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Abstract

In the present work the performance of induction motor in traction system, which
is fed by voltage source inverter, is investigated. The inverter is operated in space vector
mode to make input and output current sinusoidal. The machine is modeled using d-q
axis transformation. The transient and steady state performance of the induction motor is
investigated for traction load. For obtaining speed control in whole speed range, a control
scheme for Direct Torque Control and flux control (DTFC) of induction motor based on

stator flux field-orientation method, is used.
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CHAPTER: 1
INTODUCTION

1.1 INTRODUCTION

Many industrial applications require rotating electric motors. These motors are
normally capable of speed control and often require an equipment to attain a versatile and
smooth control and make the motor to operate on a desired speed and torque. These
motors are characterized by the nature of speed torque characteristic such as constant
torque motors or constant power motors. These are some time characterized by the type
of motor used in the drive system, e.g., DC and AC motors, making use of dc and ac
" motor respectively. The variable speed application of a drive become more significant
where a wide range of speed is required. Also precise control of speed is required for
particular purpose and sometime regenerative braking is required in which kinetic energy
of motor is returned to source. Thus, a drive should have precise speed control, should
assure stable operation in complete range of speed and also should have good transient
behaviour and good response to load chaﬁge. Another desired feature of a drive is .
continuous, smooth and stepless control of speed very efficiently and economically [21].

Induction motor is used in AC drives. Both slip ring and squirrel cage induction
motors are used. Squirrel cage induction motor has advantages that it is rugged, robust
and has simple construction, lower cost, weight, volume and higher efficiency. It has
large power/weight ratio as compared to dc motor. Since ac motor as constant speed
motors, their speed control over a wide range is difficult. The speed of induction motor
can be varied by
1. varying the stator voltage using a voltage controller
2. varying the rotor resistance using a chopper controlled resistance (for slip ring
induction motor only).

3. slip energy recovery scheme (for slip ring induction motor only).

4. variable voltage variable frequency supply using VSI



1.2 TRACTION MOTOR

DC series motors are widely used in traction as principal drive motor. It has high
starting torque and capability for high torque overloads. With an increase in torque, the
flux also increases; therefore, for the same increase in terque', the increase in motor
current is less compared to other motors. Thus during heavy torque overloads, power
overload on the source and thermal overloading of motor are kept limited to reasonable
values. The motor speed-torque is also suitable for berter sharing of load between motors.
Further, due to large inductance in field, sharp fluctuation in supply voltage do not
produce sharp peaks in armature current thus motor commutation remain satisfactory,
which does not happen in a separately excited motor, unless an additional inductor is
connected in the armature circuit|10].

With the availability of semiconductor converter, separately excited motor is -now
preferred over series motor. With independent contrel armature and field, the speed-
torque characteristic of separately excited motor can be shaped to satisfy the traction
requirements in the optimum manner. Further, because of low regulation of its speed-
torque characteristic, the coefficient of adhesion has higher value. On the other hand,
series motor has a number of limitations. The field of a series motor can not be easily
controlled by semiconductor switches. If the field control is not employed, the series
motor must be designed with its speed equal to the highest desired speed of the drive. The
higher base speeds are obtained by using fewer turns in the field winding. This however,
reduces the torque per ampere at start and therefore acceleration. Further, there are a
number of problems with regenerative and dynamic braking of a series motor. On the
other hand, regenerative and dynamic bréking of a separately excited motor are fairly
simple and efficient, and can be carried out down to very low speed.

Currently compound motor is being preferred for traction applications as it
incorporates the advantages of both series and separately excited motor.

Due to availability of reliable variable frequency semiconductor inverters, Squirrel
cage induction motor is now finding applications in traction. Because of a number of
advantages associated with this motor, this is likely to replace dc motors for traction

applications.



Some of the important advantages of squirrel case induction motors over dc motors
are ruggedness, lower maintenance, better reliability, lower cost, weight, volume and
inertia, higher efficiency and ability to operate satisfactorily with sharp voltage
fluctuation and in dusty environment. The major drawback of dc motor is the presence of
commutator and brushes, which require frequent maintenance, particularly when the

flashovers at the commutator occur due to sharp voltage fluctuations[10].

1.3 TRACTION MOTOR CONTROL

Operation of a dc separately excited motor for traction applications can be divided
into three speed regions. First is constant torque region from zero to base speed. The
field current is maintained constant at rated value and armature voltage is controlled in
this region. Second is constant power region for above base speed. Here the armature
voltage is maintained constant at rated value and field current is controlled. In both
regions, the armature current is allowed to reach rated value on continuous basis. The
limit of constant power operation is reached when a decrease in field current to increase
motor speed leads to sparking at the brushes at the rated armature current. The motor is
said to have reached commutation limit. Operation at higher speeds can now be carried
out by progressively decreasing maximum allowable armature current. This is the third
region of operation in which available output power of the motor progressively decrease
with the increase in speed. Traction motor can be operated in third region because the
torque required at high speed is much less compared to the accelerating torque[10].

The variable frequency controlled squirrel cage induction motors are also operated
in three identical fegions. Constant torque region from standstill to base speed with a
constant v/f ratio and a constant maximum allowable stator current. Constant power
region from base speed to the speed at breakdown torque‘ limit is reached, here voltage
and maximum allowable stator current are constant. For higher speeds, the motor
'operated in the third region where maximum allowable current is reduced inversely with
speed, thus insuring that the motor torque does not exceed its breakdown value. Some
important features of traction drives are;

1. Large torque is required during starting and acceleration in order to accelerate the

heavy mass.



2. The motor is subjected to torque overload during acceleration and when negotiating
up gradients.

The various control strategies, for the control of the inverter fed induction motor ,
have provided good steady-state but poor dynamic response. From the traces of the
dynamic responses, the cause of such poor dynamic response is found to be that the air
gap flux linkage deviate from their set values. The deviation is not only in magnitude but
also in phase. The variations in the flux linkage have to be controlled by the magnitude
and frequency of the stator and rotor phase currents and their instantaneous phase. So far,
the control strategies have utilized the stator phase current magnitude and frequency. This
resulted in the deviation of the phase and magnitudes of the air gap flux linkages from
their set values.

The oscillation in the air gap flux linkage result in oscillations in
electromagnetic torque and, if left unchecked, reflected as speed oscillations. This
undesirable in many high performance application, such as in robotic actuators,
centrifuges, servbs, process drives, and metal-rolling mills, where high precision, fast
positioning, or speed control are required. Such requirement will not be met with the
sluggishness of control due to the flux oscillations. Further, air gap flux variation result in
large excursions of stator currents, requiring large peak converter and ‘inverter rating to
meet the dynamic. An enhancement of peak inverter rating increase cost and reduces the
competitive edge of ac drives in the marketplace, in spite of excellent advantages of the
ac drive over dc dri\'res.

Separately excited dc motors are simpler in control because they independently
control flux and torque. This is made possible with separate control of field and armature
current which, in turn, control the field flux and the torque independently. Moreover, the
dc motor control requires only the control of the field or armature current magnitudes,
providing simplicity which is not possible with ac motor control. By contrast, ac
induction motors require a coordinated control of stator current magnitudes, frequency
and their phase but making it a complex control. As in the dc motors, independent control
of flux and torque is possible in ac motors. The torque and flux is compared to reference
" torque and flux respectively, but this requires the position of the stator flux linkages at

every instant, unlike in the dc machine. If this is available, then the control of ac



machines is very similar to that of separately-excited dc machines. The requirement of
phase, frequency and magnitude control of the currents and hence of the flux phasor is
- made possible by inverter control. The control is achieved in field coordinates (hence the
name of this control strategy is field oriented control ) because it relates to the phasor
control of the stator flux linkages.

Vector control made the ac drive equivalent to dc drives in the independent
control of flux and torque and superior to them in their dynamic performance. These
developments positioned the ac drives for high performance applications, hitherto

reserved for separately excited dc motor drives.

1.4 LITERATURE REVIEW

T.G.Habetler, Deepakraj M. divan [1] presents a scheme for Direct torque Control
of ac machine using discrete pulse-modulated inverters such as the resonant dc link
mverter. A unique feature of the control method presented is that only one current sensor
in the dc link is required. The scheme is of particularly important for realization of

traction drive.

T.G.Habetler [2] présents a control scheme for Direct torque and Flux Control of ‘
induction machine based on the stator flux-orientation method. With the proposed
predictive control scheme, an inverter duty cycle has directly calculated each fixed
switching period based on the torque and flux error. This paper describes a method by
which a voltage space vector can be calculated in order to control the torque and flux

directly in a deadbeat fashion.

R.J. Hill [3] explains the electrical and control engineering background in electric

railways. The articles cover traction drives with DC and AC traction motors.

R.J. Hill [4] described the nature of the traction load, the requirements of the
traction duty cycle and power electronic controlled drives with DC traction motors. This

article covers traction drives with inverter-fed three-phase induction motors.



Y.A.Chapuis, C.Pelissou, D.Roya [5] presents the Direct torque Control under
square wave condition and proposed a control structure under squélre wave operation to

optimize power and losses in the inverter and the machine.

Jun-Koo Kang and Seung-Ki Sul [8] present a direct torque control (DTC)
method of an induction machine, which enables the minimum torque ripple control, while
maintaining constant switching frequency.

P.S.Bimbhra[9] present different type of induction motor control schemes through
PWM inverter. A general idea about Spave Vector based voltagé source inverter is also
given.

G.K.Dubey[10] present the general idea about type of traction motor and about

nature of load.

P. C. Krause [11] presents the induction motor model in different reference frame

(stationary reference frame or arbitrary reference frame)

Yen-Shin Lai and Jian-Ho Chen [12] presents a new direct torque control
technique based on the application of Space Vector Modulation for prefixed time

intervals. In this way a sort of Discrete Space Vector Modulation is introduced.

Hu Hu, Yong Dong Li and Yi Zeng [13] presents a new stator flux estimation
based on voltage model for direct torque control. The flux estimation, with simple
structure, can observe the phase angle and amplitude of stator flux accurately and is

robust to machine parameters variation in whole speed range.

Hu Hu Yongdong Li [14] presents the scheme of direct torque control for
railways traction in whole speed range. It proposed that in low speed range , the locus of
stator flux is controlled to be a circular to reduce torque ripple and in medium and high
speed range, the locus of stator flux is controlled to be hexagonal to reduce switching

frequency.

Qu wenlong, Yang yi [15] presents a control strategy of direct torque control of

induction motor fed with GTO VSI applied to traction. Because the switching frequency



can not be high in the condition of high power GTO inverter application, different control

method are adopted in different speed range.

B.K. Bose [16] presents the generalized space vector modulation technique for
PWM inverter.

R. Krishnan [17] presents a implementation scheme of direct torque control for
induction motor drives. _ .

Nik Rumzi Nik Idris, and Abdul Halim Mohamed Yatim [18][19] presents a
constant switching frequency torque controller which is capable of reducing the torque

ripple and maintain a constant switching frequency.
1.5 ORGANISATION OF WORK

In the present work, the performance of VSI fed induction motor is estimated for

the electric traction applications by simulation in MATLAB.

Chapter 1: Gives introduction of VSI fed drives, about speed control of induction
motor and requirement of traction application. Literature review and work of organization

is also presented in this chapter.
Chapter 2: Gives the basic idea of vsi and pwm techniélue and svm technique.

~ Chapter 3: Presents the mathematical modeling of induction motor, which is used in

the simulation for traction purpose.

Chapter 4: Gives the basic scheme used for speed control of induction motor and

software developed for the simulation purpose of the drive
Chapter 5: Discussion the results obtained with simulation.

Chapter 6: Conclude the results and suggest further work.



CHAPTER 2:
VOLTAGE SOURCE INVERTER AND
SPACE VECTOR MODULATION

2.1 INTRODUCTION

In modern industrial world induction motor is the most preferred motor for
general purpose applications, due to low maintenance, high reliability and low cost. On
account of these highly desired properties of induction motor an attempt has continued to
employ induction motor in other areas of application. These applications may require
high starting torque, smooth speed control. In almost industrial application speed control
is required. For smooth speed control of an induction motor v/f control is the established
method. In such applications the variable frequency supply can be generated by using
static inverter, employing solid state power switching devices.

The supply generated by these inverter is usually non-sinusoidal in nature; i.e.
there is presence of harmonics which gives rise to different undesirable effects in the
machine, like torque pulsation, additional power losses, temperature risé etc. The inverter
control of three phase six step inverter is simple and the switching loss is low as there are
only six switching per cycle of fundamental frequency. However, the low order
harmonics of the six step voltage wave will cause large distortion of current unless
filtered by bulky and uneconomical low pass filter. It is possible to control the output as
well as optimize the harmonics by performing multiple switching within the inverter with

the constant dc input voltage.

2.2 VOLTAGE SOURCE INVERTER (VSI)

A Voltage Source Inverter is characterized by the stiff dc voltage supply at the
input terminal of inverter and voltage source have negligible source impedance. The dc
supply voltage may be fixed or variable, and méy be obtained from utility power supply.
In VSI the power semicénductor devices always remain forward biased due to the dc
supply voltage. And therefore some type of force commutation is mandatory when using

thyristors. Voltage source inverter can be classified as[9]:



a) Square wave inverter, which may be of 180 degree of conduction or 120 degree of
conduction.

b) Twelve-step Inverter.

c) Pulse Width Modulated Inverter.

2.3 PWM TECHNIQUES

Induction machines fed by non-sinusoidal supply have different harmonics in the
current, which causes torque pulsation, heating, reduced efficiency and poor power
factor.v It is difficult to filter out the low frequency harmonics. These harmonics can be
filter out by supplying machine with number of pulses per half cycle in the input voltage
by Static switches. Thus, the process in which the voltage is controlled by varying the
pulses during per half cycle is known as Pulse Width Modulation (PWM). Commonly
used PWM techniques are, '

a) Single Pulse Width Modulation Technique.
b) Multiple Pulse Width Modulation Technique.
¢) Sinusoidal Pulse Width Modulation Technique.

2.3.1 Single Pulse Width Modulation Technique

In Single Pulse Width Modulation control, there is only one pulse per half cycle
and width of the pulse is varied to control the inverter output voltage. The gating signal is
generated by comparing a rectangular reference signal of amplitude A, with a triangular
carrier wave of amplitude A.. the frequency of the reference signal determines the
fundamental frequency of output voltage. By varying A, from 0 to A., the pulse width 9,
can be varied from 0 to 180 degree. The ratio A, to A. control variable and defined as the
amplitude modulation index. In this modulation, the dominant harmonics is the third and

distortion factor increase significantly at a low output.

2.3.2 Multiple Pulse Width Modulation Technique
In Multiple Pulse Width Modulation, there are several pulses per half cycle of

voltage. By comparing the triangular carrier wave with a reference wave generates the



gating signal for ON and OFF static devices. The modulation induction controls the
output voltage. This type of modulation is also known as uniform pulse width
modulation. The number of pulses per half cycle is determine by

P=m¢2.0

Where my is modulation index. The variation of modulation index from zero to
one varies and the width pf pulse from zero to 7/P and the output voltage from zero to Vs.
the distortion factor is reduce significant but due to large number of ON and OFF of static

switches the switching losses in inverter increase.

2.3.3 Sinusoidal Pulse Width Modulation Technique

Most of the ac motors are designed to operate on a sine wave supply, and the
inverter output should be as nearly sinusoidal as possible. Therefore, the three-phase
square wave reference is replaced by a three-phase sinusoidal reference wave, to give a
PWM waveform in which the pulse width is a sinusoidal function of the angular position
of the pulse in a cycle. This is termed as sinusoidal PWM.

In sinusoidal Pulse Width Modulation, the gating signal is generated by
comparing the sinusoidal reference wave with triangular carrier wave. The width of
each pulse is varied in proportion to the amplitude of a sine wave evaluated at the center
of the same pulse. The frequency of reference signal f;, determines the inverter output
frequency and its peak amplitude A, controls the modulation index M which controls the

rms output voltage[9].

2.4 SPACE VECTOR PWM

2.4.1 Introduction

The space vector PWM (SVM) method is an advanced, computation-intensive
PWM method and is possibly the best among all the PWM techniques for variable-
frequency drive applications. Because of its superior performance characteristics, it has
been finding widespread application in recent year

Pulse Width- Modulation technique is used to generate the required voltage or
current to feed the motor or phase signals. This method is increasingly used for AC drives

with the condition that the harmonic current is as small as possible and the maximum

10



output voltage is as large as possible. Generally, the PWM schemes generate the
switching position patterns by comparing three-phase sinusoidal waveforms with a
triangular carrier. In recent years, the space vector theory. demonsfrated some
improvement for both the output crest voltage and the harmonic copper loss. The
maximum output voltage based on the space vector theory is 2/3 = 1.155 times as large as
the conventional sinusoidal modulation. It enables to feed the motor with a higher voltage
than the easier sub-oscillation modulation method. This modulator allows a higher torque
at high speeds, and a higher efficiency. It also minimizes THD and switching loss. The

controlled variables are motor voltage and motor frequency[16].

2.4.2 Inverter Switching States

To understand the SVM theory, the concept of a rotatihg space vector discussed
in[16] is very important. For example, if three-phase sinusoidal and balanced voltages

given by the equations

Vv, =V, cos(wr) : 2.1)
2z ' '
Vs =V, COS (mt - ?) 2.2)
27
vV, =V, cos(a)t + —3—} (2.3)

are applied to a three-phase induction motor, it is shown that the space vector V

with magnitude V, rotates in circular orbit at angular velocity @, where the direction of

rotation depends on the phase sequence of the voltages[16].

When the instantaneous phase voltages are vy, Vbs and v, then space-vector is
defined as

v=2/3(v, +av, + azvcs) (2.4)

_ Jj2=/3
where a=e

From the equation (2.1) (2.2) (2.3) and (2.4) space-vector of voltage is simplified to

11



[
v=v,e : 2.5)

S3 Ss

S
C .
Sa L | Sé Sz
Van

*———

I

T Vbn _i_ cn

Vas VbS \,CS

S I

Fig 2.1 Switch model of a Three-phase Inverter

In the space vector PWM theory, the motor voltage vector is approximated by a
combination of 8 switching states of three upper and three lower power switches that feed
the three phase power inverter. The changeover switch model of a voltage source inverter
is shown in Fig. 2.1. The state of the switches can be defined by the switching functions
Sa, Sp and S.. Their value is 0 when the corresponding phase is connected to the negative
dc-voltage and 1 when it is connected to the positive dc-voltage. The phase voltage with

respect to negative dc voltage can be defined as[12]

van = Sanc
Vin = SpVae - (2.6)
vcn = Schc

And line to voltage are:

Vab = van - vbn

vbc = vbn - vcn 2.7

vca = VCH - van

12



The sum of phase currents is zero as there is no zero sequence current. In a

symmetric load also the sum of phase voltages is zero, v, +Vv, +Vv, =0. Because line-

to-line voltages are also obtained from

Vab = vas - vbs

vbc =vbs _vs

C.

14 = vCS _vas

ca

So the phase voltage can be obtained as

2). (1)
vas = 5 van | A (vbn + vcn)
\3) 3) -
/) A
vbs = 2 vbn - (l (vcn + van)
\3) 3)
79 \
vo=[2 vc,,—(l (Vs + Vi)
\3/ 3)

Now the space vector of output voltage is
— 2

v=2/3(v, +av, +av,)
— 2

Or V= 2/3(v, +av,, +av,)

or v=2/3V,(S,+aS,+a’s,)

(2.8)

(2.9)

(2.10)

The inverter has six states when a voltage is applied to the motor and two states (7

and 8) when the motor is shorted through the upper and lower switches resulting in zero

" volts being applied to motor. It is useful to express these states as vectors. Vv, ; express

three voltages Vv, .,V,,,V,, that are spatially separated 120° apart as a space vector, v for

each of the switching states 1-8. The six vectors including of zero voltage vectors can be

expressed geometrically as shown in Fig 2.2. The eight combinations are the derived

output line-to-line and phase voltages in terms of DC supply voltage Vg4, according to

equations (2.7) and (2.9)
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ViO1O) B V(110

Sector 2 Reference
voltage limit

[ Sector 3 \' Sector 1 Y, .
:.l-.' "--‘_ = -‘,-‘.. V ( 1 00)
V(111 . 01
Sector 4 Sector 6
Vo1 % voltage
---------------------------------------------------- ’VG( 1 0 1 )

Fig 2.2 Space Vector Diagram

Table 2.1 gives a summary of the switching states and the corresponding phase-
to-neutral voltage of an isolated neutral machine. Consider, for example, state 1, when
Si1, S¢ and S; are closed. In this state, phase a is connected to the positive bus and

phases b and ¢ are connected to the negative bus. The simple circuit solution indicates

State On Vas Vs Ves Vab Ve Ve - Space
Devices - VYoltage

Vector

1 S1S6S; 2/3Vy 113V -1/3Vg4 Ve 0 -V V1(100)
2 S;S;S; 1/3 Vg 1/3 Vg, -2/3V 4 0 Ve Ve V,(110)
3 S4S;S; 13V, 213V, -1/3 V4. ~Vc Ve 0 - V3(010)
4 S4S3Ss  2/3Vy 1/3 Vg 1/3 V4, -V 0 Ve V4011)
5 SsSeSs  -1/3Vy, -13V, 2/3Vy, 0 -V Ve V5(001)
6 S:S6Ss 1/3 Vs  -2/3Vy 1/3 V4 Ve -V 0 Ve(101)
7 S;S;Ss 0 0 0 0 0 0 V4(111)
8 S4S6S; 0 0 0 0 0 0 V(000)

Table 2.1 Summary of Inverter Switching States
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thatv, =2/3V,, v,,=-1/3V,and v, =-1/3V,_ . The sets of phase voltages for each

switching state can be combined with the help of Equation (2.4) to derive the
corresponding space vectors.

The eight combinations and the derived output line-to-line and phase voltages are
shown in Table 2.1.

The graphical derivation of V(100) in Fig 2.3. indicates that the vector has a
magnitude of 2/3Vy; and is aligned in the horizontal direction as shbwn. In the same way,

all six vectors and two zero vectors are derived.

a vas
\ N
\XIBVdc

V1(100)=2/3V 4,

) > >
/ 213V, '\/‘ V.,
-1/3V 4 :

2
ay
Vs

Fig 2.3 Construction of inverter space vector V;(100)
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8 NVis vi

V(110)=2/3V,4

2

AWy,

Fig 2.4 Construction of inverter space vector V,(110)

V3(010)=2/3Vy,

2

v,

Fig 2.5 Construction of inverter space vector V3(010)

16



3 Wbs

V4(0 2 )=2/3 Vdc /_\'

™ v,

<\/¢
2

v,

" Fig 2.6 Construction of inverter space vector V4(011)

3 Wbs

V5(001)=2/3V¢,

Fig 2.7 Construction of inverter space vector Vs(001)
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V3(101)=2/3V,

Ccs

Fig 2.8 Construction of inverter space' vector Vg(101)
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" CHAPTER -3

MATHEMATICAL MODEL OF AN INDUCTION MOTOR DRIVE

This chapter presents the development of generalized equations describing the

- behavior of the cage induction motor drive based onrthe coupled circuit approach. The

system has been analyzed in a stationary reference frame. With the help of d-q

transformation of variables, basic equations for induction motor, is developed in per unit

system. The mathematical model of developed has been used in present study for analysis

purpose of the drive under space vector modulation technique. 7

The steps involved in determining the mathematical model of an electrical
rotating machine are as follow;

1. Various phases or winding of machine are identified as coils having certain
resistance, self-induction and mutual inductions. The equations are written for
balance voltage. The equation contain

(a) Ohmic drop in the resistance of coil.

(b) Self induction voltage in the coil.

(c) Voltage induced in the coil due to.mutual coupling.
(d) Voltage induced due to rotation.

2. Since there is relative motion between stator and rotor, coil inductances are assumed
as a function of rotor position. Thus, the linear transformation is derived to convert

the impedance matrix to certain coefficient,
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3.1 DEVELOPMENT OF MATHEMATICAL MODEL OF THE
INDUCTION MOTOR

The generalized equations describing the behavior of an induction motor under
steady state and transient condition are established. For the analysis of induction motor
following assumptions are made:

1.  The motor magnetic circuit is considering linear and saturation is neglected.
2.  Core, friction, windage and stray load losses are not consider in the analysis.
3. The neural of motor is not grounded; consequently, the current and flux linkage of
coordinate zero can be neglected.
4.  The switches are assumed ideal. i
The ideal three-phase induction motor, can be schematically represented in fig.
3.1, is regarded as a group of linear coupled circuits. Distributed stator and rotor winding
have been shown by concentrated coils. The connections and current conventions for the

stator phases are shown in fig. 3.2 and the angular relationship of various axes is shown

in fig. 3.3. The axis of a rotor phase is displayed by an angle €, from the axis of the
corresponding stator phase. As the rotor rotates, the angle 6, varies with time and is
given by

P =w 3.1)

r r

Where, @, is angular speed of rotor ( in elect. rad./sec.). If @, is the synchronous
speed (in elect. rad./sec.) then slip is given by

. (MJ 52

4

e

The d-q reference frame is considered to be rotating with arbitrary speed @ with
respect to the stator. Thus, considering the g-axis to be consider with phase-a axis of the
stator at time t=0, it will advance by an angle @ such that

po=0 (3.3)
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. bs-axis ®
br-axis

as-axi§
cr
®
AN Ocs
ar
\ Q
g X
cs-axis

cr-axis

Fig 3.1 Idealized three phase Induction motor |
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=

B

Fig 3.2 Connections and current conventions for a 3-phase
Squirrel cage Induction motor '

q-axis

bs-axis
br-axi
0 .
ar-axis
0, » as-axis
cs-axis
cr-axis d-axis

Fig. 3.3 Axes of a 3-phase symmetrical Induction motor
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The angle S between the d-axis and rotor phase-a axis is then given by

B=0-6, (3.4) .
The voltage—current relations for the stator and rotor windings are given by the following

expression[11]:

For stator
v, =L R +pA, (.5)
Vs = by R + DAy, (3.6)
Vo =l R + DA, (3.7)

Where p/las ; P/ﬁibs and P/’L-cs are induced emf in stator phaée a, b and c respectively.

For rotor
Vor =l R, + DA, | (3.8)
Vor =15 R, + P, 69
Vo =l R+ P4, (3.10)

Where P/Yvar , P/'tb, and p/lc, are induced emf in rotor phase a, b and ¢ respectively.

For a magnetically linear system, the flux linkages may be expressed as

ﬂ'abcs _ Ls Lsr iabcs - 31 1
z’abcr - (Lsr)T Lr iabz:r | ( - )

Where
(Abes) T= [ﬂ’as Ass Ao ]
(;l’abcr )T = [ﬂ'ar ;{’br /lcr ] '
(iab;s )T = [ias by L ] (3-12)

. T N . .
(labcr) - [zar lbr lcr]
Self-induction of stator and rotor phase, mutual inductions between stator phases
and mutual inductions between rotor phases are constant because of smooth rotor

construction, but the mutual inductions between a stator phase and a rotor phase depends
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on the position of rotor, the instantaneous value being proportional to cosine of the angle
between stator and rotor axes at that instant[11].

So the winding induction are derived as
(L, +L, -1/2L, -1/2L ] |
L =\-1/2L, L +L, -1/2L_  3.15)
2L, -1/2L, L,+L, |

A

L +L_ —-1/2L  —1/2L
L =\-1/2L, L +L_ -1/2L | (3.16)
-1/2L,, -1/2L, L, +L, |

cos(6.) cos(@.+2m/3) cos(6. —2x/3)
L, =L_|cos(6.—2x/3) cos(6.) cos(6, +2x/3) (3.17)
cos(@. +2x/3) cos(6.—2x/3) cos(6.)

In the above inductances equations, L, and L, are respectively, the leakage and
magnetizing inductances of stator winding; L, and L _are for the rotor windings. The
inductance L, is the amplitude of the mutual inductance between stator and rotor

windings.
When expressing the voltage equations in machine variable form, it is convenient

to refer all rotor variables to stator winding by appropriate tern ratio (n=Ng/N;)

Lper =1/ R)i

aber
vabcr = nvabcr (3-18)
ﬂ’abcr = n/labcr

The magnetizing and mutual inductances are associated with the same magnetic

path: therefore
L,=nL, and L, =(1/n)’L,
Thus, we will define

LS r = an r or
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cos(6.) cos(@. +27/3) cos(6.—27x/3)
L =L_|cos(@ —2x/3) cos(8.) cos(6, +27/3) | 3.19)
cos(6@. +27z/3) cos(8. —2x/3) cos(6.)

And if let

' 2
Lr =n L,. Then

L +L_  —1/2L_ -1/2L

r

Where
[ _ 2
L, =n’L

Ir

The flux linkage may now be expressed as

ﬂ‘abcs _ Ls ES,- iabcs
Z’clzbcr (L'sr )T ‘Llr iclzbcr

L =\-1/2L,, L +L_  -1/2L_
-1/2L,, -1/2L, L, +L,

(3.20)

A

(3.21)

The voltage equations expressed in terms of machine variables referred to the stator

windings may now be written as

v_abcs _ rs + p Ls yZ I"sr iabcs
vc'zbcr ,p(Esr)T r,-' + pl;',. i(;bcr

(3.22)
RS Lls L'lr R',./S
W
R i U y DN
s r
Vs | ‘ L Vv 'l'

Fig. 3.4 Conventional per-phase equivalent circuit for a 3-phase,

symmetrical Induction motor
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3.2 D-Q MODEL OF INDUCTION MOTOR
After solving the equations (3.5) to (3.22), gives a set of differential equation of

voltages and flux linkage, which are non-linear due to time varying nature of the
coefficients. These equations can, however, be converted to a set of linear equations by
adopting d-q transformation. By doing so the time varying coefficient are eliminated, and
the variables and parameters are expressed in mutually decoupled direct and quadrature
axes. The d-q equatidn of an induction motor can be expressed in arbitrary reference
frame (i.e. stationary, rotating with rotor or synchronously rotating reference frame.). The
use of a reference frame that rotates at synchronous speed provides advantages that with

sinusoidal excitation the variable appear as dc quantities in steady state conditions[22].

3.3 MOTOR EQUATIONS IN ARBITRARYT REFERENCE FRAME

The voltage equation in arbitrary reference frame (d-q model) con be written as

quos = Itciqdos + a)/ldqs + P /?"qdos
C - ' (3.23)
quor =7, lqdor + (a) o @, )/ldqr TP ;l’qdor

The set of equations is complete once the expressions for flux linkages are

determined. The flux linkage equations for a magnetically linear system can be written as

Awos | | KL(K)"'  K.L,(K,)" || faos
' - ' - ' — ! 3.24
Z’qdor (Kr (Lsr )T (Ks ) 1 KrLr (Kr ) 1 lqdor ( )
Where

T
(Z'qu ) = I:z’ds _;i’qs O:I
1 T ! 1
(/lqa'r) = I:ﬂ’dr _Z’qr O:I
And K"s is a transformation matrix, which transform the 3;phase variable of

stationary circuit elements into arbitrary reference frame.

cos(d) cos(@—2z/3) cos(@+2m/3)
K, = 3 sin(@) sin(@-27/3) sin(@+2x/3) (3.25)
1/2 1/2 1/2
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Similarly K, is a transformation matrix, which transforms the 3-phase variable of

rotating circuit elements into arbitrary reference frame

cos(fB) cos(f—-2x/3) cos(f+27/3) _
K = 3 sin(#) sin(f—-2x/3) sin(B+2x/3) 1 (3.26)
1/2 1/2 1/2

The voltage equations after written in expanded form. From (3.24) we obtain

Ve = Ry + @A 4 +pA,, . (32D
Vi =Ry — @A  +pA, (3.28)
V, =Ri, +(@~-0)4, +pl, (3.29)
v, =Ri, (-0, +pl, (3.30)

R,

fig. (b): d-axis circuit

Fig. 3.5 Arbitrary reference frame equivalent circuit for a
3-phase, symmetrical Induction motor
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Substituting (3.15), (3.19), (3.20), (3.25) and (3.26) into (3.24) yields the expressions for
the flux linkages. In expanded form we have

;i’qs = ‘Lls iqs + Lm (l qs +l;r) (3.31)
Ay =L, +L (i ,+i,) | | (3.32)
Ay =Lyd, + L, (0 +i,) (3.33)
A, =Li, +L (i,+i,) (3.34)

In addition, electromagnetic torque of induction motor can be calculated as

T =(94)(55) (Rude ~2) 339

Because machine parameter is taken in per unit so it is convenient to express the voltage

and flux linkage in terms of reactance rather than inductances. Hence, (3.27 to 3.30) are

written as
v =Ri +£!// +ipy/ 3.36
qs s°qs a)b ds a)b qs ( . )
) 077, 1 : '
Vas = Rslds —"_qu+_de9 (337)
@, @,
! 'l (a)'—a)r \ ' 1 ' .
vqr = erqr + l//dr +_pl//qr (338)
. D ) @,
. o (a)—a), A -
Vg =R, — Yo t— DWWy (3.39)
\ @ ) @,

'~ Where w, is the base electrical angular velocity used to calculate the inductive reactance.

Flux linkages (3.31 to 3.34) now become flux linkage per second with units of volts.

W, = Xyl + X, (0 +,,) (3.40)
W = Xy + X, (0 4+, (3.41)
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Vi = Xyl + X, (0 +,) (3.42)
W, =X, i, +X (@,+i,) (3.43)

And electromagnetic torque of induction motor

(/)(}7)(/ ) Vslys =W gsiay ) . (344)

3.4 MOTOR EQUATIONS IN STATIONARY REFERENCE FRAME

When induction motors are controlled through Direct Torque Control schemes,
control computation is often done in the stationary reference frame. So the induction

motor dynamic model in stationary reference frame can be can be calculated from
equatidn (3.36) to (3.43) where @ = 0. Since the rotor is short-circuited

v, = 0. After simplified-

w =(5"—b-] v —{RS J(W Wy (3.45)
gs p gs XIS mgq gs .
T Y L . (3.46
l)”aﬁ_r - p ds X,s Wmd l/jds ( . )
. \ N . (R .
v., =(-a;—)[[ Z, ]wdr +( X ](w,,,q —wq,)] (3.47)

vy =] 2| [ 2, +| 2 (Vi V) 3.48
dr p a)b qr Xh. md dr ( . )
And electromaghetic torque is given as

3 PY 1 . . -
T, = (EJ(EJ[ZJ (l//dslqs - ‘//qslds) (3.49)

Wing = Xog [W‘” "”“”] (3.50)

soV,, =

Where

XIs X Ir
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‘/jmd = aq [&_FELJ (351)

Xls Xlr
-1
X 4 =( ! + 1 + ! J
Xls ‘Xlr Xm
1

et (va-v) P

Xls
ds — -1— (l//ds _l//md) (3.53)

X

Wclp' - qu ) (354)

t//;dr —Wmd) i (355)

R Xis X'lr ~0rV gr R'r

t—

. Vds

fig. (b): d-axis circuit

Fig. 3.6 Stationary reference-frame equivalent circuit for a 3—phase,
symmetrical squirrel-cage Induction motor
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3.5 PER UNIT SYSTEM

When per unit system form is chosen to express various quantizes of a machine
system, two distinct advantage results. One is that machine parameters of system lie in a
reasonably narrow numerical range. Their correctness or otherwise can therefore be
established through a rapid check. The narrow range also facilitates simulation of the
machine system on digital computer. The other is that arbitrary numerical factor, which
may appear in the ordinary equation in d-q model transformation, disappear in per unit
form, leading'to simple equation[11].

For per unit conversion various variable and parameters are expresseé in terms of
their base value. The base value are define as
Base voltage

Vhase = peak value of rated phase voltage of the induction motor in volts (Vsm)
Base current
Ipase = peak value of rated phase current of the induction motor in Amps (Ism)

Therefore, base power and base impedance can be calculated as

Base power
Poase = 3*Vims* Irms
=3*(Van/ V2 *li/ +/2)
=(3/2)(Vsm™Tsm) (3.56)

Base impedance
Zbasezvbaseﬂbase (ln Ohl’I'l) . (3 S5 7)
Base electrical speed

®base = 2*7 *f (in elect. radians/ sec.), where f is the rated supply frequency of

the motor.
Base torque
P base
Thase= —— (N-M) (3.58)

So the electromagnetic torque (in p.u.) can be calculated as

32



T, = (W adyy — Wi (3.59a)
Torque balance equation in p.u. of the drive is given below

T =7, +2Hp(o,/o,,,) - (3.59b)

Where 7, is p.u. torque, @, is rotor speed and H is the inertia constant of the drive in
seconds.
If J is the inertia of the rotor in kg-m?® then H can be calculated as
—{1 2 Ja)base

= (A)(AJ)( Ame) (3.60)
Using the p.u. quantities, we can describe a dynamic model of squirrel cage induction
motor drive. The p.u. equations have been used in present work to analyze the behaviour
of the drive in traction application. The model developed can be used to predict the
dominant feature of the drive under steady state and transient conditions. The model

neglects hysterisis and eddy current losses.
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CHAPTER: 4
DIRECT TORQUE CONTROL

There are many different ways to drive an induction motor. The main differences

between them are the motor’s performance and cost in its real implementation.
4.1 SCALAR CONTROL

Despite the fact that “voltage /frequency” (v/f) is the simplest controller, it is the
most Widespread, being in the majority of the industrial applications. It is known as a
scalar control and acts imposing a constant relation between voltage and frequency. The
structure is very simple. As in scalar control, due to the fact that the stator flux and the

torque are not directly control, it doesn’t provide a good accuracy in both speed and

<

torque responses.
4.2 VECTOR CONTROL

In these types of controllers, there are control loop for controlling both the torque
and the flux. The most widespread controller is the ones that use vector transform such as
‘Park ’.- Its accuracy can reach values such as 0.5 % regarding the speed and 2%

regarding the torque, even in stand still.

The main disadvantages are the huge computational capability required and the

compulsory good identification of motor parameter.
4.3 DIRECT TORQUE CONTROL

In Direct Torque Control it is possible to control directly the stator flux and torque

by selecting the approximate inverter state.

Its main feature are as follows

= Direct Torque Control and Direct stator Flux Control.
= Indirect control of stator current and voltages.

= Approximated sinusoidal stator fluxes and stator currents.
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= High dynamic performance even at locked rotor.
This method presents the following advantage:
= Absence of co-ordinate transforms.

= Absence of voltage modulator block, as well as other controller such as pid controller

for flux and torque.
= Minimal torque response time, even better than the vector controller
Although, some disadvantages are present:
= Possible problems during starting.

= Requirement of torque and flux estimators, implying the consequent parameters

identification.

= Inherent torque and flux ripples.

4.3.1 Introduction

This method uses feedback control of torque and stator flux, which are computed
from the measured stator voltage and current. The method uses a stator reference model
of induction motor for its implementation, thereby avoiding the trigonometric operation
in the coordinate transformation of the synchronous reference. This is the key advantages
of the control scheme. The scheme uses stator flux-linkage control. This reduces the
dependence of the scheme on many motor parameters, thus making it a robust scheme in
the flux weakening region. The scheme depends only on stator resistance and on no other
parameters. For its flux and torque control, this control scheme requires the position of
the flux phasor, which is difficult to obtain in low and zero speeds from measured
voltages and currents by using a torque processor. At such low speeds, these signals are
very small, making scaling and accuracy problematic; also, the stator resistance
variations introduce significant error in the flux-phasor computation. Invariably the low-

speed suffers with the scheme without stator resistance compensation [17].
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4.3.2 Implementation Scheme

*
=1 Te. K\AT,
Ref. == :
speed ? speed PI controller T
[
Of—p| 7 F
As

flux look-up table

Fig. 4.1: Block diagram of DTC of Induction motor

The implementation of the scheme requires flux linkage and torque computation,
plus generation of switching states through a feedback control of the torque and flux

directly without inner current loop as shown in fig 4.1[12].
The stator q and d axes flux linkage (in stator reference frame) are
s = |V — Ry, )l

qs
I(Vds - Rs ids )dt &1

Z’ ds

Where the direct and quadrature axis components of Voltage and current (in stator

reference frame) are obtained from the ‘abc’ variables by using transformation as below
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Vqs = Vas

v, = 1 V —V, (4.2)
ds /[é—( cs bs) .

iqs = ias

/ = ]. r  — 7 (43)
lds /\/g(lcs lbs)

This transformation is applicable for voltage, current and flux linkage as well. To
obtain uniformly rotating stator flux, note that the motor voltage have to be varied
uniformly without steps too. This imposes a requirement of continuously variable stator

voltage with infinite steps, which is not usually met by the inverter because it has only

finite switching states.

4.3.3 Switching State of Inverter

Consider the inverter as shown in Fig. 4.2 below. The phase voltage V., with
respect to negative of the dc supply is determined by a set of switches, S,, consisting of
T, and T4 as shown in Table 4.1. When the switching device T; and T4 and their anti-
parallel diodes are off, V., is indeterminate. Such a situation is not encountered in

practice and, hence, has not been considered.

i 1

+ a

o 1

-
n

|
81
T, =l T
M
a

53
BT
.TII_I
o

Fig.4.2: Three-phase Inverter

The switching of Sy, and S, sets for line b and ¢ can be derived. The total number
of switching states possible with S,, Sy and S, is eight; they are elaborated in Table 4.4 by

using following relationships [14]:
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Machine line voltages for a balanced system are

I/ab = I/cm _ I/bn
I/bc = I/bn - I/cn (44)
Ve =Ver = Vn

Machine phases voltages for a balanced system are

Vas = (Vab . Vca)/3

Vbs = (Vbc o Vab)/3 | (45)
Vcs = (Vca - Vbc)/3

and q and d axes voltage are given by

Vqs = Vas

Vds = %/5 (Vcs _ Vbs) (4.6)
T, T4 Sa Van
on Off 1 Vi
off On 0 0

Table 4.1: Switching states of inverter phase lag a

T3 Ts Sb Vbn
on Off 1 Ve
off On 0 0

Table 4.2: Switching states of inverter phase lag b

Ts T, S Ven
on Off 1 Ve
off - On 0 0

Table 4.3: Switching states of inverter phase lag c
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State . | Sa | Sp{ Sc | Van | Vbn | Ven | Vab Ve | Vea Vs Vs Vs

I 1 0|0 |Vg| O 0 Ve 0 -Vac | 2/3Vgc 1/3Ve | -1/3V4
II 1 /0|1 |{Va| 0 | Va| Vi | -Vdc 0 1/3Vgc 1/3Vg4c 1/3V g
I 0j]0f|1] 0 0 | Vi 0 -Vae | Vac | -1/3Vq 2/3Vgc 23V
v 01111} 0 |Va|Vi| -Va 0 Vi | -2/3Vy4e 1/3Vgc 13V
A\ 01110 0 [Vg| O | -Vae | Vg 0 -1/3Vge | -1/3Vq4e | -1/3Vg
VI 1 | 1T]10]|Vg|Vg| O 0 Vi | -V 1/3Vy4e -2/3Vye | =213V

VII 0/0]0] O 0 0 0 0 0 0 0 0

VIII 1 | 1T (1] Va| V|V 0 0 0 0 0 0

Table 4.4: Inverter switching states and machine voltage

The stator q and d voltages for each state are shown in Fig. 4.3. The limited states

of the inverter create distinct discrete movement of the stator—voltage phasor, Vs

consisting of the resultant of Vs and Vs [14].

VVI

| g-axis

VI12/3vdc

Vy

VVII
VVHI

v
Viv

Vi

d-axis
Reference

Fig. 4.3: The Inverter output voltage corresponding to
switching states

An almost continuous and uniform flux phasor is feasible with these states, one

due to their integration over time as seen from equation 4.1

For control of the voltage phasor both in its magnitude and phase, the requested

voltage vector’s phase and magnitude are sampled, say once every switching period. The
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phase of requested voltage vector identifies the nearest two non-zero voltage vectors. The
requested voltage vector can be synthesized by 4using fractions of the two nearest voltage
vectors, which amounts to applying these two vectors, one at a time, for a fraction of the
switching period. The nearest zero voltage vector to the two voltaige vectors is applied for
the remaining switching period. The duty cycle for each of the voltage vectors is
determined by the phasor projection of the requested voltage vector onto the nearest zero
voltage vectors. This method of controlling the input voltages to the machine through a
synthesis of voltage phasor rather than the individual line-to-line voltages has the
advantages of: i) not using pulse width modulation carrier-frequency signal, ii) higher
fundamental voltages compared to sine-triangle PWM, based controllers, iii) given the
switching frequency, the switching frequency losses are minimized, and iv) lower voltage
and current ripples. This method of switching the inverter is known as space vector
modulation [19][20].

4.3.4 Flux Control

A uniform rotating stator flux is desirable, and it occupies one of the sextants (in

the phasor diagram shown in Fig 4.4) at any time.

g-axis

S@1)
S(6) S(2)
/3 /3 d..axis
i Reference

SG) /w3 \, S3)
S4)

Fig 4.4: Division of sector for stator flux linkage identification

The stator flux phasor has a magnitude of A, with an instantaneous position of

0. The corresponding d and q axes component are Ags and Aqs respectively. Assuming that
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a feedback of stator flux is available, its place is identified from its position. Then the
influencing voltage phasor is identified by giving a 90° phase shift. For example, if the
stator-flux phasor is in sextant ‘2°, the right influencing voltage phasor has to be either VI
or L. voltage phasor I is 90°- 8¢ and VI is 150°- 8¢ from the flux phasor. One of these two
sets increase A, the other decreases A;. This is found from following explanation obtained
from Fig. 4.5[17]

QA-ax1§
Aal .
Vi !
)‘sVl
As ;
As

» d-axi
" d-axis

Fig. 4.5: Effect of switchihg V1 and Vv on stator-flux phasor

Consider the effect of switching voltage phasor set I, V), the phasor set VI, Vyi.
As seen from the phasor diagram, in the case of set I, the flux phasor increase in
magnitude from A to Ag; in the case of set VI, it decreases to Asyi. This implies that the
closer voltage phasor set increases the flux and farther voltage-phasor set decreases the
flux, but not that both of them advance the flux phasor in position. Similarly for all other
sextants, the switching is developed. A flux error is processed through a window
comparator to produce digital o/p (let it be S; ) according to following condition and

determines which voltage phasor has to be called[17].

Condition Sy
(As - As)>HAs
(As - As)<HMAs 0

Table 4.5: Stator Flux Hysterics Window output
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4.3.5 Torque Control

Over and above the flux control, the control of electromagnetic torque is required
for high-performance drive. It is achieved as follows.
Torque control is exercised by comparison of the command torque to the torque

measured from the stator flux linkages and stator currents as

3P . .
I’e = 55 (ﬂ’dslqs - /’tqszds ) (47)
The torque error is processed through a window comparator to produce digital o/p

(let it be St) according to following condition.

Condition St

(Te - To>HT. 1
-HT, <(T. - Te)<HT. 0
(Te - T)<-HT. -1

“Table 4.6: Torque Hysterics Window output

Where HT. is acceptable error in torque. When the torque error is exceeds HT, It
is time to increase the torque, denoting it with a +1 signal. If the torque error is between
positive and negative torque window, then the voltage phasor could be at zero state. If the
torque error is bellow -HA;, it amounts to calling for regeneration, signified by -1 logic
signal[13][14].

Combining the flux error output S,, the torque error output St, and the sextant of
the flux phasor S(k), a switching table can be realized to obtain the switching states of the
inverter; it is given in Table 4.7. The algorithm for S(k) is shown in Table 4.8 where the

field angle can be calculated as

— -1 /13
Hs_tan ( g Z"ds (4.8)
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Sa St S (1) S (2) S3) S (4) S (5) S (6)
1 1 VI I o I v \%
(1,1,0) | (1,0,0) | (1,0,1) | (0,0,1) | (0,1,1) | (0,1,0).
1 0 VI v VI vII VI VI
(1,1,1) | (0,0,0) | (1,1,1) | (0,0,0) | (1,1,1) | (0,0,0)
1 -1 I I v \% VI I
(1,0,1) | (0,0,1) | (0,1,1) | (0,1,0) | (1,1,0) | (1,0,0)
0 1 \% VI | I o - I IV
(0,1,0) | (1,1,0) | (1,0,0) | (1,0,1) | (0,0,1) | (0,1,1)
0 0 VI | v VII | VIO Vi VI
0,0,00) | (1,1,1) | (0,0,00 | (1,1,1) | (0,0,0) | (1,1,1)
0 -1 I v \Y VI I I
(0,0,1) | (0,1,1) | (0,1,0) | (1,1,0) | (1,0,0) | (1,0,1)

Table 4.7 : Switching states for possible S, , St and S(k)

Oz (field angle) S(k) (sextant)
0<0s< /3 S(2)
-1/3<64< 0 S(3)

-21/3<0g< -1/3 S4)

-I<B0g< -21/3 S(5)
21/3<04< @ ' S(6)
1/3<0g< 21/3 S(1)

Table 4.8: Flux Phasor Sextants

Consider the first column corrésponding to S(k) =S(1). The switching states of the
inverter are indicated in parentheses; they correspond to S,, Sy, and S.. the flux error
sigﬁal indicates 1, which means the flux is less than its requested value and therefore the
flux phasor has to be increased. At the same time, torque error is positive, asking for an
increase. Merging these two with the position of the flux phasor in S(1), the phase
voltage I and VI éatisfy the requirements only if the flux is within the first 30° of sextant
S(1). In the second 30°, note that the voltage phasor I will increase the. flux-phasor
magnitude but will retard it in phase. This will result in a reduction of the stator
frequency and reversal of the direction of torque. The control requires the adVancement

of the flux-phasor in the same direction (i.e. counterclockwise in this discussion); that
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could be satisfied only by voltage phasor VI in this 300._ Voltage phasor VI is the one
satisfying the uniform requirements throughout the sextant S(1), so the voltage phasor VI
is chosen for St and S, to be eqﬁal to +1 with the flux phasor in sextant S(1). When the
torque error is zero, the only logical choice is to apply zero line voltage; because the
previous state had two +1 states, it is easy to achieve zero line voltage by choosing the
switching state VIII with all one. If the torque error becomes negative with St = -1, the
machine has to regenerate, with a simultaneous increase in flux phasor due to Sy = 1;
hence the voltage phasor is retarded close to the flux phasor, and, hence, switching state
I1(1,0,1) is selected.

If S, = 0 (i.e., the flux phasor has exceeded its request by the hysteresis band
amount), then it has to be decreased to match its requested value by choosing a voltage
phasor away from flux phasor, i.e., V. this accelerates the flux phasor and increases the
slip speed, resulting also in an increase of electromagnetic torque, thus satisfying St = 1
demand. When St = 0, reach zero line-voltage states by going to VII, because V
contained two zero states in it. If St = -1, then regenerate, increasing the negative torque
but decreasing the flux phasor; this is achieved by retarding the voltage phasor behind the
flux phasor, but far away from it, and hence III is chosen. Note that it has two zeros in it,

and, therefore, transition from VII to Il requires a change of only one switch signal[17].
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CHAPTER 5
SIMULATION RESULTS AND. DISCUSSION

Induction motor drive, proposed in Figure 4.1, is simulated using the software
package Matlab/Simulink programming environment, in which machine is modelled with
given machine parameter. The physical parameter variations are neglected. The speed PI
controller and hysteresis band for torque and flux control has been included in simulation.
Every instant of a inverter power device switching on and off is decided with the these
hysteresis band . Fig. 5.1 shows the block diagram of simulated drive in MATLAB.

The performance of Direct Torque Control induction motor fed by voltage source
inverter is investigated under different load condition (i.e. constant load and traction type
load). The closed loop operation is performed to control the speed and torque of
induction motor. The simulation result of drive is obtained in constant torque region and

constant power region under different load condition and different speed reference.

5.1 SIMULATION RESULT IN CONSTANT TORQUE REGION
Fig 5.2 to Fig. 5.16 shows the simulation results of transient and steady state

response of motor in constant torque region.

5.1.1 Step change in load

Fig 5.2 to Fig 5.6 show the simulation results when the load is steeply changed
from no-load to 0.7 p.u. load. It show transient and steady state response of the induction
motor characteristics like torque in Fig 5.2, speed in Fig 5.3, stator phase current Fig 5.4,
stator flux in Fig 5.5 and stator flux sector in Fig 5.6. The motor is initially at rest and
given a speed command of 0.8 p.u. at no load. The motor take around 0.39 sec to obtain
speed reference while in the same time the electromagnetic torque remains constant as
maximum torque (Tm). As soon as the speed becomes steady state (Fig 5.3), the
electromagnetic torque becomes equal to load torque (Fig 5.2). Under the same speed, the
load torque increase from no load to 0.7 p.u load at t=0.69sec. then electromagnetic

torque become equal to 0.8 p.u. while the speed slightly decreased. Under this variation
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of load torque, the stator current (Fig 5.4) varied according to electromagnetic
torque while the stator flux (Fig 5.5) remain constant irrespective of electromagnetic

torque.

5.1.2 Step change in speed

Fig 5.7 to Fig 5.11 show the simulation results when the speed reference is steeply
changed from 0.5 p.u. to 0.9 p.u. It show transient and steady state response of the
induction motor characteristics like torque in Fig 5.7, speed in Fig 5.8, stator phase
current Fig 5.9, stator flux in Fig 5.10 and stator flux sector in Fig 5.11. As the reference
speed taken as 0.5 p.u. at no load, the characteristics is similar as in previous-case until
steady state response. Under the same load torque, the speed reference increase from 0.5
p.u. to 0.9 p.u at t=0.454sec. then electromagnetic torque reached at its maximum value
instantaneously and maintain it until rotor speed become reference speed. As soon as the
speed becomes steady state (Fig 5.8), the electromagnetic torque becomes equal to load
torque (Fig 5.7). Under this variation of speed reference, the stator current (Fig 5.9)
varied according to electromagnetic torque while the stator flux (Fig 5.5) remain constant

irrespective of reference speed variation (Fig 5.10).

5.1.3 Traction type load
- In traction system, the load is varied and depends upon speed of motor. Fig 5.12

to Fig 5.16 show the simulation results when load is varied as
7, =00.6%w. *w, +0.1). (5.1)
It show transient and steady state response of the induction motor characteristics
like torque in Fig 5.12, speed in Fig 5.13, stator phase current Fig 5.14, stator flux in Fig
5.15 and stator flux sector in Fig 5.16. . The motor is initially at rest and given a speed
-command of 0.6 p.u. The motor take around 0.32 sec to obtain speed reference while in
the same time the electromagnetic torque remains constant as maximum torque (Tm)
irrespective of load variation. As soon as the speed becomes steady state (Fig 5.13), the
electromagnetic torque becomes equal to load torque according to equation (5.1). Again
it is observed that although the load is varied continuously but electromagnetic torque

obtained its maximum value until rotor speed become equal to reference speed and then
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load torque with in a small time. Under this variation of load torque, the stator current
(Fig 5.14) varied according to electromagnetic torque while the stator flux (Fig 5.15)

 remain constant irrespective of load torque.

2.5 b L) I 1 L) 1 1] |
—— electromagnetic torque
rT———— -—-=- |oad torque
2 .
1.5H .

tarque in p.u.
1

D.5§ .

_Ds | 1 I 1 ! . 1 1 1
0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.B 09

Time in sec

Fig. 5.2 Torque response when step change in load below base speed.

09 rotor speed H
-—— ref speed
_ .
o
= ]
=]
(s8]
a —
| or I
w
1 1 1 1
0.5 0.6 0.7 0.8 0.8

Time in sec

Fig. 5.3 Rotor speed response when step change in load below base speed.
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Fig. 5.4 Stator phase current (L) response when step change in load below base speed.
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~ Fig. 5.5 Stator flux response when step change in load below base speed.
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5.2 SIMULATION RESULT IN FLUX WEAKENING REGION
Fig 5.17 to Fig. 5.31 shows the simulation results of drive performance under flux

weakening region. The result is taken in different conditions of speed and load torque.

5.2.2 Step change in load

Fig 5.17 to Fig 5.21 show the simulation results when the load is steeply changed
from no-load to 0.8 p.u. load while motor is running above base speed. In this case,
reference speed is 1.3 p.u.; which is more than base speed. Here it is observed that unto
base speed the electromagnetic torque and stator flux remain constant to its maximum
value. After the base speed the electromagnetic torque and stator flux decrease in such a
manner that power remain constant. As soon as motor reaches to reference speed, the
torque become equal to no load and flux become constant depend upon speed. Here it is
~ observed that the stator current remain constant until the speed become reference speed
and this the current reduced to load current. Under the same speed, the load torque
increase from no load to 0.8 p.u load at t=0.95sec. then electfomagnetic torque become

equal to 0.8 p.u. while the speed slightly decreased.

5.2.2 Step change in speed

Fig 5.22 to Fig 5.26 show the simulation results when the reference speed is
steeply changed from 1.2 p.u. to 1.6 p.u. while motor is running above base speed. Here it
is observed that As the reference speed taken as 1.2 p.u. at no load, thé characteristics is
similar as in previous case until steady state response. Under the same load torque, the
speed reference increase from 1.2 p.u. to 1.6 p.u at t=0.8sec. then electromagnetic torque
reached at its maximum value instantaneously corresponding to rotor speed and varied
with rotor speed as shown in fig. 5.22. Here it is also observed that stator current obtain

its maximum value whenever motor is running in transient condition.
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5.1.3 Traction type load
Fig 5.17 to Fig 5.31 show the simulation results when load is varied as

T, = (0.6*w, *a, +0.1) (5.2)
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It show transient and steady state response of the induction motor characteristics
like torque in Fig 5.22, speed in Fig 5.23, stator phase current Fig 5.24, stator flux in Fig
5.25 and stator flux sector in Fig 5.26. Here it is observed that stator phase current remain
constant to its maximum value until motor speed become reference speed and then it
obtain current corresponding to load torque. The electromagnetic torque and stator flux
follow the constant torque characteristic up to base speed and after it constant power

characteristic until steady state response is reached irrespective of load variation.
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CHAPTER: 6
CONCLUSIONS AND SCOPE OF FURTHER WORK

6.1 CONCLUSIONS

In the present work, implementation of high performance direct torque control
induction motor drive is presented‘that can be used in traction application.

The control of inductioh motor drive is discussed in both constant torque region
and flux weakening region in different load condition and different speed reference. The
proportional-integral controller is used as speed controller to provided fast response. In
operation, the speed is sensed and error between reference speed and feedback speed is
integrated in speed controller which sets the reference torque. Here we seen that flux and
torque can be control separately only by selecting the inverter switching states according
to the error of torque and flux. | '

It 1s well known that the principle of vector control of induction mbtor drive is to
align the flux and torque current along the d-axis and g-axis of the reference frame,
respectively. And therefore, the torque can be controlled by the associated current
component, once the flux is kept constant. For this purpose a lot of precise calculation
have to be done. In contrast, the fundamental ideal of direct torque control is to control
both magnitude flux and torque with in associated error band. these control goals can be
achieved by selecting the inverter switching states according to fhe error of torque and
flux. Here it is also observed that stator current is indirectly control. Due to these feature
direct torque control induction motor can be efficiently used in electric traction

applications.
6.2 FURTHER WORK
In the present work, the performance of VSI fed induction motor is investigated

for the traction applications by simulation in MATLAB. In future work the following

work can be worked:

1. The hardware implementation of the given drive for three-phase induction motor.
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Similar analysis can be performed with out using speed sensor.

Different type of switching control scheme with less torque ripple will be

implemented[19][20].
The close loop of the drive can be controlled using microcontroller.
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APPENDIX-A

The Induction motor, selected for simulation, has specification as follow:

Induction motor Type - Squirrel cage
Power - 10 hp
Line-to-Line Voltage -220V

Phase -3 |
Base frequency ' - 60 Hz

Rotor resistance in p.u. (Ry) - 0.0453
Stator resistance in p.u.'(Rs) -0.0453
Rotor reactance at base frequ-ency in p.u. Xy -0.0322
Stator reactance at base frequency inp.u. (X)) ~  -0.0775

Magnetizing reactance at base frequency in p.u. (Xm) - 2.042
Inertia of rotor in p.u.(H) - 0.5 sec.
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