0V 1.88 x 10" 1.62 % 10° 1.29 x 10 0
=| 2810 10W =1grslgh  307Tx Y a3y 0
948 x 10" -193 x 10 -1.73x 10" -1.32 x 10° 0
457 x 10" 171 x 10" 190 x 107 =303 x 100 1198 |

and
0 1 0 0 ()
0 0 1 0 (
A =TT A = 0 0 0 1 fl
0 0 0 0 [

~L A3 =27 30 =LaF I =1753%¢10Y =253.63
G =l = [LI3x 10" 232 x 10" 212x10° 162 % 10" 0] =[n;, n, n: n; ng
The transfer function then is

5

8T (s) N + nas + s + st g

T (s)  my, + mas + mas + myst + ma + 8

Compute B, = T[,' * by to check the calculations.

proving the correctness of the solution.

5.11 SPACE-PHASOR MODEL
5.11.1 Principle

The stator and rotor flux-linkage phasors are the resultant stator and rotor [Tux link-
ages and are found by taking the vector sum of the respective d and g components
of the flux linkages. Note that the flux-linkage phasor describes its spatial distribu-
tion. Instead of using two axes such as the  and ¢ for a balanced polyphase
machine, the flux-hinkage phasors can be thought of as being produced by cquiva-
lent single-phase stator and rotor windings. Such a representation has many advan-
tages: (1) the system of equations could be compact and be reduced from tour 10
two; (i1) the system reduces to a two-winding system like the de machine—hence the
apparent similarity of them in control to obtain a decoupled independent tlux and
torque control as in the de machine: (i) a clear conceptualization of the dvnamics
of the machine—it is easier to visualize the interaction of two windings rather than
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than sleeve bearings and require lubrication (grease) at periodic intervals,
whereas the sleeve bearings need to be checked on a daily basis for oil level
and vibration. Further, sleeve bearings cannot take side or vertically upward
loads. Assembly and disassembly are much easier with antifriction than with
sleeve bearings. Sleeve bearings are not good with underload or overload.
whereas the anti friction bearings have a moderate tolerance for both the situa-
tions. All of these facts make antifriction bearings a popular choice in a majority
of applications.

Rotor Balancing: Before final assembly, the rotor is dynamically balanced so that
no eccentricities of any kind are presented to the bearings. The balancing is
achieved cither by removing some magnetic iron material in smaller motors or by
adding a magnetically and electrically inert material compound in larger machines.

For detailed information on the construction details of the machine, refer to
the papers and standard texts cited in the reference section of this chapter or to a
multitude of textbooks on electrical machines.

5.2.2 Principle of Operation

[tis well known that. when a set of three-phase currents displaced in time from each
other by angular intervals of 120 is injected into a stator having a set of three-phase
windings displaced in space by 1207 electrical, a rotating magnetic field is produced.
This rotating magnetic field has a uniform strength and travels at an angular speed
equal to its stator frequency. It is assumed that the rotor is at standstill. The rotating
magnetic field in the stator induces electromagnetic forces in the rotor windings. As
the rotor windings are short-circuited, currents start circulating in them. producing a
reaction. As known from Lenz’s law, the reaction is to counter the source of the
rotor currents. i.e.. the induced emfs in the rotor and, in turn, the rotating magnetic
field itself. The induced emfs will be countered if the difference in the speed of the
rotating magnetic ficld and the rotor becomes zero. The only way to achieve it is for
the rotor to run in the same direction as that of the stator magnetic field and catch
up with it eventually. When the differential speed between the rotor and magnetic
field in the stator becomes zero, there is zero emf, and hence zero rotor currents
resulting in zero torque production in the motor. Depending on the shaft load, the
rotor will settle down to a speed, w,, always less than the speed of the rotating mag-
netic field, called the synchronous speed of the machine, w,. The speed differential is
known as the slip speed, w,. The elementary relationships between slip speed. rotor
speed, and stator frequency are given below.
Synchronous speed is given as

w, = 27i, rad/sec (

n
n
—

where f_ is the supply frequency.
If w is the mechanical rotor speed. slip speed is

m

g w,, rad/sec (5.6)

Wy = Wy = W = g —
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four windings, resulting in an in-depth understanding of the dynamic process used in
developing high-performance control strategies; (iv) a meaningful interpretation of
the eigenvalues of the system, regardless of the reference frames considered in a
study; and (v) easier analytical solution of dynamic transients of the key machine
variables, involving only the solution of two differential equations with complex
coefficients. Such an analytical solution improves the understanding of the machine
behavior in terms of machine parameters. leading to the formulation of the machine
design requirements for variable-speed applications. Such a space-vector model is
derived in this section.

5.11.2 DQ Flux-Linkages Model Derivation

The induction-machine model, in terms of the flux linkages described in section
5.7.8,1s made use of in this section. The equations can be cast in the normalized form
by finding the currents in terms of the flux linkages from equation (5.138):

At I © e )

Iq-. = A_| (Llhq\ - Lm‘\qr}

iy I i ¢ e T 4
Ly = A_| { s T Lm Li[) [ (3.263)
e I c <

I1|| = :l { i meq\ T L\‘}\Lp )

LR R TS

Lir A; mf s sy J

where &) = (L.L, — L3) (5.264)
Then, substituting for the currents in the flux-linkage equations given in (5.141).
(5.142), (5.144). and (5.145). the model in arbitrary reference frames in normalized
units 1s derived as

1 W, K, (0
; T, T 2 -
A':qsn g | k, "F‘-qnn 1 0
" Wy = () : & 0 1 Vv
dsn = T T. “dsn i ysn | t,; Jﬁ_'-\}
)Lam ka ( | ) A m 0 0L Viten J
c —F ) F {(.t)m = w\'n} y 0 0
drn = T, Mdrn
k., |
0 {ay, - U}nl\'l ) J
= T, T

where k, = L /L, = stator coupling factor.k, = L /L., = rotor coupling factor.a = |
- L%,/ (LL,) =1 - kk, = leakage coefficient, 7. = L /R_ = stator time constant. 7,
= LJ/R, = rotor lime constant, 7, = ¢ 7, = lransient stator time constant.
1, = a7, = lransient rotor time constant, T = w,l = normalized time. To gain fur-
ther insight, various time constants and normalized time are introduced into this
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K,
=k . VI
i [ + 1+s7; Agm
¥ =
>()e——e W,

Figure 5.20  Signal-flow graph of the induction machine

model. The signal-flow graph of the system is shown in Figure 5.20. This does not
give any additional advantage in analyzing the system and therefore is not consid-
ered any further.

The eigenvalues of the system as the rotor speed is increased from zero to 0.5
p.u. are shown in Figure 5.21 for a machine with normalized parameters of R =
0.0446 pu.. R, = 0054 puu..L, =289 pu.. L, =3.005pu..and L, = 3.13 puand
in stator reference frames. The root loci on the left represent the two rotor eigenval-
ues: the other represents the stator eigenvalues. Their distinction comes from the fact
that the rotor eigenvalues increase in their imaginary values as the rotor speed
increases. As the stator does not experience the physical rotation, its eigenfrequen-
cies are more or less stationary. The stator and rotor eigenvalues are complex conju-
gates: thus. it is sufficient to consider one of each to obtain a full picture of the dynamic
charactenstics of the machine. Note that by combining the two rotor and two stator
equations into a resultant rotor and stator equation. the order of the system is reduced
from four to two.resulting in the root loci containing one of the rotor and stator eigen-
values. That is precisely what the space-phasor model attempts to capture. with the
attendant advantages, as shown in the succeeding sections. The real values denoting
the transient time constants associated with the stator and rotor are to be noted: that
they approach close to each other in value at higher speeds is also seen clearly.

5.11.3 Root Loci of the DQ Axes Based Induction
Machine Model

Figure 5.22 shows the loci of the eigenvalues when the reference frames are fixed
arbitrarily at a speed of (1.5 p.u. instead of at zero reference frames speed as in the
Figure 5.21. The eigenfrequencies (the imaginary part of the eigenvalues) are shifted
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by the reference-frames speed. i.e., 0.5 p.u. in both the stator and rotor root loci. The
negative eigenfrequencies are added to the reference-frames speed, whereas the
positive eigenfrequencies are subtracted from the reference-frames speed, as
becomes clearly discernible in this figure. In effect, the root loci computed for one
frame are convertible to another reference frame by simply adding and subtracting
the reference-frames speed from their eigenfrequencies. This has great significance
in that it demonstrates the interrelationship of the machine eigenvalues in various
reference frames.

Consider that every eigenvalue contributes to a response term of exponential
nature, with one, due to the real part, indicating the damping and the other. due to
the eigenfrequency term (i.e., imaginary value of the root). in the form of a phase.
The reference frames merely displace the eigenfrequencies so that the phase term
of the response cancels the phase rotation added to the input variables, resulting in
the elimination of the contribution from the reference-frames speed term in the
responses, but by having intact the real parts regardless of the reference frames, the
damping is preserved uniformly in the responses in all of the reference frames.

An alternative approach is to look at the induction machine with a set of two
windings, one in the stator and the other on the rotor, using a space-phasor
approach.

5.11.4 Space-Phasor Mf)del Derivation

Let the space phasor of the stator flux linkages in arbitrary reference frames be
given by

XS = Al —~ N (5.266)

This definition is valid for currents, voltages. and flux linkages in the machine for
both the stator and rotor vanables. Such a relationship can alternatively be
expressed in complex phasor form as

.
Ao = °"""'{§(Am + ePO)\ .+ e*""xml} (5.267)

where the first exponential term gives the reference-frame rotation at an arbitrary
speed of w_,. Note that the operation in the parentheses denotes the resolution of
the three phases from abc axes to the g and d axes, with the ¢ axis aligned to phase
A.The resolution from abc to gdo axes is achieved by projecting the abc axes vari-
ables onto the g and d axes through simple trigonometric relationships developed
in section 5.7.3. Further, the expression inside the parentheses, on expansion,
results in

]

2 = ; 2 V3
i(hnn + elh“’l’thsn + ej“ﬁhm) i{hnn = Os(kbsn + hun} = j? e — hhsn)}

]

. .
{Aam = ]ﬁ (km - AI:‘m)} = Rqsn = JAden (5.268)
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The vector rotation at the reference-frame speed converts these stator reference-
frame variables into the arbitrary reference-frame variables. Similarly, to recover
the phase varnables in stator reference frames from the arbitrary reference-frame
variables, the procedure is reversed. First, the variables are separated into the real
and imaginary values, which are then identified as the ¢ and d axes vanables in the
arbitrary reference frames. Using the gdo-to-abc axes transformation T, (devel-
oped in section 5.7.3). the variables in the stator reference frames are recovered.
Alternately. it could also be derived compactly as

Re {e™'AG,}

Aisa

At

4=
Re {e"""‘e'T AS, } (5.269)

Asa = Re { el=le '% AS, }

Applying the space-phasor definition given in the above to the expressions given in
the matrix equation (5.265). the following system of equations is derived in arbi-
trary reference frames:

dAy, L0 Ki o g
=== (=t Je, A:n = o7 A;n + Vin
dr T 5

dA;,
dr

. L

(5.270))
+

i’ + @ — mm)jlh:n o I::A:n
T, T;
where the voltage and current phasors are similarly defined. The signal-flow
graph for these equations is shown in Figure 5.23. It is very compact and lends
itself elegantly to a similarity with the dc machine. with which the engineers are
much more familiar than they are with the multiphase ac machines. It consists of
two time constants, corresponding to the armature and field of the dc machine.
but the windings are coupled in the induction machine. unlike in the dc

“n =

Wen o

Figure 5.23 Signal-flow graph of the space-phasor-modeled induction machine
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Figure 5.24 Loci of the eigenvalues in stator reference frames. with the rotor speed varied from
0 ta (15 p.u, in a space-phasor model

machine. In the dc machine, a coupling exists only between the field and arma-
ture but not vice versa. The space-phasor modeling is uniquely suitable only for
induction machines, because of its symmetry between the stator and the rotor.
Such symmetry does not exist in the permanent-magnet synchronous machines,
where the direct and quadrature axis inductances are not equal. because of the
saliency of the rotor, and therefore the space-phasor model is not attempted in
that case.

5.11.5 Root Loci of the Space-Phasor
Induction-Machine Model

The root loci of the space-phasor-model-based induction machine for the same
constants used in the previous figures are shown in the stator reference frames in
Figure 5.24. Note that there exist only two eigenvalues in this system, and they
correspond to one stator and rotor eigenvalue from the gd model with their
complex conjugates removed. However, the elegance of this model comes into
play in the compactness of its expression and the insight gained through it
in comparison to the gd model. The eigenvalues for any arbitrary reference
frames are obtained by adding the reference-frames speed to the eigenfrequen-
cies of the roots of the stator reference frames, much like the gd model-based
eigenvalues.
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5.11.6 Expression for Electromagnetic Torque

The electromagnetic torque in S.1. units is found to be

3P La
AS — ASA 5.27
T. = 33 A {AGNG = ( 1)
and in normalized units is derived as
S e, R
“ T, ( 3P V..lt.) (5:272)
22 w,
Note that
Vi, = wyh,, (5.273)
Ay = Lily S

where L, is the base inductance. Substituting the above relationships into the torque
expression results in

T.

Ten = '(Tﬁ"'j (5.274)
- 2214
which, on substitution of T, leads to the normalized torque as
Lo .78 -
TCH BE m — e {ht cl'l| = d nA‘ I'ﬂ} ‘.‘ 2?“}
(Lulw = L) T 7508

The normalized torque can be written compactly also in terms of the stator and
rotor flux phasors as

T = o (ImOGR) = o7 (m0SRD) (5276)
where A, is the complex conjugate of the rotor flux linkage phasor and Im implies
the imaginary component of the variable inside the parentheses. This lends itself to
the interpretation that the stator and rotor flux linkage phasors are interacting to
provide an electromagnetic torque, very much as the armature and field flux link-
ages in a dc machine interact to produce the electromagnetic torque. Similarly, the
normalized torque could also be written as

Ten = (iSsaMisn = 1sohien) = IM(i5AS,) (5.277)

This expression portrays the torque as the interaction of the stator current and sta-
tor flux linkage phasors: similarly, the following expression gives it in terms of the
interaction between the stator current and rotor flux linkage phasor:

Ten = % {Im(iSA5)} (5.278)
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Various torque expressions contribute to a variety of control schemes for induc-
tion motors, as demonstrated in Chapter 8 on vector-controlled induction-motor
drives.

Example 5.8
The parameters of an induction motor are
2000 hp, 2300 V. 4 pole, 60 Hz, star-connected stator
R,=0.02:R, =0.120;L, =0.1326 H;L, =L, =0.1335H
J = 10 kg-m% B = 0; Load torque is zero.
Plot (i) the free-acceleration characteristics of the machine and (ii) the dynamic performance
when the machine is started with linearly varying input voltages from (.03 p.u. to 1 p.u.in one

second. The space-phasor model of the machine in stator reference frames 1s recommended
for solving this problem.

Solution (i) The stator reference-frames model of the induction machine in SI units
derived in section 5.7.7.1 is considered here for deriving the space-phasor model. The
four dq equations in (5.128) are reduced to two space-phasor equations by the following
steps:

-."'< - Vq, - i“'ds 5 fR-s. & Lsp)(iqs a iids) L me{iql - jith = (R-. v [AP)i\- + L-mPir
Similarly. the rotor equations are combined as
Vi = Vg — jvdl B (Rr + Lrp ol jmrLr)ir & Lm(p - iLL',Ji.'

Then these two equations are cast in state-space form as

P L ([hR itk LR ol e [ L)
P “—-‘.Ll B Lsn) Lm{Rs + jwll«) L (-R, + ju, L) Fir. L= Ly ;

The air gap torque is derived as

3:P . Sl 3 — 4
Tr = Ei Lm(iqsidr - ids’q(} = E E LITI Llnlag{ltlr)}
The mechanical equation is given by
dw, P
] =T
dt 21F

because the friction and load torques are zero for the given problem. The three differential
equations are solved by numerical integration, and the phasor magnitudes of stator voltage,
current and flux linkages and rotor flux linkages, air gap torque, and rotor speed are plotted
in normalized units, as shown in Figure 5.25. The stator and rotor flux linkages phasors are
derived from the stator and rotor currents as

Ay = Aqs - j)\ds T (L-:lqs + Lmiql) - J(L«:]ds + Ligigr) = L_\'i‘. + Ll
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Figure 5.25 Line-start performance of an induction machine in space-phasor vanables

Similarly. the rotor flux-linkages phasor 1s derived as
A = Agr = g = (I-rjqr + Lmiq-.) — J(Lidg + Lyis) = Ly, + Ly,

Note that only phasor magnitudes are shown in the simulation results. The space-phasor
simulation has reduced the total number of differential equations from 5 to 3, but the
reduction comes at the expense of their being in complex variables. Even though there is
no distinct advantage in simulating the system in complex vanables. significant insight
can be gained by viewing the phasors rather than dq components of the kev vanables.

(ii) Linearly varying the input voltages has limited the stator currents to 7 pou., as
shown in Figure 5.26. It has eliminated oscillations in the currents and flux hinkages and
hence has eliminated entirely the torque pulsations. The start-up ume has increased by
75% as compared to the line start with full supply voltages. Even in this method. muluple
umes the rated resistive losses occur, and hence the starts per hour are restricted for
large machines such as the one simulated here.
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Figure 5.26 Start-up performance of an induction machine with linear variation of input-stator voltage
phasor

5.11.7 Analytical Solution of Machine Dynamics

The space-vector approach not only provides compact and conceptual represen-
tation of the induction machine but also assists in the direct closed-form solution
of the dynamic processes in the machine. neglecting mechanical dynamics. The
solution of the stator and rotor flux-linkage phasors for a step input in the stator
voltage phasor can be analytically found: it involves the solution of only two first-
order differential equations with complex coefficients. This. in detail, is given
below.

The roots of the system, p, and p,. are found from the space-vector model
derived from equation (5.272) as

x = Ax + Bu
where
o[ o g s[5
a1 a» (5.279)
] kr ks | . i
ap = T_ o JWey sap = T_ dan = __ dy = — __ T _l[(“cn mrn.}
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where P is the number of poles.

The differential speed between the stator magnetic field and rotor windings is
slip speed, and that is responsible for the frequency of the induced emfs in the rotor
and hence their currents. Therefore, the rotor currents are at slip frequency, which
can be obtained from the angular slip speed by dividing it by 27. The slip is defined as

Wy

s = (3.7)

w,

Note that slip is nondimensional. It is proven later that this is one of the most
important variables in the control and operation of the induction machines.
Combining equations (5.6) and (5.7). the rotor electrical speed is given as

w, = w(l — s).rad/sec (5.8)

From this. the rotor speed in rpm. denoted by n . is expressed as

n, = nJfl —s)(rpm) (5.9)
where n_is the synchronous speed or the speed of the stator magnetic field in rpm.
given by

120f, .
n = P pm (5.10)

.3 INDUCTION-MOTOR EQUIVALENT CIRCUIT

The equivalent circuit of the induction motor is very similar to that for a trans-
former. Although the rotor currents are at slip frequency, the rotor is incorporated
into the circuit in a simple way, Recognizing the fact that the stator and rotor wind-
ings have resistances and leakage inductances and that the mutual inductance for
modeling the mutual flux links the stator and rotor windings, Figure 3.1 gives the
elementary equivalent circuit. The parameters are stator resistance per phase. R,
rotor resistance per phase, R, mutual inductance, L. stator leakage inductance

ll\ Il I'I
o AN Y Y — [ Y'Y -
R, L-t-. I Im | L!rl
V... l i 3 [I:-I ’ [ E_’ R,, §
4 i i P

e 2

.

Figure 5.1 Elementary equivalent circuit for the induction motor
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The roots of the system are found from the characteristic equation, i.e., det |IA —pl]
= 0. The roots, p, and p,, are evaluated as

PP = %{31 Va® — 4b}

where

a=ay; +ayb=ajay - apay (5.280)
In taking the square root of the discriminant, which is a complex number, use has to
be made of DeMoivre’s theorem converted into exponential form. After having
solved for the roots, and keeping the stator frequency and rotor angular speed con-

stant. you can derive the stator and rotor flux linkage phasors for a unit step input of
the stator voltage phasor of —jl p.u. as

S . . 3
T Pl}[{ (P + dzz)(hsnw} + P|)

e aI.‘_h:n (0}}E Pace {(p3 + a.‘.‘)(k.s:n (0} ¥ L) . alf)‘;rl {“}}l.‘ Iw} ¥ ]i::;
2 P2

AS(T)=

(L 0) e
o a{ ==+ N (0)) = (py + ay) Ay (0) pe ™ 5.281)
e (P2 = pi1) [{a I(p| s (0)] = (py + ayy) A, (0) pe (

T {_all (:T: + K'l:n('[]]) + '\pz + a“)kﬁn ({”}c rl"'_} = II:;‘;—‘

where A, (0) and A, (0) are the initial values of the stator and rotor flux linkage
phasors. respectively. Note that the normalized time is used here. The rotor and sta-
tor flux-linkage phasors are spatial distributions of the flux linkages and are avail-
able as a function of motor parameters and initial conditions, These analytical
solutions are easily obtained compared to the dg axes model case. They help in
understanding the magnetic-energy propagation within the machine during tran-
sients [14,17).

5.11.8 Signal-Flow Graph of the Space-Phasor-Modeled
Induction Motor

Based on the system of equations derived in the above, the signal-flow graph of the
induction machine is drawn as shown in Figure 5.23. The svmbol s denotes the
Laplace operator in this figure. Addition of the mechanical load to the machine and
load inertia, friction constant, and load torque will complete the block-diagram rep-
resentation of the induction motor. In this case, the system involves the solution of a
third-order system in complex variables. From this point onward. the space-phasor
modeling does not provide an advantage over the dg model: numerical solution is
resorted to in the solution of linearized systems of equations of third order in the
case of space-phasor approach, as against the fifth order in the dg model. and the
elegance of the meaningful analytical solution is lost in both cases.
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Example 5.9

Consider a set of three-phase sinusoidal input voltages to an induction motor with a fre-
quency of w,. Express the stator-voltage phasor in arbitrary reference frames, and, hence, find
from it the stator-voltage phasors in the rotor and synchronous reference frames.

Solution The three-phase sinusoidal input voltages are defined to be

2% 2w

Voo = VosinBgo v, =V, sin( 8= T):‘In = \",,,sm(ﬂ, + ‘—)

The stator-voltage phasor in stator reference frames is given by
2 2z £
v, = E(V,. + @3y, 28)
Substituting for the phase voltages from the definitions and expanding them with the expo-
nential terms simplifies the stator-voltage phasor to
v, = V, (sin 8, — jcos 8,

The stator-voltage phasor in the arbitrary reference frame is given by

- - % S
Vi =ve = Ve

['i_v substituting for the voltage phasor in stator reference frames into the above equation. the
stator-voltage phasor in arbitrary reference frames is derived as
vi=V,(sinB, — cosB)e ™ = V {—je™le ™ = )V e ¥
from which the stator-voltage phasors in rotor reference frames and synchronous frames are
found by substituting 6_= 8 _and 8_= 8_, respectively. in the stator-voltage phasor expression
in the arbitrary reference frames:
Ve = Vp {sin(6, — 8,) — jcos(B, — 6,)}
v = Va {0 - j1}

5.12 CONTROL PRINCIPLE OF THE INDUCTION MOTOR

The control principle of the induction machine is derived in this section. A physi-
cal interpretation is given that indicates its close resemblance to the separately-
excited dc machine. A transient-free operation of the induction machine is
achieved only if the stator (or for that matter rotor) flux-linkages phasor is main-
tained constant in its magnitude and its phase is stationary with respect to the cur-
rent phasor (or the current phasor is varied in such a way that it counterbalances
the rate of change of the flux-linkages phasor). This fundamental theorem for the
control of ac machines is proved in the following for induction machines. Such an
understanding is crucial to developing appropriate control techniques and their
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implementations, including vector-controlled drives of various kinds, with and
without position and speed sensors.

Consider the induction-machine model in the synchronous reference frame.
In this frame, the sinusoidal variables become dc quantities, i.e., constants, and
hence their derivatives, such as those of the currents and flux linkages in steady
state, are all zero. This step helps in visualizing the steady state much more sim-
ply than the models in other reference frames. The phasor is defined to be the
resultant of the respective g and d axes variables such as currents, voltages, and
flux linkages. The stator current phasor and stator flux-linkages phasor are
defined as

Ll (5.282)
A = N — G
The input power for balanced supply voltages is given by
pi = 5 (Vaes + Vi) (3:283)

Substituting for the voltages in terms of the machine parameters, currents, and sta-
tor angular frequency. the input power is obtained as

(R{(G) + (i&)) + wlnfifify — 6d&] + GLpi§ + Lapif] + iG[Lpis + Lapis]) (5.284)

where p is the differential operator and w,_ is the stator frequency at which the refer-
ence frames are rotating. Recognizing the electromagnetic torque as

3P RN A - Y
Tc = ; ) Lm(lnsl:ir = [fislar) = 39 “\JJ:\ = ‘\:[.Jd-.] (5.285)
where the stator d and g axes flux linkages are given by
Mg = Lgig & Bl (5.286)
N = Liig + Lyi

gives the power input in terms of the torque and flux linkages and currents, by sub-
stituting equations (5.285) and (5.286) into equation (5.284), as

3

By v B e Bt : .
pi = E R;[(I;\)" + ([fis)-l + FwsT: + i |L]:|-.pA:|a + Ifl\pkﬁv.l (:‘28?]

By substituting the phasor in the place of the individual ¢ and d components of the
currents and stator flux linkages. and by substituting for the electromagnetic torque
in terms of the stator current and stator flux-linkages phasors, the input power is
compactly written as

Re[i,pA:]

A 22 . =
g == R+ chlm[ls)\fl + (5.288)

td | e

|
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where Re and Im are the real and imaginary part of the functions, respectively,
and A, is the complex conjugate of the stator flux-linkages phasor. There are three
distinct components of the input power. as is seen from equation (5.288). The first
term corresponds to the stator resistance losses; the remaining two terms consti-
tute the power crossing the stator and entering into the air gap. The second term
corresponds to the sum of the rotor slip power and mechanical power. because the
stator frequency is the sum of the slip and rotational frequencies. The latter part of
the second term supplies shaft power and friction and windage losses in the
machine. The slip power corresponds to the rotor resistance losses. Note that the
electromagnetic torque is the product of the stator current and flux-linkages pha-
sors, as in the case of the dc machine. where it i1s equal to the product of the field
flux linkages and armature current. This expression makes the direct equivalence
between the dc and induction machines complete. The understanding that came
out of this is that the induction machines could also have equivalent control. i.e..
decoupling control, like that of the dc machines. The only difference in the induc-
tion machine is that the variables are phasors, unlike in the dc machines, where
they are scalars. In the case of the induction machine, the flux linkages have to be
controlled through the stator-current phasor only, which also controls the electro-
magneltic torque. Thereby, only one variable, the current phasor alone. controls
both torque and flux-producing channel currents in the machine, resulting in an
inherent coupling of these channels. By knowing the instantaneous position of the
stator flux linkages and current phasors, they can be controlled to occupy any
position, with the desired magnitudes resulting in a class of control schemes
known as vector control.

The third term in the input-power expression denotes the rate of change of
magnetic energy. In steady state, this term is zero: the stator flux-linkages phasor is
a constant, hence its derivative is zero: but this term need not be zero during tran-
sients. Only if it is made zero at all times does the power drawn by the machine go
only to provide for the stator resistance losses and synchronous power to meet the
load demands and rotor copper losses. This results in minimum exchange of power
between the power supply and the induction machine, enabling the transient free
operation of the induction machine even during dynamic load or speed changes.
Such an operation is desirable when the induction machine is supplied from a
finite source, such as an inverter, whose capacity is very limited. Then the key to
the control of the induction machine is that this term has to be identically zero at
all times of its operation. This term can be made zero only under one of the follow-
ing conditions:

(i) The rate of change of the stator flux-linkages phasor is zero. This is possible
only when the stator flux-linkages phasor remains constant in magnitude
when seen from the synchronous reference frames. Also, for the derivative
to be zero, the phase of the stator flux linkages is constant in synchronous
reference frames. In stator reference frames, the phase of the stator flux-
linkages phasor has to be synchronous with the current phasor. i.e.. the dif-
ferential velocity between them has to be zero. Therefore. the phase angle
between the stator current phasor and stator flux-linkages phasor. known as
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torque angle, has to be a constant when viewed from both the stator and
synchronous reference frames. Note that keeping the derivative of the sta-
tor-flux linkages phasor zero is not always possible: sometimes, in the case
of flux weakening to increase the range of speed. it may be intentionally
varied from its rated value. Then the change of the stator flux-linkages pha-
sor is not zero, leading to a transient operation in the machine.

ii) The real part of the product of the stator current phasor and derivative of the
stator flux-linkages phasor is zero. This condition is required to be satisfied for
transient-free operation during intentional flux-linkages variation in the
machine. This 1s achieved by adjusting the current phasor in such a way that
the resulting flux-linkages variation is obtained while the real part of the prod-
uct of the stator current and derivative of the flux-linkages phasors becomes
identically zero.

ii) The stator current phasor is zero: this 1s a trivial conditton and hence 1s
neglected in further consideration.

Note that. to achieve condition (1) or (). the stator flux-linkages phasor has to be
known in both its magnitude and its position. along with the current phasor. From
this information, the relative position between them can be used to control both the
electromagnetic torque and stator flux linkages. resulting in a transient-free opera-
tion of the induction machine considered in detail in Chapter 8.
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5.14 DISCUSSION QUESTIONS

L

N

0

10.

Is it possible to operate the mduction machine as a generator”! What is the polanty of slip
in that mode of operation”

Cite instances in which the machine may be used to regencerate

The steady-state model of the induction machine is generally assumed o have constant
parameters. [tis known that all those parameters vary with operating conditions. Discuss
the method by which parameter variations can be considered in the computation of
steady-state performance.

Besides core and copper losses, what other losses need to he considered in the perfor-
mance evaluation ol the induction motors?

Prove that the relative speed between stator and rotor mmis is zero. What is the primary
consequence if their speeds are unequal?

Discuss the shortcomings ol the mduction-motor dynamic model from the viewpoint ol
losses.

In this computer age. why not use the actual motor model with time-varving inductances
instead of resorting Lo o and ¢ axes models?

Discuss the suitability of stationary reference frames for the induction motor in power-
svstem studies.

Can the d and g models be uscd (or supplyv-voltage-unbalance studies?

IT the input voltages/currents are rectangular or trapezoidal in wave shapes. explain how
the o and ¢ models are used o predict the steady-state behavior. (Hint. Any periodic
wavelorm can be resolved into o fundamental and a number of harmonics with sinu-
soidal wave shapes.)
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Will the type (Y or A) of the stator connection change the dynamic models that have
been derived in this chapter?

Will the parameter sensitivity affect the stability of the induction motor? (Hinu:
Reference 11.)

Which is the most important transfer function for the induction motor? Why? (Hint:
Reference 13.)

The induction motor responds differently to various mputs durning dynamic situations.
Discuss the merits of one input over another and how to quantify their effects. (Hint:
Reference 10.)

The machine parameters could have wide variations due to continued operation. with
resultant increase in temperature due to losses. changes in input voltages that vary the
magnetic saturation, and frequency vanation. Discuss the significance and magnitude of
variation in parameters due to these changes.

The modeling does not account for stray losses. These losses are difficult 1o predict and
usually vary from (.5 10 1% of the input power. Discuss wavs ol including the strav losses
in performance calculations and their significance in prediction.

The friction and windage losses are not included n the steady-state equivalent circuit
Could they be included in the form of resistive losses similar 1o the core losses”

How could magnetic saturation be included in the steady-state and transient modeling ol
induction motors?

Is 1t possible to operate the induction motor in the statically unstable region?

During free acceleration. the electromagnetic torque has lurge oscillations, What are the
consequences of such oscillations?

Is it possible to eliminate or mitigate these oscillations with a constant-frequency ac
supply?

With the availability of vanable-voltage and vanable-frequency sources, could they be
used for the damping ol the osaillations?

5.15 EXERCISE PROBLEMS

The slip speed at breakdown can be approximately represented in terms of the rotor and
stator parameters. Derive this expression
An induction motor has the following ratings and parameters

40 hp. 460 V.4 pole. 3 phase. 60 H2. Y connected

R, =0220.R, = 0209 . L, =004 H

L,=0.0425H.L, = 0043 H.B=0

Loadtorque =T, =0. 1 = 0124 kg —m . a =2

The statically stable slip region is required to be doubled. That can be achieved by con-

necting external resistors in the rotor phases. Caleulate approximately the value ol exter-
nal rotor resistance/phase to be added

Neglecting motor copper losses and core losses. prove that the efficieney of the indue-
non motor is equal to (1 — s). Discuss the implications of this derivation over the vari-
able-speed operation of the induction motor when the apphed motor voltages are varied.
(More will be given in Chapter 6 on this )
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4.

10.

Capacitors are connected to the stator windings of the induction motor. Derive an
expression to quantify the improvement in power factor due to the capacitors.

. The starting torque can be increased by increasing rotor resistances with the insertion of

external resistances in slip-ring induction rotor motors. Find the external resistor per
phase to be introduced. in terms of the stator and rotor resistances and total leakage
inductances, to double the starting 1orque. Consider an equivalent circuit. neglecting the
magnetizing branch.

. Consider a current source at 60 Hz supplying the induction motor given in problem 2

with rated stator currents. Draw its torque-vs.-slip characteristics and compare them with
the characteristics obtained by using a voltage source at rated voltages and 60 Hz.
Comment on the salient features. (More will be given in Chapter 7 on this.)

. A NEMA D motor with the lollowing parameters is chosen to drive a pump. The

load-torque characteristic of the pump is modeled as simply proportional to the
square ol the rotor speed and at rated speed requires rated torque for its operation. [ts
speed has to be varied from rated value to the lowest value, 0.7 p.u. Compute the effi-
ciencies at 0.7 p.u. speed when the speed is varied by using rotor resistance control and
alternatively by varying the stator input voltages. The parameters and ratings of the
motors are

100 hp. 460 V. 4 poles, 3 ph. 60 Hz, star connected. 1050 rpm, R, = 0.05 (),
R, = 0.2885 0.1, = 001856 H.L, = 1. = 0.01936 H.

Consider the motor given in Example 5.6, running in steady state with rated torque and
supplied from a 200 V, 60 Hz, 3-phase ac main. [t 1s desired to stop the motor quickly by
cutting off supply to the stator windings and by shorting them. This is known as plugging.
Analyze this operation. using dynamic simulation in the stator reference frames.

An induction motor is operating at rated values in steady state. The ac power supply is
shut off for 0.1 second and reinstated at the end of (.1 second. Analyze this situation
from dynamic simulation results The parameters and ratings of the motors are

1.5 MW, 1800 V(line to line). 366 A, 1480 rpm. 50 Hz. star connected, R, = 0.01934 (),
R, =0013430.1L = 00305 H.L, = L, =0.0315H.B = 0.02 N-m/rad/sec.J = 30 kg-m’,

(Hint: This is known as reclosing transients in the induction motor. It is instructive o
look at the rotor fluxes during the off-time and the induced emfs in the stator windings
to appreciate the phase shift between the incoming supply voltages and induced emfs.)
Assume an induction motor is running in steady state with rated input voltages and full-
load torque. Analvze the situation when two of the three phases are interchanged by
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Figure 5.27 Load duty cycle for the motor

using dynamic simulation. This results in change of phase sequence to the machine
Comment on the results. The induction motor given in Example 5.6 can be used for the
simulation.

. An induction motor is desired for an application with the load duty cycle requiring the
speed and air gap power shown in Figure 5.27. The absolute air gap power is maintained
at 2 p.u. whenever the speed is above | p.u., and the load torque is only 0.1 p.u. at 4 p.u,
speed. Calculate the nominal torque of the induction motor to be chosen for this applica-
tion. (Hint: The rms value of the electromagnetic torque is the nominal torque. )
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per phase, L, rotor leakage inductance per phase, L, stator turns per phase, T},
rotor turns per phase, T,, induced emf in the stator per phase, E,, and induced emf in
the rotor per phase, E,. Effective stator or rotor turns per phase is equal to the prod-
uct of the number of turns per phase and the winding factor of the stator and rotor
and, respectively, is denoted as k,,, and k,,. The winding factor is the product of
pitch and distribution factors that account for the specific winding characteristics.
The evaluation of these factors can be found in any standard textbook on electrical
machines.
The relationship between the induced emfs is
E, T, S (5.11
R e T 417}
IZZ|_ T],_, a
where T,, and T,, are the effective stator and rotor turns per phase, and the turns
ratio, a, between the stator-to-rotor effective turns per phase is given as

T kT,
R kT

=g

L ard

= turns ratio (5.12)

The rotor current I, then. is

Rrr =E: jmiIL!rr Rrr i ’IswsLlrr

(3.13)

m

Substituting for E, from equation (5.11) into equation (5.13), the rotor current is

E Ei/:
o ! = \/3 (5.14)

124 b ' Rﬂ .
+ Jwﬁ(al-‘irr) T + _'wml—‘ln

Equation (5.14) is incorporated into the equivalent circuit as shown in Figure 5.2
Note that both the rotor and stator uniformly have the same frequency, which is that
of the stator in equation (5.14). The rotor current reflected into the stator is denoted
as I in Figure 5.2 and is given in terms of the rotor current [, as

P = ; (5.13)
[33 I'f
o AAN Y Y Yy > - T Y Y Y
I JuLy,
R Jug Ly I T | welr
m
|
|
Vs Jo Ly E, %”g E, %D/?/
|
i_
(o —
Tl::TEu

Figure 5.2 Equivalent circuit of the induction motor
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The speed of the induction motor in terms of slip, frequency, and pole numbers is
written as
® 4

wng/iz:éms(l—sp-;-fs(l—s) 6.1)
The rotor speed of the induction motor can be varied by changing the number of
poles, the slip, or the supply frequency. Pole-amplitude-modulated motors oper-
ate by changing the pole numbers, which in turn, is achieved with a change of
winding connections. They require relays and circuit breakers to change winding
connections. They provide a very limited but stepped (2 or 3) form of speed con-
trol, because the supply frequency is constant. They are not prevalent in practice
nowadays.

The slip speed control is effected through the variation of applied voltage or
insertion of external resistors in rotor or stator. They take different forms in imple-
mentation. As the maximum efficiency is (1 — s), efficiency is poor at low speeds
with slip-controlled drive systems. In this chapter, slip control with stator voltage
control and slip energy-recovery control are considered for study. These drives are
studied with special emphasis on the converters used, control strategy, steady-state
performance analysis, harmonics and their impact on the performance and rating of
the motors and converters for various applications, starting provisions, feedback
control, and modern developments. Speed control with frequency variation is dealt
with in Chapters 7 and 8.

o RS S 1 ol

e i,
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6.2 STATOR VOLTAGE CONTROL

6.2.1 Power Circuit and Gating

By having series-connected power switches in the induction motor, the instant of
voltage application can be delayed. This is accomplished by controlling the gating /
base drive signals to the power switches. A power-circuit configuration of stator-
phase control methods is shown in Figure 6.1. The power switches can be SCRe, tri-
acs, power transistors, or GTOs. The power switches are numbered to reflect the
sequence of their gating control. This is very similar to the control of a three-phase
controlled-bridge converter discussed in Chapter 3.

The gating signals are synchronized to the phase voltages. and they can be delayed
up to a maximum of 180 degrees. The angle of delay. a. is termed the triggering angle.
The gating signals are spaced at 60 degrees interval from each other. For sustained con-
duction. the gating signals are more than 60 degrees wide so that two power devices in
two different phases conduct at a given time for current flow. The load is inductive, and
the gating signals need to be maintained for the entire conduction time to ensure con-
tinued conduction (or until the current is higher than the latching current of the SCR).

6.2.2 Reversible Controller

For the phase controller shown in Figure 6.1, the power can flow only from the 3-

phase supply to the machine, and it can run in only one direction for only one possible

phase sequence of the output voltage. Thus. it has only one-quadrant torque-speed
Tl

— i
LabN

[ Ng—
T,

3-Phase —Pk Induction

ac b o—e—g P /.W motor
I

supply L Ng—— stator

y

7y

~
o

Figure 6.1 Phase-controiled induction-motor drive
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Figure 6.2 Reversible phase-controlled induction-motor drive

performance. To make this motor run in the other direction, the phase sequence of the
input supply voltage is reversed. Two terminals of the stator windings need to be inter-
changed for phase-sequence reversal. [t is accomplished with the addition of two pairs
of antiparallel power switches, as shown in Figure 6.2. These power devices are
denoted by an additional subscript, z. The sequence of gating for one direction of rota-
tion (say, clockwise) is T, T, T, T, T;T,; the sequence of gating for counterclockwise rota-
tion is T, T, T, T,Ts T,. During the counterclockwise rotation, note that the devices T,
T, Ts, and T, are not gated and hence remain open. By gating their counterparts, the
phase sequence has been changed, to change the rotational direction of the motor.

The reversible phase-controlled induction-motor drive operates in the first
and third quadrants of the torque-speed characteristics. It cannot operate in the II
and IV quadrants and avoids regeneration. In avoiding regeneration, this motor
drive becomes slow in going from one speed in one direction to another speed in the
opposite direction. This is explained by using Figure 6.3.

Considering the present operating point, P, (@, T,;), and the required point
to be reached, Py(—w,,,,—T,), the motor has to be slowed down to zero speed if sta-
tor currents are not allowed to exceed the rated values. The triggering angle is
delayed so as to produce zero torque, and then the load slows down the rotor. This is
shown in the diagram {rom P, to A and then to 0, respectively. At zero speed, the
phase sequence is changed and the triggering angle is retarded until it can produce
currents to generate the required torque trajectory, —~T,,, shown from 0 to B.
Maintaining the torque at —T,, accelerates the rotor and load to P,,shown as a line
from B to P,. It is assumed that T,, and —~T,, are the maximum allowable torques in
their respective directions of rotation.
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Figure 6.3 Quadrant change in the reversible phase-controlled induction-motor drive

If faster speed reversal of the motor is required, then the phase sequence of
the supply is changed at P, instead of at 0. Then the induction motor is running
opposite to the rotating magnetic field. This results in a slip greater than onec.
keeping the motor operation in the braking region. This would slow down the
motor much faster than the load alone. but it is necessary to maintain the stator
currents within safe levels, which is made possible by advancing the triggering
angle. Even then, there will be excessive currents at the beginning of the phase
sequence change, and they will last for a very short time. The current loop will
force the triggering angle to advance to an appropriate value to keep the current
below the safe level.

6.2.3 Steady-State Analysis

The torque-speed characteristics of the phase-controlled induction motor are required
to evaluate its suitability for a load. The only control input is the triggering angle, a.
Consider simplified but conceptual voltage and current waveforms for a phase shown
in Figure 6.4. When there is no current in the stator, for instance between (o + B) and
(m + a), the induced emf in the winding is reflected onto the phasec terminal voltage.
This induced emf is due to the air gap tlux linkage. which is the resultant of stator and
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« - Triggering angle

B - Conduction angle

Figure 6.4 Phase voltage and current waveforms

rotor flux linkages. Due to the inductance in the rotor winding, even when stator cur-
rent goes to zero, the rotor current continues to flow but decays exponentially. That
rotor current contributes to the rotor and hence air gap flux linkages, resulting in the
induced emf. The induced emt due to the air gap field will be sinusoidal, because the
stator winding is sinusoidally distributed. Note that this reflected induced emf will be
lower than the applied voltage. For a specified triggering angle, the determination of
the conduction angle {3 is cumbersome, as it is an implicit function of the above para-
meters. A number of methods have been developed to compute 8 (and hence the
steady-state currents and torque) by using state-variable techniques. They require the
simulation of the motor in d and g frames and use of a computer, thus excluding a sim-
ple solution [1, 2,3, 4]. Some simple analytical methods have come to the fore to give
approximate results [2. 5. 6]. For most of the design and application studies, the accu-
racy of these methods is adequate. The analytical methods use the single-phase steady-
state equivalent circuit of the induction motor. The performance of the induction
motor with phase control is considered by one of the following methods:

(i) The applied voltage is resolved into Fourier components and their individual
current responses are added to compute the resultant current [5].
(ii) The conduction angle is calculated by using the machine-equivalent circuit,
and then the current is calculated [2].
(iii) A closed-form solution approach {5] is used.

Method (ii) is considered here because of its simplicity; even though method (iii)
is elegant. it requires significant computational effort. Method (i) requires consid-
cration of a large number of harmonic equivalent circuits, with higher computa-
tional burden.
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6.2.4 Approximate Analysis

6.2.4.1 Motor model and conduction angle. The induction motor is
modeled as an equivalent resistance, R,,, in series with an equivalent reactance, X,

by using the equivalent circuit. These equivalent parameters are written in terms of
the motor parameters and slip as

Xin R,
le = Rs + R > M (62)
<?f> + (Xm + X|r): .
R,\’
? + Xlr(Xm + le)
Xun = XI\ + R > * Xm (6%)
(Tr) + (Xm + Xlr):
The voltage applied to this equivalent circuit consisting of R, and X, is
v(t) =V, sin(ut + a) (6.4)
as shown in Figure 6.4, where a is the triggering delay angle.
The stator current is then
. \2 . ol _
las(t) = —[Sln(ws[ + o~ ¢) = sin (0‘ - e “mm}. forl = ot =8 (6.3)

Z

im

where the induction-machine equivalent impedance and power-factor angle are

ZH'“ = \/Rizl'ﬂ + X%n] (6'())

X
¢:tan“<ﬂ> (6.7)
Rll“
The conduction angle. 8. is obtained from equation (6.5) when the current becomes
zero. Such a condition is denoted by

|<E> =0 (6.8)
W

N

and hence.

sin(B + o — o) — sin(o — ¢)e lined = () (6.9)

The flowchart is given in Figure 6.5 to solve the equation (6.9). using the
Newton-Raphson technique. When the triggering angle is fess than the power-factor
angle, the current will conduct for the positive half-cvcle. say from « 1o (7 + &).
When the negative half-cycle is applied at (7 + «).and as o < d. still the positive cur-
rent is flowing. Note that the voltage applied to the machine is negative. As the cur-
rent goes to zero, the negative half-cycle has already been activated by triggering at
(7 + o). Therefore, the machine receives full source voltage. and hence the current-
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Figure 6.5 Flowchart for the computation of triggering angle vs. conduction angle as a function of power-

s RN L

F N SRS



Section 6.2 Stator Voltage Control 269

180
160 —
140 —
120 —-

100

B.deg

80

60 +—

20 - —

I I | | ! | | I i | I
0 20 10 60 80 100 120 140
a. deg

Figure 6.6 Conduction angle vs. triggering angle for various power-factor angles

conduction angle is 180 degrees. For the case when a < ¢, the condition that B =
180 degrees has to be included in the solution of equation (6.9).

The solution of the transcendental equation (6.9) gives the value of 8, and the
instantaneous current i,(t) is evaluated from the equation (6.5). The relationship
between the conduction angle and triggering angle for power-factor angles of 15°,
30°, 45°, 60°, and 75° is shown in Figure 6.6. Table 6.1 contains the relationship
between ¢ and B for various a, for easy reference.

The stator voltage has to be resolved into its Fourier components, from which
the fundamental current and torque developed in the motor are computed. The res-
olution of the stator current is derived in normalized form so that the results can be
generalized.

Let the normalizing or base variables be

Vi
Vi, = i = Rated rms phase voltage of the motor (6.10)
where V_ is the peak-phase voltage
I, = Rated rms current of the machine (6.11)
Vs
Z,=— (6.12)

_Ih

6.2.4.2 Fourier resolution of voltage. The fundamental of the input-
phase voltage is derived to be

vy = V(al + b) sin(wt + 8,) (6.13)
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TABLE 6.1 ¢ vs. B for various triggering angles

a.deg 1 20 30 40 S0 60) 70 3} 90 104) 110 120) 130 140
b.deg B. deg

9 179 169.00 159.00 149.00 139.00 129.00 119.00 109.00 Y9 .00 8900 78.99 68.97 5893 4B8.80
12 186) 172.00 162.00 152.00 142.00 132.00 122.00 111.99 101.99 Y1.97 81.93 7185 61.68 51.33
15 180 175.00 165.00 155.00 145.00 134.99 124.99 114.97 104.94 94.88 34.77 74.57 64.21  53.57
18 180 178.00 168.00 158.00 147.99 137.98 127.95 11791 107.83 97.70 87.48 77.11 66.51 55.54
21 180 180.00 171.00 160.99 150.97 140.94 130.89 120,80 110.65 100.41 90.05 79.47 68.61  57.29
24 180) 180.00 173.99 163.97 153.94 143.88 133.78 123.63 [13.39 103.02 92.48 81.68 70.53 58.87
27 180 180.00 176.99 166.96 156.90 146.80 136.64 126.40 116.04 105.52 94.79 83.75 72.30 60.30
30 180 180,00 180,00 169.94 159,84 149,69 139.46 129.11 118.63 107.94 96,949 NS0 7396  61.6]
33 180 180.00 180,00 17293 162.79 152.57 142.25 13179 121.15 11028 99.11 ¥7.55 75.50 62.82
36 180 180.00 180.00 175.94 165.74 155.44 145.02 134.42 123.62 [12.55 104.14 89.32 76.97  63.95
39 180 180.00 180.00 178.98 168.71 154.32 147.78 137.04 126.06 114.77 10312 91.02 78.36 65.01
42 180 180.00 180.00 180.00 171.71 161.22 150.55 139.64 128.47 1 16.96 105.05 92.66 79.69 66.01
45 180 180,00 180.00 186.00 17476 164.16 153.33 142.25 130087 f19.11 106.94 94.26 30.97 66.97
a8 180 I8(L00 180.00 180.00 177.8% 167.14 156.15 14488 133.27 121.27 HO8.81 95.82 8221 6789
Sl 180 180.00 180,00 180.00 180.00 170.19 159.03 147.55 135.69 123.42 110.67 97.36 83.43 6877
54 180 186,00 180.00 180.00 180.00 173.34 161.97 150.26 138.13 125.59 112.52 9R8.8Y 84.62  69.64
57 180 180.00 180.00 180.00 180.00 176.59 165.01 153.05 140.65 127.78 114.38 100.41 R5.80  70.48
60 180 180,00 180.00 180.00 180.00 180.00 168.17 155.92 143.22 130.01 116.27 101.94 8697 71.31
63 180 180.00 180.00 180,00 180.00 180.00 171.48 158.92 145.87 13234 118,19 103.48 88.14  72.14
66 180) 180.00 180.00 180.00 180.00 180.00 174.97 162.06 148.64 134.68 120.15 105.04 89.32 7295
6Y 180 180.00 180.00 180.00 180.00 180.00 178.70 165.39 15154 137.14 122,18 106.64 90.52  73.78
72 180 180.00 180.00 180.00 180.00 180.00 180.00 168.94 154.61 139.73 124.29 108.29 91.73  74.60
75 180} 180.00 180.00 180.00 180.00 180.00 180100 172,77 157.90 142.46 126.49 109.99 92.97 75.44
78 180 180.00 180.0) 180.00 180.00 180.00 180.00 176.96 161 .44 14538 128.82 111.77 94.26 7630
81 180 180.00 180,00 180.00 180.00 180.00 180.00) 180,00 163.32 48,523 131.29 113.63 95.59  T77.17
84 180 180.00 180.00 180.00 180.00 180,00 180.00 180.00 169.61 1531.96 133.95 115.61 96.98  78.08
87 180 180.00 180.00 180.00 180.00 180.00 180.00 180.00 174,44 153,75 136.83 17.72 98.44  79.02
90 180 180.00 180.00 180.00 180.00 180.00 180.00 180.00 1%0.00 160.00 140.00 120.00 100.00  90.00
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V,
a, = [cos2a — cos(2a + 2[3)]2—m
xn

b, = [2B + sin2a — sin(2a +

o f A
9, =t [<‘>
, = tan b,

In terms of normalized variables. the rms phase voltage is given by

_val_ 1

\%

an‘Vh"IT\/E

m

\Y
ZB)]E

——=[1 + 2B" + 2B{sin 2a — sin 2« + 2B)} — cos 2B) "' " p.u.
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(6.14)

(6.15)

(6.16)

(6.17)

A set of normalized curves between V., and B for various triggering angles 1s shown
an & &

in Figure 6.7.

6.2.4.3 Normalized currents. The normalized fundamental of the

current is obtained from
V. \YS

an an

[. =

o Zan N (Zln\/zh) . p

The normalized rotor current is derived as

u.

L. pu.

phase

(6.18)

(6.19)
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Figure 6.7 Normalized fundamental output voltage vs. conduction angle for various triggering-delay angles
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6.2.4.4 Steady-state performance computation. The steady-state per-
formance in terms of torque—speed characteristics is evaluated as in the following:

Step 1:

Step 2:

Step 3:

Step 4:

Step S:

Assume a slip and, using the equivalent circuit parameters, compute
Z,,and ¢.

Given « and, from the computed power-factor angle, ¢, read the con-
duction angle from the normalized graph shown in Figure 6.6 or
Table 6.1.

From B. the fundamental applied voltage is evaluated by using equa-
tion (6.17) or from Figure 6.7.

The stator current is calculated from V,, and Z,, and then the rotor
current can be calculated from stator current and hence also the nor-
malized torque.

For various values of slip and «, I, and T,, are evaluated and
torque-speed characteristics are drawn.

Step 4 needs the expression to calculate the normalized electromagnetic torque,
which is derived as

T, =3

P 'R, P/1.\* LR, P ,» Rn
_ 3,<_> DR v, - (3’2“"/“1“)[5"? (6.20)
{{})

2 so,  2\1,/) Vs, .

Wily R

m. 2 R

Noting that
3V,
Base torque = Ty, = T o 1 (6.21)
{(P/z)}
Base power = P, = 3V, [, (6.22)
and dividing equation (6.20) by (6.21) yields the normalized torque as
Te . = I R (6.23
Th‘ en m S , p-u. '~)
where the normalized rotor resistance s
R, = 2R 6.24
m Vb ( . )

I, and R, are the normalized rotor current and resistance, respectively. The
mechanical power output is

R
Py, = Igrfs—m(1 - S) (6.25)
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6.2.4.5 Limitations. The fundamental current contributes to the useful
torque of the machine, while the harmonics produce pulsating torques whose
averages are zero and hence generate losses only. There will not be any triplen
harmonics in the current in a star- (wye-) connected stator of the induction
motor, but for the calculation of losses, thermal rating of the motor. and rating of
the devices, the rms value of the current is required. It is computed approxi-
mately by using equation (6.5). Note that increasing triggering angles produce
high losses in the machine that are due to the harmonics. thus affecting the safe
thermal operation.

Calculation of the safe operating region of the machine requires a precise esti-
mation of the rms current. In this regard, the approximate analysis is invalid for trig-
gering angles greater than 135°. In such cases. it is necessary to resort to a rigorous
analysis, using the dynamic equations of the motor instead of the steady-state equiv-
alent circuit {2, 3.4].

6.2.5 Torque-Speed Characteristics with Phase Control

Torque-speed characteristics as a function of triggering angle «. for a typical
NEMA D, 75-hp, 4-pole. 460-V. 3-phase. 60-Hz machine are shown in Figure 6.8.
The characteristics are necessary but not sufficient to determine the speed-control
region available for a particular load. The thermal characteristics of the motor
need to be incorporated to determine the feasible operating region. The thermal
characteristics are dependent on the motor losses, which in turn are dependent on
the stator currents. Adhering to the safe operating-current region enforces safe
thermal operation. The stator current as a function of speed is derived later for use
in application study. The parameters of the machine whose characteristics shown
in Figure 6.8 are

R, =00862 Q. R, =040.X,=1130.X,=0.2050.X, =049 .
full load slip = 0.151.and I, = 82.57 A.

6.2.6 Interaction of the Load

The intersection of the load characteristics and torque-speed characteristic of the
induction motor gives the operating point. A fan-load characteristic superimposed
on the torque-speed characteristics of the induction motor whose parameters are
given in Example 5.1 for various triggering angles with its upper value at 120°
and lower value at 30° is shown in Figure 6.9. The feasible open-loop speed-control
region is from 0.974 to 0.91 p.u.. i.e., only 6.4% of the speed. To increase the
speed-control region, either the operation has to be in the statically unstable
region. or the load characteristics have to be modified. The latter i1s generally not
possible. By using feedback control, the operating point can be anywhere, includ-
ing the statically unstable region. Note that the speed is varied from 0.97 to 0.31
p.u.in the present case. The next step is to calculate the steady-state currents for a
given load.
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Figure 6.8 Normalized torque vs.slip as a function of triggering angle
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Figure 6.9 Torque-speed characteristics of the induction motor drive. and an arbitrary load to illustrate
the speed-control region
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6.2.6.1 Steady-state computation of the load interaction. Neglecting

mechanical losses, the load torque equals the electromagnetic torque at steady state.
The load torque, in general, is modeled as

T, = Bk, (6.26)

where the value of k is determined by the type of load. and B, is the load constant.

For instance,

k = 0, for constant load torque
= 1, for friction load (6.27)
= 2, for pump, fan loads

Equating the load torque to the electromagnetic torque and writing it in terms of
the rotor current. speed. and motor constants gives

PIZR,
" —— I

k 6.28
25w, ¢ )

m

The rotor current in terms of the slip is derived from (6.28) as

k
[Bobso, K, Vs(l -~ s)f (6.29)

b= \3m2R, T

where

K, = Joket— DL (6.30
TN T3P R, 30

For a given value of k. the rotor current is maximum at a certain value of slip. [t is
found by differentiating equation (6.29) with respect to the slip and equating it to
zero. The maximum currents and ship values for frictional and pump loads are

K=1. Ly = 050K, ats =

(RS R

1
= 2 Ir(max) = 0.385 Kr’ ars = g (631)

The stator current is computed from the rotor-current magnitude obtained {rom
equation (6.29) by using the induction-machine equivalent circuit. Note that the air
gap voltage is the product of the rotor current and rotor impedance. The magnetiz-
ing current is found from the air gap voltage and magnetizing impedance. The stator
current is realized as the phasor sum of the magnetizing and rotor currents. leading
to the following expression:

+ (6.32)

R, .
lil\ = 1r -S— + JXlr
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Figure 6.10 Tvpical line-current and phase-voltage waveforms of a phase-controtled induction motor drive

Typical steady-state phase-voltage and line-current waveforms are shown in Figure
6.10. These waveforms portray the actual condition of the motor drive, whereas the
preceding analysis considered only the fundamental component.

Example 6.1

A speed-control range from 0.45 to 0.8 times full-load speed is desired for a pump drive sys-
tem. A NEMA D induction motor is chosen with the following parameters:

150 hp. 460 V.3 ph, 60 Hz. 4 poles. star connected, R, = 0.03 Q, R, = 0.22 Q.
Xm = 1000, X, =0.10,X,, =0.12 Q. full load slip = 0.1477. friction and
windage losses = (0.0lw,, + 0.0005w%) (N-m)

The pump load constant, B, is 0.027 N-m/(rad/sec)’. Find the range of triggering angle
required to achieve the desired speed variation with stator phase control.

Solution This problem is the inverse of the procedure described in the text, which out-
lines a method to find the torque-speed characteristics for various triggering angles and to deter-
mine the speed range available by superposing the load torque-speed characteristics on the
motor characteristics. In this problem, from the load torque-speed characteristics, the determi-
nation of triggering angle range is attempted as follows.

The upper speed is 0.8 p.u. which shouid correspond to a triggering angle of «,: the lower
speed is 0.45 p.u.. corresponding to a triggering angle of «,. The rated speed is given by

Wy = w1 = s) X % = (27 x 60)(1 — 0.1477) x

I

= 160.6 rad/s

Torque corresponding to 0.8 p.u. speed (w,,, = 128.5 rad/sec) is given by

T, = Bk, + 0.0lw,, + 0.00050%, = 455.5N-m.

el o Eip .
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Similarly, torque corresponding to 0.45 p.u. speed (v, = 72.3 rad/sec) is
T, = B, + 0.01w,,; + 0.000502, = 14435 N - m.

From the electromagnetic torques, the rotor and stator currents, stator phase angles, and
phase voltages are calculated:

T.Nm I.A I.A b e V..V
T, = 4555 201.3 204.2 206 153.2
T, = 14435 157.6 1596 314 70.7

The triggering angles of a, and «, with respective conduction angles B, and 8, yield the two
stator voltages for chosen operating conditions. There are four unknowns (o, a5, By, B,) and
two known values of v, so it is necessary to resort to Table 6.1 to find various choices of o
and B for the given phase angles. They then are substituted in the voltage equation to verify
that they vield the desired voltages. By that procedure,

a, = 102° with B, = 98°

o, = 135° with f§, = 68°

are obtained. thus giving the range of triggering angle variation as 102° to 135°.

Example 6.2

Determine the current-vs.-slip characteristics for the phase-controlled induction motor drive
whose details are given in Example 6.1. Assume fan and frictional loads. and evaluate the
load constant based on the fact that 0.2 p.u. torque is developed at 0.7 p.u. speed.

Solution

v 460
Base voltage, V, = n_ 40 = 26558 V

Vi VA

Py 150 X 745.6

Base current, [, = 3V, = m = 14037 A
2 X 60 2w X 60
Base speed, w, = ﬂp/z = ﬂ4/2 = 188.49 rad/sec
P, 150 x 7456
,Ty=—= ———————=59333N'm.
Base torque, Ty, o 188.49 m

Case (i): Friction load

02T, 0.2 x 593.33
Load constant, B, = 0.7(1): = 07 X 188.49 = 0.8994 N'm/(rad/sec)

K, Vs(l - s) ——
= ——— = 1.5675Vs(! — s) p.u.

m
Iy
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The normalized stator current is

R:\? 1 1 ;
= T +x2 | _ 4 w 3
lasn Irn < s ) Xlr Rr ] + J)(m (pu) |
-+ JXlr :
Case (ii): Fan load
0.2T, ,
Load constant, B, = ——— = 0.0068 Nm/(rad/sec)"
(0.7w,)*

K V(1 - s)?

[
™m Ib

= 1.8735Vs(1 - s) p.u.

The stator current is computed as in the friction-load case. The normalized current-vs.-slip
characteristics are shown in Figure 6.11. Note that, at synchronous speed. the current drawn is
the magnetizing current: the rotor current is zero. It is to be noted that the speed-control
range i1s very limited in phase-controlled drives for currents lower than the rated value.

v38 T T T i T T T
0.7 Friction Load
0.6 —
05
< 04 Fan Load
0.3
02 b :
0.1 - %
%
0 | ; | | ! ! | | i 3
0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9 ! o
ship *

Figure 6.11 Normalized fundamental stator current vs. slip for friction and fan loads #
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6.2.7 Closed-Loop Operation

Feedback control of speed and current, shown in Figure 6.12, is employed to regulate
the speed and to maintain the current within safe limits. The inner current-feedback
loop is for the purpose of current limiting. The outer speed loop enforces the desired
speed in the motor drive. The speed command is processed through a soft start/stop
controller to limit the acceleration and deceleration of the drive system. The speed
error is processed. usually through a Pl-type controller, and the resulting torque
command is limited and transformed into a stator-current command. Note that for
zero torque command, the current command is not zero but equals the magnetizing
current. To reduce the no-load running losses, it is advisable to run at low speed and
at reduced flux level. This results in lower running costs compared to rated speed
and flux operation at no load.

The current command is compared with the actual current, and its error is
processed through a limiter. This limiter ensures that the control signal v_ to the
phase controller is constrained to a safe level. The rise and fall of the control-signal
voltage are made gradual, so as to protect the motor and the phase controller from
transients. In case there is no feedback control of speed. the control voltage is
increased at a preset rate. The current limit might or might not be incorporated in
such open-loop drives.

6.2.8 Efficiency

Regardless of the open-loop or closed-loop operation of the phase-controlled
induction motor drives, the efficiency of the motor drive is proportional to speed.
The efficiency is derived from the steady-state equivalent circuit of the induction

abec
? 3-Phase
T . | supply
ot T, |8 ta Ve T @
R L R A
Soft PI speed Functi < Pl current  Pulse Phase
start controller unction controller generators controller
n generator + Tach
o acho-
Limiter ‘leller » 2} generator
l‘a] jé
Absolute
value circuit
-l

Filter

Figure 6.12 Closed-loop schematic of the phase-controlled induction motor drive
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motor. Neglecting stator copper losses, stray losses, friction, and windage losses, the
maximum efficiency is given as

1-s
P P. -P Ign( s )'Rm
Efficiency, n = FS =2 > LA = =(1 —s) = w, (6.33)
) ) ﬂ'an

S

Here, P, and P, denote the air gap and the mechanical output power of the induc-
tion motor, respectively, and P, denotes the friction and windage losses. Slip varia-
tion means speed variation, and it is seen from (6.33) that the efficiency decreases
as the speed decreases. The rotor copper losses are equal to slip times the input
air gap power. This imposes severe strain on the thermal capability of the motor at
low operating speeds. Operation over a wide speed range will be restricted by this
consideration alone more than by any other factor in this type of motor drive.

The efficiency can be calculated more precisely than is given by equation
(6.33) in the following manner:

_ Pm - wa (6 34)
MR AP+ Pt By + P '
where
3R, (1 —s)
P.,, = Power output = —
P.. = Rotor copper losses = 3I’R, (6.35)
P,. = Stator copper losses = 3I4R,
P., = Core losses = 3[R,
P, is the stray losses, and the shaft output power is the difference between the

mechanical power and the friction and windage losses.

This calculation yields a realistic estimate of efficiency. Energy savings are
realized by reducing the motor input compared to the conventional rotor-resistance
or stator-resistance control. Consider the case where speed is controlled by adding
an adjustable external resistor in the stator phases. That, in turn, reduces the applied
voltage to the motor windings. Considerable copper losses occur in the external
resistor, R,,. In the phase-controlled induction motor, the input voltage is varied
without the accompanying losses, as in the case of the external resistor based speed
control system. The equivalent circuit of the resistance-controlled induction motor
is shown in Figure 6.13.

The equivalent normalized resistance and reactance of the induction motor
are obtained from equations (6.2) and (6.3). The applied voltage is then written,
from the equivalent circuit shown in Figure 6.13, as

vas = Ias(Rex + Rim + inm) (636)
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Rex Rim

las

Vx v .ixim

O

Figure 6.13  Equivalent circuit of the stator-resistance-controlled mduction motor

The external resistor value for each slip is found by substituting for rated applied
voltage and the stator current required to meet the load characteristics. The latter is
obtained from the rotor current, calculated from load constants and slip given by
(6.28) and (6.29). Then the stator current is computed from equation (6.32) for cach
value of slip. Summarizing these steps gives the following:

I(s) = K, V(I - s)* (6.37)
B
Vs ' )
Li(s) = B — L(s) (6.38)

The external resistor for each operating slip is

R, = '/< V“‘*)z - X - R (6.39)
X V Id\(s) im "

The energy savings by using phase control of the stator voltages are approximately

P = 3ILR,, (6.40)

where I, 1s obtained from equation (6.38) and R__ is obtained from equation (6.40).

For Example 6.1, consider a fan load requiring (1.5 p.u. torque at rated speed.
The speed variation possible with external stator-resistor control is () to 0.35 p.u. For
this range of speed variation, the external resistor required and normalized power
mput. P, and power savings, P, . are shown in Figure 6.14(1). The efficiencv of the
drive with stator-phase and resistor control is shown in Figure 6.14(i1). The cffi-
ciency of the stator-phase control is computed by subtracting the external resistor
losses from the input and treating that as the tnput in the stator-phase control case.
The fact that stator-phase control is very much superior to the stator-resistor control
is clearly demonstrated from Figure 6.14(ii).
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3-phase. o— i

60-Hz ac o »—al =I“‘
supply © I
: R Ly
var + = i
\Y \% \Y
it % V. \ * *[ ;”g f"
N Idc +
N,:N
Phase- LR
Stator Rotor Rectificr dc Link controlled Transformer
converter
Figure 6.16  Slip-power recovery scheme
Ry.L
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C % ;‘ C a O
: |
| %DJ x, %, RS Y Y
I
| | Le ¢
|
: ]
Rectifier de ink Phase-controlled converter

Figure 6.17 Rectifier-inverter power stage for slip-power recovery scheme

terminals. The rotor voltages are rectified and. through an inductor. fed to the phase-
controlled converter. The detailed diagram of the bridge-diode rectifier and
phase-controlled converter are shown in Figure 6.17. The operation of the phase-
controlled converter has been described in Chapter 3.

The phase-controlled converter is operated in the inversion mode by having a
triggering angle greater'than 90°. Then the inverter voltage V. is in opposition to the
rectified rotor voltage V. in the dec link. A current I, 1s established in the de link by
adjusting the triggering angle of the phasc-controlled converter. The diode-bridge
rectifier on the rotor side of the induction motor forces power to flow only away
from the rotor windings. A transformer is generally introduced between the phase-
controlled converter and the ac supply to compensate for the low turns ratio in the
induction motor and to improve the overall power factor of the svstem. The latter
assertion will be proved in the subsequent section.

b b
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6.3.3 Steady-State Analysis

The equivalent circuit is used to predict the steady-state motor drive performance.
The steady-state performance is computed by proceeding logically from the rotor
part of the induction motor to the stator part through the converter subsystem. The
dc link current is assumed to be ripple-free.

The rotor phase voltage, V,., and the dc link current, I, are shown in Figure
6.18(a). The current is a rectangular pulse of 120-degree duration. The magnitude of
the rotor current is equal to the dc link current, [,.. The phase and line voltages and
phase current in the phase-controlled converter are shown in Figure 6.18(b). There
is a phase displacement of a degrees between the phase voltage and current, which
is the triggering angle in the converter. The magnitude of the converter line current
is equal to the dc link current but has 120-degree duration for each half-cycle. The
rms rotor line voltage in terms of stator line voltage is

kaTZ

V, =1 —=JsV 6.42
I ( w]T]>5 I ( )

where k, are k,, are the stator and rotor winding factors and T, and T, are the sta-
tor and rotor turns per phase, respectively.
Denoting the effective turns ratio by a, we write

L (kW2T2> (6.43)
a  \k,T, '
The rotor line voltage is then derived from equations (6.42) and (6.43) as

_ SV 6.44
- (6.44)

rt

The average rectified rotor voltage is

1.35sV,

Vie = 135V, = ——

(6.45)

This has to be equal to the sum of the inverter voltage and the resistive drop in the
dc link inductor.
Neglecting the resistive voltage drop, we get

Ve = =V, (6.46)
where the phase-controlled-converter output voltage is given by

V, = 135V, = cos a (6.47)
where

N
V, = (I\TZ>V” =nV, (6.48)
1
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Figure 6.14 (i) External resistor, power input, and power savings vs. slip characteristics at rated
voltage input (ii)Efficiency with external resistor and phase control vs. slip

6.2.9 Applications

Current-limited phase-controlled induction motor drives find applications in
pumps, fans, compressors, extruders, and presses. The closed-loop drives are used in
ski-lifters, conveyors, and wire-drawing machines. The phase controllers are used as
solid-state contactors and also as starters in induction motors. Phase controllers are
extensively used in resistance heaters, light dimmers, and solid-state relaying.
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For obtaining maximum speed-control range in open-loop operation, NEMA
D induction motors are used. These motors have a high rotor resistance and hence
provide a high starting torque as well as a very large statically stable operating
torque—speed region, but these motors have higher losses than other motors and
hence have poorer efficiency.

6.3 SLIP-ENERGY RECOVERY SCHEME
6.3.1 Principle of Operation

The phase-controlled induction motor drive has a low efficiency; its approximate
maximum efficiency equals the p.u. speed. As speed decreases, the rotor copper
losses increase, thus reducing the output and efficiency. The rotor copper losses are

P, = 3IR, = sP, (6.41)

where P, is the air gap power. The increase in this slip power, sP,, results in a large
rotor current. This slip power can be recovered by introducing a variable emf
source in the rotor of the induction motor and absorbing the slip power into it. By
linking the emf source to ac supply lines through a suitable power converter, the
slip energy is sent back to the ac supply. This is illustrated in Figure 6.15. By varying
the magnitude of the emf source in the rotor, the rotor current, torque, and slip are
controlled. The rotor current is controlled and hence the rotor copper losses, and a
significant portion of the power that would have been dissipated in the rotor is
absorbed by the emf source, thereby improving the efficiency of the motor drive.

6.3.2 Slip-Energy Recovery Scheme

A schematic of the slip-energy recovery in the induction motor is shown in Figure 6.16.
The rotor has slip rings, and a diode-bridge rectifier is connected to the slip-ring

R
jXIr S

r

R§ ler [
—  AAA———— Y Yy g

as

v, e % SR oF

L é
Figure 6.15 Steady-state equivalent circuit of the induction motor with an external induced-emf source
in the rotor
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(a) Rotor current

I
3

(b) Inverter current

Figure 6.18 Rotor current and inverter current
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and n, is the turns ratio of the transformer. From equations (6.45) to (6.48), the slip
is derived as

s = —(an,)cos a (6.49)

6.3.3.1 Range of slip. The triggering angle can be varied in the inversion
mode from 90 to 180 degrees. The finite turn-off time of the power switches in the
phase-controlled converter usually limits the triggering angle to 155 degrees. Hence,
the practical range of the triggering angle is

90° = o = 155 (6.50)
For this range of «, the slip range is given by
0 = s =0.906(an,) (6.51)

The turns ratio of the stator to rotor of the induction motor is usually less than unity.
The dc link voltage becomes small when the induction motor is operating at around
synchronous speed. This necessitates a very small range of triggering angle in the
converter operation. A step-down transformer with a low turns ratio ensures a wide
range of triggering angle under this circumstance.

The value of o in terms of the slip from equation (6.49) is

a=cos"{ —i} (6.52)

an,

6.3.3.2 Equivalent circuit. The equivalent circuit for the slip-energy recovery
scheme is derived by converting the dc link filter and phase-controlled inverter into
their three-phase equivalents in steady state. The dc filter inductor is not required to be
incorporated, as its effect in steady state is zero. The dc link filter resistance R; is con-
verted to an equivalent three-phase resistance R, by equating their losses as follows:

ILZJCRf = 3(Irr)2RI’t’ (653)

where I is the rms value of the induction-motor rotor-phase current, which, in
terms of the dc link current, is expressed as

fo'”l de = Idt\/> = 0.8161, (6.54)

Substituting (6.54) into (6.53) gives R;; as
R, = 0.5R,

The rms value of the fundamental component of the rectangular rotor current is
given by

I, = I,.sin 60° = 0.7791 (6.55)

de

-n\/
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Figure 6.19 Per-phase equivalent circuit of the slip-energy-recovery-controlled induction motor drive

The power transferred through the phase-controlled inverter is

I
Pp = Vil4 = (1.35n,V, cosa)l, = [1.35n.(\/3Vas cosa]{—"'—J = 3[n,V,s cosal, (6.56)

0.779

This could be viewed as power transfer to a three-phase ac battery with a phase

voltage of {n,V, cos o] absorbing a charging current of [, from the rotor phases of

the induction motor. By integrating Ry and the emf of the variable ac battery in the
three-phase rotor of the induction motor, the per-phase equivalent circuit shown in
Figure 6.19(i) is obtained.

The reactive power demand of the variable emf source is met not from the sta-
tor and rotor of the induction motor but through the ac supply lines. Hence, that
need not appear in the equivalent circuit of the slip-energy-recovery-controlled
induction motor drive. Further, note that the rotor current is in phase with the vari-
able emf source given by [n,V,, cosa]. The equivalent circuit is further simplified
and referred to the stator in a similar manner, as described in Chapter 5, with the
following steps, as shown in Figure 6.19 (ii):

sE
[lrrl(Rrr + Rff) - nxvas COSQ] + jswsLlrrIrrl = '—a—l_ (657)

ik
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The emf term is combined with the resistive voltage drop because it is in phase with
I, the voltage component of the battery has only a real part in it, and the reactive
part has been removed. This is an important point in the solution of rotor current
from the derived equivalent circuit.

Multiplying (6.57) by 2 , we get

[ {a(Rrr + er)} an,V,.cos a
rrl -

s } + jwsaLlrr'rrl = EI (658)

The rotor current, referred to the stator, is given by

[rrl
= (6.59)
a

rl

The stator-referred rotor and filter resistances and rotor leakage inductance are
given by

R, = a’R,,
R; = a’R, (6.60)
L, =a'L,,
and let
R;=R + R; (6.61)

Combining (6.59). (6.60), and (6.61) with (6.58) vields

I
—él {er‘ - anlvas COS(X} + jmelrlrI = E] (662)

6.3.3.3 Performance characteristics. The performance characteristics can
be evaluated from the equivalent circuit derived earlier. The electromagnetic torque
is evaluated from the output power and rotor speed as
P, P1-s) PP P 1 , Ry algnV,cosa
R P (e N R 5{[ s s_‘w]}
{ P/2 }

3p 1 .
=5 -S—[lf, R, — al,nV, cosa].N'm (6.63)
ws

where P, is the air gap power, P_ is the mechanical output power, w, is the mechan-
ical rotor speed, w, is the synchronous speed, and P is the number of poles. By

neglecting the leakage reactance of the rotor, the electromagnetic torque can be
written as

[,Ry anV,cos 3P 1
IRy Ay, cosa s oF c=—-1,-E, (6.64)
. 7w

<

1
T
w, s S
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If stator impedance is neglected, then the applied voltage V  is equal to the induced
emf E; hence,

3P Vi
T, = 2 e I (6.65)
and
I, 0.7791,
[ = & (6.66)
a a
which, on substitution, gives the electromagnetic torque as
LI7P\ [/ Vi
Tu = <T>< ®, >Idc = Klldc (667)
where K, is a torque constant given by
LA7P\ [ Vs
K, = <———a )( o > (N'm/A) (6.68)

This shows that, for a given induction motor, the electromagnetic torque is propor-
tional to the dc link current. An implication of this result is that torque control in
this drive scheme is very similar to the torque control in a separately-excited dc
motor drive by control of its armature current. Also, the term E,/w, is proved to be
mutual flux linkages as follows:

V, E [,X [IRON D

e VN R W (6.69)

Wy Wy Wy Wy

where A, is the mutual flux linkages. much like the field-flux linkages produced by
the current in the field coils of a dc machine. Note that this is fairly constant in the
induction motor over a wide range of stator current. Equation (6.65) has given a
powerful insight into the torque control of this motor drive. and it will be used in the
closed-loop control described in the later section. That the induction motor control
does not involve the control of all the three-phase currents, as in the case of a phase-
controlled induction motor, is a significant point to be noted. Sensing only one cur-
rent, e.g., dc link current, is sufficient for feedback control; this simplifies the control
compared to any other ac drive scheme, as will become evident when other schemes
are examined in later chapters.
Efficiency of the motor drive is calculated as follows :

_ Shaft power outp'm _ Py, — (windage + friction losses) P, — P, 6.70
n- Power input Power input B P, (6.70)

where P, is the windage and friction losses and P; is the input power to the
machine. It is calculated as the sum of the output power, rotor and stator resistive
losses, core losses, and stray losses and is given by

P, =P, + 3[IX(R, + R;) + ER. + !R,] + P, (W) (6.71)

gt
i,

rpvh o
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where

1 -5

P, =P, (1 —s) = 3[I,Rs — anV cosa]: -1 (6.72)

The stator current is
Lo =1, + 1, + 1= 1l £ &, (6.73)

Angle &, is the stator phase angle. The system input-phase current is the sum of the
stator input current and the real and reactive components of the current supplied to
the phase-controlled inverter from the lines through the step-down transformer.
This is written as
Ly =1, = jnl,sina) + nl, cosa ) (6.74)
= I {cos &, + jsind,) ~ j(an], sina) + anl, cosa = I, £ &1
where ¢, is the input-line power-factor angle of the utility mains supply.

In all these derivations, it must be noted that the harmonic current losses in
the rotor have been neglected. This could be accounted for with the harmonic
equivalent circuit. Equation (6.74) clearly shows that a lower transformer-turns
ratio can improve the line power factor by keeping ¢, low.

The performance characteristics of the slip-energy-recovery-controlled induc-
tion motor drive are obtained by the use of the developed equivalent circuit and
equations outlined above. For the purpose of solving the equivalent circuit, it could
further be simplified by moving its magnetizing branch ahead of the stator imped-
ance. This 1s shown in Figure 6.20.

A flowchart for the computation of performance characteristics is shown in
Figure 6.21. A set of performance charactenstics is shown in Figure 6.22. The motor
and system details are as follows:

75 hp. 460 V.3 ph.60 Hz, 4 pole, Class D, R_ = 0.0862 (1. R, = 0.9 (. L,, = 0.78 mH.
L, = 13mH.L, = 0.03 H.R, = 150 Q. R; = 0.04 Q. a = 2.083.,n, = 0.6.

Josby josLy S

{——4
m Ik
. an V, cosa /-
Vi jor Ly, R, E; S -
L

Figure 6.20 Simplified equivalent circuit of the shp-energv-recovery-controlled induction motor drive
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Figure 6.21 Flowchart for the computation of the slip-energy-recovery-controlled induction motor drive’s
steady-state performance
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Figure 6.22 Performance characteristics of a slip-energy-recovery-controlled induction motor drive
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The following procedure is used to compute I;. Write the voltage-loop equation
involving the rotor emf source from Figure 6.19 (ii) as

R an,V, cos a )
Rs + _S— Irl - f + st(Lls + Llr)Irl = vas (675)

It must be noted that the variable emf source in the rotor is in phase with rotor cur-
rent; hence, they are kept together as a unit in the expression. Considering only the
magnitude part of the equation, the equation (6.75) is squared on both sides, and
rearrangement yields a quadratic expression in I, as follows:

hllfl - hzlr] + h3 - 0 (676)
where
Rri : 2
h, = | R, + 'y + Xoq (6.77)
Xeq = ms(Lls + Llr) (678)
2anV,, cos a R
h =¢——— 7R, + — (6.79)
S s
anV, cos a \? )
h; = - )~ Vi (6.80)

The stator-referred fundamental rotor-current magnitude is obtained from equation
(6.76) as

hz + V h% - 4h1h3

2h,

I, = (6.81)
The positive sign only is considered in the solution of I, in equation (6.81). Since h,
is negative, only the addition of the discriminant yields a positive value for 1.
Further, the following condition has to be imposed for the solution of I,

Real {},;} >0orl,=0 (6.82)

For various triggering angles, the normalized electromagnetic torque-vs.-speed
characteristics are drawn by using the procedure developed above and shown in
Figure 6.22 (i). For a triggering angle of 101.5 degrees, the motor power factor, sta-
tor current of the motor, output power, P, input power, P, , and feedback power
from the rotor (which is the slip recovery power, Py, ) are shown in Figure 6.22 (ii).
Note that the motor power factor remains high for a wide speed range. As the
speed decreases, the slip-energy recovery increases as well as the input power.

Example 6.3

Compare the efficiency of the slip-recovery-controlled induction motor drive with the maxi-
mum theoretical efficiency of the phase-controlled induction motor drive. The load torque is
proportional to square of the speed. It is assumed that, at base speed, base torque is deliv-
ered. Consider operation at 0.6 p.u. speed. The details of the induction machine and its drive
are given in the previous illustration of the torque-vs.-slip characteristics derivation.
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Selution The following calculations from step 1 to step 5 are for the slip-recovery-
controlled induction motor drive.
Step 1: Motor filter parameter for use in equivalent circuit is calculated.
Ry =05*R;=05%004=0.02Q
R; = a’R;; = 2.083" x 0.02 = 0.0868 ()
Ry =R, + R, =09 + 0.0868 = 0.9868 (

Step 2: Compute base values and load constant.

2af; 2760
Base speed. w, = PT/T,: = ;—2 = 188.5 rad/s
P, 75%745.6
Base t Ty = — = e = 296, :
ase torque. Ty, o 1883 96.66 N'm
T, 296.66 5
Load constant. B, = —',) = 5 = 0.0083 N-m/(rad/s)"
Wy, 188.5°

Step 3: Find the tniggering angle and load torque.

Rotor speed = 0.6 p.u.
Slip = 1 ~ speed = 1 — 0.6 = 0.4
0.4
o= cos"(— aint> = cos” ‘(— 5o * ()E) = 1.89 rad

Load torque. T, = B}, = 0.0083 * (0.6 * w,)” = 106.8 N'm.

Step 4: Solve for rotor current from the air gap-torque cxpression. It must be noticed
that electromagnetic torque is equatl to the sum of the load torque and friction
and windage torque. As the latter part is not specitied in the problem. theyv are
considered to be zero; hence. the electromagnetic torque is equal 1o the load
torque in present case.

L

S,

Te =3 {ISIRH’ - [rlanlvascos a]

N

The only unknown in this expression is rotor current; it is solved for.
yielding two values. Considering only the positive value. it is found as

[, =2112A

Step 5: From rotor current, the air gap emf is computed, from which all the other
currents are evaluated. In order to do that. the reference phasor is
assumed to be the rotor current. From the other currents, the stator and
core losses are evaluated, and. from the rotor current. the rotor losses are
calculated.

er

an,V, cos a
E = {—: L, - X

+joLl, = 1583 + j10.35 = 158.6723.74°
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The various currents in the circuit are

E
Core loss current, [, = ﬁi = 1.05 + j0.069 = 1.06,.3.74°

<

E
Magnetizing current, [, = - Lo =091 - j14.0 = 14.032-86.26°

JoL,
No load current. I, = I + I, = 1.97 — 13.93 = 14.074-81.95"

Stator phase current. I, =1, + I, = 23.09 — j13.93 = 26972 -31.1

Stator resistive losses, P, = 3R[7 = 3 *0.0862 * 26.97° = 188.1 W

Rotor and dc link filter resistive losses. P. = 3R 03 = 3 * 09868 * 21.12° = 1321 W
Core losses. P, = 3RI2 = 3% 150 * 1.06° = 503.6 W

Power output. P, = T, = 106.6 * (0.6 * 188.5) = 12079 W

Power input. P, =P, + P+ P+ P, = 14091 W
Effici P 12079 0.8572
iciency. = p 14001 0¥

Step 6:  Comparison of efficiency

Maximum theoretical ¢fficiency possible with the phase-controlied induction motor drive,
ignoring all stator, and core losses. is given as.

n=1l-s=1-04=06

In comparison to the slip-recovery-controlled induction-motor-drive efficiency, the efficiency
of the phase-controlled drive system is 25.7% smaller. When the stator resistive and core
losses are considered for the phase-controlled induction motor drive. the difference in effi-
ciency will be even higher. [t is feft as an exercise to the reader.

6.3.4 Starting

The ratings of the transformer, rectifier bridge, and phase-controlled converter have
to be equal to the motor rating if the slip-energy-recovery drive is started from
standstill by using the controlled converter. The ratings of these subsystems can be
reduced in a shp-energy-recovery drive with a limited speed-control region. In such
a case, resistances are introduced in the rotor for starting. As the speed comes to the
minimum controllable speed, these resistances are cut out and the rotor handles
only a fractional power of the motor, thus considerably reducing the cost of the sys-
tem. To withstand the heat generated in the resistors during starting, liquid cooling
is recommended for large machines.

6.3.5 Rating of the Converters

Auxiliary starting means are assumed in the slip-energy-recovery control for the
calculation of the converter rating. lf an auxiliary means is not employed, the rating
of the converters is equal to the induction-motor rating. As most of the applications
for slip-energy-recovery drive are for fans and pumps. they have limited operational
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ranges of speed and hence power. The converters handle the slip power, and there-
fore their ratings are proportional to the maximum slip, s,.. The ratings of the con-
verters are derived separately.

6.3.5.1 Bridge-rectifier ratings. The rectifier handles the slip power pass-
ing through the rotor windings. It is estimated in terms of air gap power as

Slip power = sP, = s_ . P, = Rectifier power rating, P, (6.83)

max" a

where P, is the air gap power and is given approximately, by neglecting the stator
impedance and rotor leakage reactance. as

P,=3V,1 (6.84)

as “rl
Hence. the ratings of the bridge rectifier are obtained by substituting (6.84) into (6.83):
Phr =S P, = Smax{3vas : [rl} (685)

max” a

The peak voltage and rms current ratings of the diodes are obtained from the peak
rotor line voltage and rms current in the rotor phase as

V, = V2V, = V2V3V, = 245V, (6.86)
ln'l
= = X = = = .
Iy = 08161, = 0816 X 7 = LOSL, = LOSal,, (6.87)

6.3.5.2 Phase-controlled converter. The peak voltage and rms current
ratings of the power switches in the converter are

V, = V2V3nV, = 2450V, (6.88)
I, = 0.8161, = 1.05al,, (6.89)

6.3.5.3 Filter choke. The purpose of the dc-link filter choke is to limit the rip-
ple in the dc link current. The ripple current is caused by the ripples in the rectified
rotor voltages and phase-controlled inverter voltage reflected into the dc bus.
Considering only the sixth harmonic gives the equivalent circuit of the dc link shown in
Figure 6.23. The sixth-harmonic component of the rectified rotor voltages is written as

Vieo = Vajes + bies (6.90)
where
6sV, |1 1
Ay = — ;\72 {_—/ cos Ta — gcos 50(} (6.91)
bace = Vs {l sin 7o — ! sin S(IJ (6.92)
ar V217 S

By noting that the triggering angle for the diode bridge is zero, the sixth-harmonic
voltage is evaluated as
_ 00775V,

deh T

(6.93)
a
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L¢ Aig,

Vaco Vie

Figure 6.23 Sixth-harmonic equivalent circuit of the dc link

Similarly, the sixth-harmonic component of the inverter voltage is

6onV, /1 1 2
Vv, = S b - Zcos2 6.94
6« o Va9 25 35 (654)

and its maximum occurs at

o = 90° (6.95)

giving the maximum of V,q as
Viem = 0.463n,V, (6.96)
These two harmonics are of different frequencies (i.e.. v, at six times slip fre-
quency and V4 at six times the line frequency) and have a phase shift between them.

so it is safe to consider the sum of these voltages that has to be supported by the
choke for the worst-case design. If the ripple current is denoted by Al

Al
L = Vaes * Vi (697)
where
2
At = =1 (6.98)
6(.l)s|

and w, is the angular slip frequéncy. This is found to be lower than the supply fre-
quency. The slip frequency preferably has to correspond to the maximum speed of
the drive and hence the minimum slip speed.

By substituting for V, and V,, from previous equations, the filter inductor is

given as

I BAA 0.077s
= — =40, + 9

L A[dié m51{0463n‘ a }} (6.99)

6.3.6 Closed-Loop Control

A closed-loop control scheme for torque and speed regulation is shown in Fig-
ure 6.24. The inner current loop is also the torque loop: the torque in a slip-energy-
controlled drive is directly proportional to the dc link current. This torque loop is
very similar to the phase-controlied de motor drive’s torque loop. The outer speed loop
enforces the speed command, w,. In case of discrepancy between the speed and its
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Figure 6.24 Closed-loop control of the slip-energy-recovery-controlled induction motor drive

command, the speed error is amplified and processed through a proportional-plus-
integral controller. Its output forms the torque command. from which the current
command is obtained by using the torque constant. The current error is usually
processed by a proportional-plus-integral controller to produce a control voltage, v..
This control voltage is converted into gate pulses with a delay of o degrees. The con-
trol block of pulse generators is explained in detail in Chapter 3. The only difference
between the phase-controlled dc drive and this motor drive is that the triggering
angle for motoring mode is usually less than 90° in the dc drive and greater than 907
in the slip-recovery drive. Accordingly, the control signal needs to be modified from
the strategy used in the dc drive. This modification of the control circuit is very
minor. The control signal v_is limited so as to limit the triggering angle « to its upper
limit of a,,,. say, 155 degrees. The similarities between the dc drive and the slip-
energy-controlled drive are exploited in the design of the current and speed con-
trollers. The fact that there is only one control variable makes simple the design of
controllers in the closed-loop system. As this is of one-quadrant operation. the Pl
controller outputs are zero tor negative speed and current errors.

6.3.7 Sixth-Harmonic Pulsating Torques

The rotor currents in the induction motor are rich in harmonics. The effect of the

dominant harmonics in the form of pulsating torque is examined in this section.
Writing the rectangular rotor current referred to the stator as a sum of Fourier

components yields '

2\V/3

I i ]
= —— [ cos wt — -cosSml + = cos 2wt — —-cos llwt + }‘ (6.100)
am | 5 7 11 ]

r
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The harmonic rms currents are expressed in terms of the fundamental rms current
from equation (6.100) as

1
Ip =l n=5711131719... (6.101)

where n is the harmonic number, and the fundamental stator-referred rotor current
in terms of the dc link current 1s

L 2\/3l _ 0779,
rl a-n-\/i dc a dc

Pulsating torques are produced when harmonic currents interact with the funda-
mental air gap flux and also when the harmonic air gap fluxes interact with the fun-
damental rotor current. The fundamental of the rotor current and air gap flux
interact to produce a steady-state dc torque. The pulsating torques produce losses,
heat, vibration, and noise, all of which are undesirable in the motor drive.

The predominant harmonics in the current are the fifth and the seventh,
whose magnitudes are

(6.102)

(6.103)

Ir5 =

[y =21 (6.104)

Note that the fifth harmonic rotates at 5 times synchronous speed in the backward
direction with reference to the fundamental. The seventh harmonic rotates at 7
times synchronous speed in the forward direction, as seen from equation (6.100).
Hence, the relative speeds of the fifth and seventh harmonics with respect to the
fundamental air gap flux are six times the synchronous speed. Similarly. the fifth-
and seventh-harmonic air gap fluxes have a relative speed of six times the svnchro-
nous speed with respect to the fundamental of the rotor current. The harmonic air
gap flux linkages are produced by the corresponding rotor harmonic currents. For
example, the fifth-harmonic air gap flux linkages are

Ams = Linlms = L ES—I'S{&+'SX} 6.105)
ms T mims T lm 5Xm~5w5 Ss J Ir ( -

where the harmonic shp is given by
.- nw, — wfl — s n—(1-s
G oMo o nog el ms) n-(1-s) (6.106)

" nw, nw, n

For smalt fundamental slip s, the harmonic slip is given as
+1
s, =20 4 forn =5, 11,..
n (6.107)
—forn =713, ..

Hence, the fifth- and seventh-harmonic slips are obtained from the above as
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=12 (6.108)

$5 =

~Niy Ly

5 = (6.109)

Substituting for s, in equation (6.105), the fifth-harmonic air gap flux linkages are

Irl Rr . [rl .

Nps = +i5Xy, ¢ = R, + j6X,, 6.110
m 25(05{ 12 A } 30(”\_{ 16X} ( )

Similarly, the seventh-harmonic air gap flux linkages are derived as

[rl .
A7 = R, + j6X 6.111
m7 420)\‘{ i } lu} ( )
Because

6X,, >> R, (6.112)

the fifth- and seventh-harmonic air gap flux linkages can be approximated as

1
s = - L, (6.113)

)\m7 = ,.'J,L“ (6.1 14)
7
Note that these flux linkages are leading the fundamental rotor current by 90
degrees. Representing the harmonic and fundamental variables and neglecting the
leakage inductance effects, in Figure 6.25, leads to a calculation of the sixth-har-
monic pulsating torques.
The fundamental of the electromagnetic torque is

P .
3- MLmlmlw\[n! sin d)nn

P, 3E|l cos(2], — £E)) P 2 P . -
T, = Jg - (m ! L = ” = 3-5)\,“,1”5111 b, (0.115)
Because
e = N (6.116)
when the rotor leakage inductance is neglected. the fundamental torque becomes
p .
Tcl :3.5)\(1”[” (6117)
The sixth-harmonic pulsating torque is
p ;
= B-E{Am,(lr7 ~ Ii5)cos bt + A5k sin(90° — 6w t) + N30, sin{90° + 6ot}
(6.118)
P

'E{Aml(lﬂ - Iri) + [xl()\mﬁ + )\m7)}COS 6‘”\'[
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AV
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y E

Figure 6.25 Phasor diagram of the rotor currents and air gap flux linkages

The maximum magnitude of the sixth-harmonic torque in terms of the fundamental

torque is

T,, I, At 35 35

and the fundamental air gap flux linkage is approximated as

Pl
—_ + —
l_Te_ﬁ‘ _ (Ir7 - [r5) + I”Lh(s 7) .

V,

s
Am) = —

s

By substituting equation (6.120) into (6.119),

ITeél _ g E Irl>(1r

T, 35 35 V,

2 12 IrlLlr
— 4 =,

(6.119)

ml

(6.120)

(6.121)
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For rated operating condition, the following assumptions are valid:

I, =1pu (6.122)
V,=1pu. (6.123)
and, hence,
IT.l 2 12
— o 2y Lx,, 6.124
T, 35 35 ( )

¢

where X, is the p.u. leakage reactance. X,, 1s normally less than 2% for large
machines and less than 5% for small machines. From these values. it could be real-
ized that the sixth-harmonic pulsating torque is very small and is inconsequential in
fan and pump applications.

6.3.8 Harmonic Torques

As the fifth and seventh harmonics are of significant strength, it is necessary to consider
and evaluate their own torques. Consider the magnitude of fifth-harmonic torque:

P IR/l - sy)

Ts;=3 6.125
< 2 55(1)5(1 - S) ( )
where
Irl
I = 5 (6.126)
—Sw, — wfl — s 6 —
oozl 7s) _6-s (6.127)

—Sw, 5

Note that the rotor time harmonics are referred to the stator for case of computa-
tion. Substituting the equations (6.126) and (6.127) into equation (6.125) vields

Ts=3 P —I&—— (6.128
T2 Pas — 6) -128)
Expressing T, in terms of T, gives
Tes s
= 6.129
T, 256 - 6) (6129
The maximum magnitude of this occurs at a slip of one. Its value is
TeS
max{—— ¢ = —0.008 (6.130)
Tcl

Note that the seventh-harmonic torque is much less and is of opposite sign. Hence,
these harmonic torques can be ignored: they are of negligible magnitude.
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6.3.9 Static Scherbius Drive

The slip-energy-recovery scheme described so far allows power to flow out of the
induction-motor rotor and hence restricts the speed control to subsynchronous
mode, i.e., below the synchronous speed. Regeneration is also not possible with this
scheme. If the converter system is bidirectional, then both regeneration and super-
synchronous modes of operation are feasible. This is explained as follows.

The air gap power is assumed to be a constant and is divided into the slip and
mechanical power as given by the equation

P,=P,+P, (6.131)

where
P, =sP, (6.132)
P, =(1-5)P, (6.133)

For a positive slip, the mechanical power is less than the air gap power, and the
motor speed is subsynchronous. During this operation. the slip power is positive,
and it is extracted from the rotor for feeding back to the supply. The drive system is
in the subsynchronous motoring mode.

With the same assumption of constant air gap power. during regeneration the
air gap power flows to the ac source. The torque is the input: hence, the mechanical
power is considered to be negative. To maintain constant air gap power, the slip
power becomes negative as seen from equation for negative air gap power. This
results in input slip power. even though the slip remains positive. This mode of oper-
ation is subsynchronous regeneration.

For driving the rotor above the synchronous speed. the phase sequence of the
rotor currents is reversed from that of the stator supply. This creates a field in the
rotor opposite in direction to the stator field. The synchronous speed must be equal to
the sum of the slip speed and rotor speed. Because the slip speed has become negative
with respect to synchronous speed with the reversal of rotor phase sequence, the rotor
speed has to increase beyond the synchronous speed by the amount of slip speed. The
motor, thus, is in supersynchronous mode of operation, delivering mechanical power.
In this mode, the mechanical power is greater than the air gap power. Note also that
because of this the slip power is the input, as is seen from the power-balance equation
of (6.131), and the slip is negative for supersynchronous operation.

To regenerate during supersynchronous operation. the slip power is extracted
from the rotor. This becomes necessary, because the mechanical power is greater
than the air gap power and hence the remainder constituting the slip power is avail-
able for recovery. Note that the slip remains negative and the rotor phase sequence
is opposite to that of the stator. The present operation constitutes the supersynchro-
nous regeneration mode. The various modes of operation are summarized in Table
6.2. A drive capable of all these modes is known as a Scherbius drive.

The converter system has to be bidirectional for the static Scherbius drive.
Such a converter can be a cycloconverter, which is implemented with three sets of
antiparallel three-phase controlled-bridge converters, discussed in Chapter 3. A

3
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TABLE 6.2 Operational modes of static Scherbius drive

Mode Slip Slip power P
Subsynchronous Motoring + + (output) <P,
Regeneration + - (input) <P,
Supersynchronous Motoring - - > P,
Regeneration - + > P,

3-phase

ac supply

Induction
motor

——
—

Figure 6.26 Static Scherbius drive
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simple implementation of it in a block-diagram schematic is shown in Figure 6.26.

This converter has a number of advantages:

(i) simple line commutation;

(ii) shaping of current, and hence power-factor improvement;
(iii) high efficiency;
(iv) suitable and compact for MW applications;

(v) capable of delivering a dc current (and hence the induction motor can be

operated as a synchronous motor).

6.3.10 Applications

Slip-energy-recovery motor drives are used in large pumps and compressors in MW
power ratings. [t is usual to resort to an auxiliary starting means to minimize the
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Figure 6.28 Fiow reduction by damper control

converter rating. Wind-energy alternative power systems also use a slip-recovery
scheme, but the converter rating cannot be minimized. because of the large varia-
tion in operational speed. An illustrative example of such an application can be
found in reference [15]. The application is briefly described here.

The pump characteristics at rated speed are shown in Figure 6.27. The nominal
operating point is at 1 p.u. flow, where the efficiency is maximum. If the flow has to
be reduced, then the characteristic of the pump is changed by adding a resistance to
the flow in the form of damper control, shown in Figure 6.28. The new operating
point, b, is obtained by changing the system curve to move from ca to cb by adding
system resistance from a damper control. At this operating point, the input energy
to the pump will not change in proportion to the flow change. resulting in poor effi-
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Figure 6.29 Flow control by speed variation

ciency because the input has to supply the throttling energy loss and friction energy
loss. The flow can also be reduced if the pump characteristics are changed by reduc-
ing the pump speed with a variable-speed-controlled induction motor drive, and
then the operating point moves as shown in Figure 6.29. The operating point can be
always attempted on the highest-efficiency point by varving the speed. As the speed
1s reduced, the power input to the pump reduces and hence the input power to the
driving motor decreases, resulting in higher energy savings compared to the damper
control. Additionally, the combined efficiency of the motor and pump also improves
by this method, resulting in considerable energy savings. Because the normal varia-
tion in the flow is between 60 and 100% of the rated value. the range of the variable
speed control required usually is between 60 and 100% of the rated speed.
Restricted-speed control requirement makes the slip-energy-recovery-controllied
induction motor drive an ideal choice for this kind of application in the MW power
range. It is not unusual to encounter, for example. 9.5-MW drive systems with a
speed range of from 1135 to 1745 rpm and 11.5-MW drive systems with a speed
range of from 757 to 1165 rpm, many of these in paralicl or in series in many pump-
ing stations. Such high-power drives get supplied from a 13.8 kV bus and are
equipped with harmonic suppression circuits in the front end of the inverter and
large dc reactors for smoothing in the dc link. They will have starting circuits with
liquid-cooled resistors to reduce the power capabulity of the converters, and the
inverter will be dual three-phase SCR-bridge converters in series, to keep the dis-
placement factor above 0.88. Note tnat the displacement factor, which is the power
factor considering only fundamentals, will be poor with a single three-phase bridge
converter in the system. The converter units are force cooled by air or water in
many installations.
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