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ABSTRACT

For high performance, variable speed applications, the Induction Motors are used widely
due to its low cost, low maintenance, requirement, robustness and reliability, thus replacing the
DC motor drives. For wide range of speed applications and fast torque response, IMs perform
satisfactory with the vector control strategy. Because of the higher order unmodeled system
dynamics and different machine parameters such as rotor speed, stator and rotor resistance
variation and load torque variation, different nonlinear controllers are used to increase its
robustness and to make the system stable. However, the use of linear controller does not give

satisfactory performance due to the above causes.

IM is mathematically to get an approximate idea of the actual plant model. The vector
control of IM is implemented by using different controllers such as P-I, sliding mode controller
and a hybrid controller such as fuzzy sliding mode controller. To make the system to remain in
steady-state, P-I controller is used and due to the more sensitive action of the derivative

controller, it is not used.

The sliding mode controller is designed for robust control of IM. Under different adverse
condition, its performance is satisfactory. But, the main disadvantage of sliding mode controller
is the chattering problem that can be reduced by taking necessary steps. The disadvantage of the
sliding mode controller is eliminated by a hybrid controller such as fuzzy sliding mode

controller.

To make the system sensorless, we go for rotor speed estimation using direct synthesis of
state equation, as the closed loop control requires the speed sensor. By using speed sensor, the
IM becomes more costly and less reliable and increased maintenance cost. The different
simulation results are observed and studied and the analysis of the different simulated results are

presented.
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1. INTRODUCTION

1.1 General

With the developments in power electronics, variable speed applications of both DC and
AC machines gained momentum. The DC drives use thyristor controlled rectifiers to provide
high performance torque, speed and flux control. The variable speed induction motor drives use
mainly dc-ac inverters with pulse width modulation (pwm) techniques to generate a poly-phase
supply of a given frequency. Most of the industrial applications that require good torque, speed
or position control traditionally use DC motors. But, the advantages of induction motors are clear
in terms of robustness, high torque-to-weight ratio, higher reliability, ability to operate in
hazardous environment and price. After the development and implementation of field oriented
control of induction motors, they became able to compete with DC machines in high
performance applications. The induction motor dynamics can be compared to that of a DC motor
with fast transient response if the flux producing and torque producing components of the stator
current can be controlled independently which means it is possible to control the amplitude and
phase angle independently.

1.1.1 Scalar Control

It is a non-vector control scheme featured by only magnitude control. It is a very simple
method of speed control for motor drives. The speed of the motor can be controlled by changing
the magnitude of voltage or frequency of the induction motor. The air gap flux can be controlled
by the voltage and the frequency and is used to control the torque. As the flux and torque are
both functions of frequency and voltage respectively, so, there exist the coupling effect between
the flux and torque, which degrades the performance of the scalar control. The dynamic
performance of the scalar control can be used for small variation of motor speed and load, it. But,

for high performance drives, its performance is not satisfactory.

1.1.2 Vector Control
The principle of field orientation [1]-[3] for high performance control of machines was

developed in Germany in the late sixties and earlier seventies. Its principle is that the machine
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flux and torque are controlled independently, in a similar fashion to a separately excited DC
machine. The stator current is resolved into two orthogonal components, one in the direction of
flux linkage, representing magnetizing current or flux component of current and the other
perpendicular to it, representing the torque component of current. Both the components are
controlled independently. The two possible methods for achieving field orientation are; direct
flux orientation where the field orientation is achieved by direct measurement or estimation of
the flux, and indirect field orientation where the field orientation is achieved by imposing slip
frequency derived from the rotor dynamic equations. The field orientation with respect to the
rotor flux alone gives a natural decoupling between two components, fast torque response and
stability; whereas the stator and air-gap flux decoupling control methods give nonlinear torque-
slip characteristic with limited starting torque capability, though these methods are having ease

of flux computation.

The advantages and disadvantages of the field orientation with different orientation
schemes were studied in the literature [4, 5], from which it was concluded that the rotor flux
oriented control only gives the natural decoupling of flux and torque [5], fast torque response and
stability [6], whereas the stator and air gap flux orientation give nonlinear torque-slip
characteristics and limited starting torque capability. The study and design procedures of P-I
controllers are given in [2]. The hysteresis controller has fast transient response and the
magnitude of the error of controlled parameter is bounded, whereas in steady-state, the ripple is
high. In P-1 controllers, the effective gains are decreased as a function of the increased motor
speed [6] which can be overcome by a synchronous P-I regulator. With P-1 controllers, the

steady-state error becomes zero.

1.2 Controller Design

The field oriented control decouples the torque and flux producing components of stator
currents of an induction machine and make them orthogonal like that of a separately excited dc
machine, where the commutator does the above purpose. The vector control method uses an
induction motor model and feedback of the rotor speed and produces the decoupled flux and

torque producing components of stator phase current through controllers.

The study and design procedures of P-I controllers are given in [2]. The hysteresis

controller has fast transient response and the magnitude of the error of controlled parameter is
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bounded, whereas in steady-state, the ripple is high. In P-I controllers, the effective gains are
decreased as a function of the increased motor speed [8] which can be overcome by a

synchronous P-1 regulator. With P-I controllers, the steady-state error becomes zero.

1.3 Speed Estimation Techniques

The speed estimation is an important aspect of the field oriented control in the recent
years. The induction motor drives without mechanical speed sensors have low cost and size and
high reliability. There are many techniques for sensorless closed-loop speed control of an
induction motor. In the indirect field-oriented control of induction motor, slip speed estimation is
based on the measured or estimated rotor speed to calculate the synchronous speed of the motor,
whereas in the direct field oriented control, the synchronous speed is computed with the aid of a

flux estimator.

Many speed estimation algorithms and speed sensor less control schemes have been
developed. Some of the approaches are:-

X2 Speed estimation by the parameter identification approach [16, 17, and 18]. But, the
parameter variation affects the performance of the estimator resulting in deterioration of

the performance [19].

X Kalman filter algorithm and its extensions are robust and efficient observers for linear
and nonlinear systems. An extended Kalman filter is used in [12] for speed estimation of

vector controlled induction motor drives.

X2 Many Model Reference Adaptive Systems (MRAS) based speed sensorless schemes have
been studied in [20, 21].

X Machine saliency based on fundamental or high frequency signal injection method has
also been used for rotor position and speed estimation techniques. This technique is
insensitive to actual motor parameter variations, but at low and zero speed operation, the
performance is not much appreciable. Also, it causes torque ripples and vibration and

noise at high frequency signal injection [8].
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1.4 Control Schemes

1.4.1 P-l Controller

The P-I controllers are widely used in industries for high performances of electric
drives. The ordinary method for the selection of the P-I gains is by trial and error method. Also,
it makes the steady-state error zero. But, choosing improper P-1 gains may affect the system
variables. So, they need to be designed properly. The P-1 gains can be designed by modulus
optimum method. The pole-zero cancellation technique is another method to design the gains.
The P-1 controllers cause the overshoot and undershoot of the system response. The gains can be
optimized by different optimization techniques such as Genetic Algorithm (GA) and Particle
Swarm Optimization (PSO). In high performance ac drives, P-I controllers fails to achieve
perfect control over the speed and load variation, in the presence of external and internal
disturbance in the system and parameter variations. So, the efficiency, reliability and
performance of the ac drives may deteriorate, which leads to employment of other nonlinear and

hybrid controllers.

1.4.2 Sliding Mode Controller (SMC)

Sliding mode control is a nonlinear control technique that makes the system robust to
parameter variations, modeling inaccuracies, external disturbances. This controller provides
stability, faster dynamics and satisfactory performance for a higher order nonlinear system like
induction motor drive. SMC is computationally simple compared to the adaptive controllers.
These advantages of SMC can be employed in position and speed control of an ac servo system.
An SMC design method based on synchronously rotating reference frame is presented in [22].
The chattering effect is the main disadvantage of the SMC. This chattering effect can be
eliminated by introducing a saturation (sat) function. Here, the SMC technique is utilized for a
direct field oriented induction motor drive to get a robust nonlinear control law to model

uncertainties, inaccuracies and many other aspects.

1.4.3 Fuzzy Sliding Mode Controller (FSMC)

Fuzzy sliding mode controller is a hybrid controller that combines the fuzzy logic and the
sliding mode technique. Irrespective of the robustness of the sliding mode controller against any

uncertainties and disturbances, it is associated with the chattering problem and high controller
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gains. So, reduction of this chattering effect can be achieved by a hybrid controller like FSMC
that can give chattering free response without sacrificing the robustness of the system. The
FSMC combines the advantages of sliding mode controller and fuzzy logic controller and
reflects it in the system performance. The FLC is a simple rule based control system where the
rules for this are decided by the user. Here, the inputs and the outputs, both are in the form of
linguistic or fuzzy variables. The fuzzy sliding mode hybrid controller has the ability to account
for modeling imprecision and external disturbances while the fuzzy logic controller provides

better damping and reduced chattering.
1.5 Objectives

The vector controlled induction motor drive is associated with the nonlinearities due to
the higher order differential equation in the mathematical modeling of the induction motor. The
induction motor drive is linearized and decoupled into two subsystems i.e. electrical and
mechanical. The induction motor drive is simulated with the P-I controllers. For sensorless
control, many speed estimation techniques has been adopted to avoid measurement noise and to
decrease the maintenance cost. Direct synthesis of state equations method is used in this thesis
for robust and accurate rotor speed estimation. The motor parameter variations cause the
disturbances in the system responses. The P-1 controller gains require regular tuning with the
parameter variations. To improve the dynamic and steady-state performance of the system,
efforts are being made. For the high performance control of induction motor drive, sliding mode
control is used for robust control against parameter variations, noise, machine unmodeled
dynamics and load disturbances. But, due to the chattering problem associated with it, different
controllers are being adopted. Fuzzy logic controller is one of the controllers which give better
performance out of the modern simple controllers for industrial applications. Use of hybrid
controller such as fuzzy sliding mode controller overcomes the disadvantages of sliding mode
controller and therefore is more robust. So, the fuzzy sliding mode controller is a preferred one

for the purpose of industrial application.
1.6 Organization of the Thesis

The organization of the thesis is given below. The vector control of induction motor is

introduced in chapter 1. The design of the speed and flux controller as well as the speed
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estimation techniques are studied in the literature survey. The flux estimation using observer is
also studied. The design of both linear as well as nonlinear controllers such as P-I, sliding mode

and fuzzy sliding mode controller are also introduced in this chapter.

In chapter 2, the induction machine is modeled with synchronously rotating reference
frame. The P-1 controllers are designed by pole zero cancellation technique for speed and flux
control for the vector controlled induction motor drive by dividing the system into two

subsystems i.e. one electrical subsystem and another mechanical subsystem.

In chapter 3, the sliding mode controller is designed for both speed and flux control of
induction motor drive. The control law is derived and the gains are selected by designing the
controller gains. To achieve the sensorless control, the rotor speed is estimated using direct

synthesis of state equations.

In chapter 4, the fuzzy sliding mode controller is designed for the vector controlled
induction motor drive. The control law is derived and the similarities of the sliding mode and the
fuzzy sliding mode controller are discussed. A symmetrical triangular membership function is
selected and the fuzzy variables are chosen such that we get a simple fuzzy rule for the ease of

calculation.

Chapter 5 represents the conclusion of the thesis. The simulation responses for different
controllers are compared. The assessment of the work and the future scope for the thesis are
discussed. The performance comparisons of the controller for a step change in reference rotor

speed, step change in load torque and simulation responses for flux weakening mode are made.
1.7  Contribution of the Thesis

The linearized induction motor is simulated for direct vector control. The P-I controller
gains are obtained by the pole-zero cancellation technique. Motor speed is estimated by direct
synthesis method to develop a sensorless drive, for known advantages. During the parameter
variation, the drive’s performance degrades, and the motor goes to unstable mode. So, to achieve
robustness of the sensorless drive, sliding mode and fuzzy sliding mode controller are designed

and compared.
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CONTROLLERS
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2. INDUCTION MACHINE MODELING AND DESIGN OF P-I
CONTROLLERS

2.1 Introduction

For the control of any power electronic drive such as an induction motor drive,
controllers are designed to control the system. This requires mathematical modeling of the drive,
the reason being the higher order nonlinearity and multivariable nature of the systems. By proper
mathematical modeling of the plant, the design and development of the power electronics drive
systems can be done. The induction motor modeling is mostly done by a three phase (a-b-c) to
synchronously rotating (d-g) transformation neglecting saturation, with stator current and rotor

flux linkages as the state variables.

In this chapter, modeling of the induction motor and design of the P-1 controllers have
been presented and the simulated results have been discussed. The nonlinear dynamics of the
induction motor are represented by a set of differential equations in a synchronously rotating d-g
reference frame with the stator voltages and load torque as the input variables and the
electromagnetic torque developed and the rotor angular velocity as the output variables. To
design the P-I controllers, the electrical and mechanical subsystems of the induction motor model
is represented. These two subsystems are decoupled from each other. The pole placement

technique is adopted for the P-I controller design.

2.2 Induction Motor Modeling

The voltage equations of the three phase induction motor in synchronously rotating

reference frame are:-

. dy,
V, =R ds _
ds s'ds + dt wel//qs (213.)

gs — ' 's'gs dt T DY 45 (Zlb)
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Vdr = I:\)ridr +%—(CO€ _a)r)l//qr

(2.1c)
. dyg,
Vqr = erqr +d—tq+(a)e _a)l’)wdl’ (Zld)
The electromagnetic torque developed T, is given by;
3P . :
Te = T(V/drlqs _qulds) (Zle)
The torque balancing equation is given by;
do
T.=T +pa,+J dt”“ (2.1f)

Where V,,V,, = Stator d- and g-axis voltages, V,,,V,, =Rotor d- and g-axis voltages in the

synchronously rotating reference frame.

®,, = Rotor mechanical speed in rad/s

o, =Rotor electrical speed in rad/s

@, = Synchronous electrical speed in rad/s

R, R, =Stator and rotor per phase resistances respectively in ohms (Q)
VW, = Rotor d- and g-axis flux linkage in V.s

Vs, W s =Stator d- and g-axis flux linkage in V.s

P =No. of poles
J = Moment of inertia in kg.m?

S = Coefficient of viscous friction in N.m.s./rad

21



T, =Torque developed in N.m.

T, =Load torque in N.m.

The stator and rotor voltage equations and the electromagnetic torque equations can be

represented in matrix form as given below;

v, ] [R. 0Ti 0o -
as | _|Rs tas | d [ Wos | Oe || Was (2.2)
Voo | L0 Rig] dtjwe | [0 0 |y
_Vdr_ :|:Rr 0 i|_?dr:|+i|:(//dr:|+{ 0 _(a’e — Py, )}{Wd'} (2.3)
_Vqr_ o R o dt| ¥y (we - pwm) 0 Var
3P Igs
Te :T[\Vdr \qu{ q } (24)
_Ids

As the rotor windings of the induction motor are short-circuited, so, V,;, =V, =0.
Let, L, L, = stator and rotor self inductances, respectively

L., = Mutual inductance between stator and rotor

So, neglecting the magnetic saturation of the circuit and iron losses, the flux linkage equations of

the circuit can be represented in matrix form as given below:-

= + (2.53)

~ A . (2.5b)

Solving the equation (2.5b) for the rotor currents i, andi,,, and putting these values in equation

qr’

(2.5a), we get;
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. 0
oL, 0 |1
l//ds :{ S :| -ds n Lr V/dr (26)
l//qs 0 OLs Iqs 0 i l//qr

2
Where ¢ =1- LL”‘ = Leakage Co-efficient

ST

Putting the values of rotor d- and g-axis voltage as zero and the values of rotor d- and g-axis

currents form equation (2.5b) in (2.3), we get;

o P e RS A

or
i Var _ |:a5 0 :| ids n |: —a, Wy :| Vir (27)
dt | Ver 0 a|lis| [~ou -8 [Vy

Again, substituting, the values of stator fluxes from equation (2.6) in (2.2), we get,

1
. . [ 0
i !ds _ {_al @, } !ds +{ a2 pa3a)m} Var n O'I_S Vds (28)
dt Iqs @, -4 Iqs - Pazw, a, qu 0 i Vqs

So, the mathematical model or the state space model of the induction motor in terms of stator
currents and rotor flux linkages as the state variables are obtained by combining equation (2.7)

and (2.8), as follows.

. L[ o]

lus —-q @, a, a0, las O'LS
i lgs _| 7% & o, | g Lo 1 Vs (2.9)
dt Var as 0 - a4 ay Var O-Ls Vqs

Yar 0 2 — Wy -4, Yar 0 0



1 2
%:IS[RS”“EJ
. _LRL
oo, L2

— 1 LlTl
LT (2.10)
e
LI’
o Ry
LI’
a, =0, —

The electromagnetic torque developed in terms of state-space variables is:

T =2 - i) (211)
2.3 Design of P-1 controllers

The P-1 controllers are widely used in industries for high performance electric drives. The
gains of the P-1 controllers can be designed by well established methods. Also, the P-1 controllers
are simple to operate and give zero steady state error. But, improper selection of gains may affect
the system performance making the system unstable. So, proper selection of gains is quite
important. Different techniques can be employed for the design of gains of the P-1 controllers.
The method used here is pole-zero cancellation technique. The higher order induction motor
drive system is divided into two decoupled subsystems i.e., electrical and mechanical subsystem.
The P-I controllers are designed for flux and speed control. The two subsystems are shown in fig.
2.1 and fig.2.2.

In the pole-zero cancellation technique, the zero of the P-I controller is chosen so as to
cancel one of the open loop poles of the system. Here, the ratio of the integral gain to the
proportional gain is kept constant and a suitable value of the natural frequency of the second

order system is to be chosen.
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2.3.1 Electrical Subsystem

From the mathematical model of the induction motor as given in equation (2.9), we get:

d .
:;/tdr = Qglys — Yy Ty l//qr (212)
di, . 1
and —% = —aji, + @i, + Ay + Aoy, +——V, (2.13)
dt oL

S

For perfect decoupling, v, =0.

Also, the presence of the coupled terms makes the system nonlinear. So, to make the system
linear we need to replace these nonlinear coupled terms by u, . So, the state-space equations of the

induction motor drive for the electrical subsystems, from equation (2.12) and (2.13) can be
represented as:

dyg,, .
L= A (2.12a)
dig .
and pral -y + AW 4 U (2.13a)

. 1
where U, = @, +——V
ol

Now, converting the above eq" (2.12a) into s-domain form we get,

s+a,

(S + a‘4)l//dr (S) = asids (S) or; ids (S) = l//dr (S) ' (214)

Putting the above value of i in the s-domain form of eq" (2.13a), we get the transfer function of

the electrical subsystem as:

(s+a1)(8-;5a4 _azjl//dr (s) =uy(s)

l//dr (S) — a5 (215)

or,
ul(s) 52 +(a1+a4)5+(aia4 _azas)
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So, the block diagram of the linear electrical subsystem is;

a, |i
P-1-1 =ul—. | Llw S+—4 las >
+ 2 a;

S+a;

QD

Figure 2.1 Block diagram of electrical subsystem
For perfect decoupling, v, =0,s0, v, =y, i.e. the d-axis should coincide with the rotor

flux. The induction motor used has the parameter values such as: a, = 302.432, a, = 245.95,
a, = 23.809,4a, =10.479,a, =5.239.

Substituting these values in equation (2.15) and factorizing the denominator, we have

L wls) 5,239
" u(s) (s+6.1302)(s+306.7807)

To simplify the design of P-I controller, one pole of the open lop transfer function should be

cancelled by the zero of the P-1 controller. The transfer function of the P-I controller is;

K, K .
G(s)=K,, +—%=—"|s+—
(8) =Ky, S s( K J

py

Case-1: To design the P-1 controller, let us assume that the pole (s +306.7807)is to be cancelled

. o
in the open loop transfer function -2
ul

K.
So, —*-=306.7807 or K;,=306.7807K,, .
K

py

5.239K

Then, the forward path transfer function is, G,(s)=—————
s(s+6.1302)

The closed loop transfer function of the electrical subsystem is given by;
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v, (s)  Gy(s) _ 5.239K
v, (s) 1+Gy(s) s®+6.13025+5.239K ,

Let the natural frequency be 50rad/sec. The characteristic polynomial of the closed loop transfer

function is of second order and is compared to that of the standard form i.e. s* +2&w,s+ @’ and

we get the proportional and integral gains such as 477.19 and 146392.7 respectively. For K =
477.19, the roots of the characteristic polynomial obtained are s =—3.0651+49.905j . Due to the

imaginary poles, the system is marginally stable.

Case-2: Now, let us assume that the pole at (s+6.1302) is to be cancelled.

K.
So, —%=6.1302 or K,, =6.1302K _ .
K 1% py

py

5.239K ,
s(s+306.7807)

So, the transfer function of the controller is, G,(s) =

So, the closed loop transfer function becomes;

v, (s)  Gy(s) _ 5.239K
v (s) 1+Gy(s) s°+306.7807s+5.239K ,

Now, comparing the characteristic equation of the closed loop transfer function to that of the

standard form, we get, K, =477.19and K; =29253.

So, the roots of the characteristic equation, s* +306.7807s +477.19 =0, has poles at -1.565 and
-305.21.The pole at s = -1.565 is nearer to the origin of the s-plane as compared to the pole at s =
-6.1302.So, cancelling the dominant pole is not desirable as it may lead to poor performance

reducing the system stability margin.

The pole at s = -305.21 is farther from the origin and hence can be cancelled to get a

stable system and with good dynamic response.
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2.3.2 Mechanical subsystem

The state-space equations of the induction motor drive for the electrical subsystems are:

diq . . 1
dt =~ lys — allqs —a;0 Yy + qus (216)
dyq, : :
and T =0= a'5|qs — Oz, OF aSIqs = Wy 4, (217)

The rotor mechanical speed in s-domain form, from the torque balance equation is,

da)m _ Te _TL _ﬂa)m

2.18
dt J (2.18)

When v, = 0, from equation (2.11),

Electromagnetic torque T, = Ky i, where K| =%%

r

Differentiating the above torque equation and doing appropriate substitution of rate of change of

rotor d- axis flux linkage and stator g- axis current and then solving, we get,

dd:e =—(a, +a,)T, +u, (2.19)
1 .
Where u, = KtV/dr qus — @, (Ids + asl//dr) (2198-)

In s-domain form, the open-loop transfer function of the torque is;

T.(s) 1 1

= = (2.20)
u,(s) s+a+a, s+312911

The rise time of the torque response of the mechanical subsystem to reach to the steady-state

value is 2.3times the time constant i.e. 2.3z, = 23 =7.34ms.
312.911

The block diagram of the mechanical subsystem is shown below in Fig. 2.2
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/ 1 / 1
aLu( P12 |» P-1-3 gy = | -Lu( O,
+ X +¢ S+a,+a, | + JS+
Figure 2.2 Block diagram of mechanical subsystem

i i K PT Kir

The transfer function of P-1 torque controller is: G(s) = S+ K—' (2.21a)
s
pT

For zero of P-1 controller, to cancel the pole of the torque transfer function, the condition will be,
Kir =(a, +a,)K,; =312.911K ;.
K

. T
The closed loop transfer function of the torque loop is, — = dl (2.20b)
T s+ Ky

e

To make the system such that the feedback torque to follow the command torque, we can choose

the value of K ;. in order to make the system response instantaneous. So, let K = 100, then,

K, =31291.
From the above block diagram, the open loop transfer function of speed is:

a)r (S) _ 1 _ l
U,(s) (s+a,+a,)(sI+/A) (s+312.911)(s+0.218)0.16 (2.223)

So, the mechanical time constant of speed is 2.3 times the time constant of speed i.e.

=23 _1056s.
0.218

wr

Now, from the closed loop transfer function of the overall system, we get,

w,(s) Ko, *s+K,
@, (s) I’ +(B+K,,)s+K,,

(2.22b)
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The above equation (2.22b) can also be written as:

K.

po *S+ [12)

@ (s) _ J J
o), (8 +JK””)

(2.22¢)

Kia)
S+
J

Comparing the second order characteristic equation of the closed loop transfer function for speed

with the standard second order characteristic equations’ +2&m,s+@’, we can obtain the P-I

speed controller gains such as:
, (B+K,,)

K.
s® + S+—2 =g% + 25 S+ @]
J J n n

So, % =, or K, =0.16x15° =36.

(ﬁ+K

AISO, fpw) = 2§a)n

Considering the system to be critically damped i.e. £ =1,

we get K, =2x1x15x0.16-0.035=4.765

Assuming suitable value of the natural frequency as @, =15rad /s.and comparing the

characteristic equation of the closed loop transfer function with that of the standard characteristic

equation of the second order system, we can get the gains of the P-1 controller for the speed loop.

2.4 Simulation Results and Discussions

In this chapter, the modeling of the induction motor in a synchronously rotating reference
frame is done. The vector controlled induction motor drive is modeled in a synchronously
rotating d-q reference frame with stator current and rotor flux components as the state variables.
P-1 controllers are used for the rotor speed and torque control. The P-1 controllers are designed
by the pole-zero cancellation technique. The system responses are studied and concluded that the
speed response is sluggish as compared to that of the torque response and reached to the steady
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state slower than the torque response which can be observed by calculating the mechanical time
constants of speed and torque respectively from their transfer functions. All this is achieved by
making the system decoupled. Thus, the vector controlled induction motor is done with P-I
controllers. By deciding the gains of the controller, the simulated results of vector controlled

induction motor block diagram are shown below along with the simulated results for different

cases.
\‘/dc
e e —!k—
d®—q I
to
d—g°& |y
Inverter
2—¢
* < I;s to Ic
@, i " ~ 3—¢

@r cos o, sin 6,

Voltage model based
flux estimation

Figure 2.3 Block Diagram for Vector Control of Induction Motor

Case — 1: Step change in reference speed

The rotor reference speed is increased about 20% of the base speed i.e. up to 1734rpm
during the time period t = 2s to t = 4s. Initially the rotor speed was 1416rpm and with a step
change in reference speed, the rotor speed increases to 1696rpm. So, there exists a steady-state
speed error which is may be due to the design error in the P-I controller. With this, a rise in the
stator phase current occurs from 2.85A to 23A for a transient period and then decreases to 2.85A.
An overshoot in the stator d- and g-axis current occurs to a peak value of 20.6A and 21.4A
respectively due to the rise in speed and after 0.3s, it comes back to its original steady-state value
of 2.36A and 1.88A respectively. This increased rotor speed is maintained fromt =2stot =
4sec and then it is decreased to its initial speed with the reduction of reference speed from
1734rpm to 1445rpm. So, a negative peak of 17.15A occurs in the stator g-axis current whereas

the d-axis stator current reaches to a peak value of 8.652A. A transient disturbance occurs in the
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rotor flux for about 0.2s. An electromagnetic torque of 5.1538Nm undergoes a transient
disturbance with the variation of rotor speed. The stator g-axis voltage increases to 477V with

the rotor speed.
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Fig (a) Fig (b)
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Figure 2.4 Simulation responses for step change in reference speed

(a) Rotor reference and actual speed (b) Electromagnetic torque (c) Stator phase-a current
(d) Stator g-axis voltage

Case — 2: Trapezoidal change in reference speed

The rotor reference speed is increased linearly from zero to 1734rpm fromt=0to t = 1s,
the speed is maintained constant at 1734prm upto t = 4s and it is observed that the actual rotor
speed increases linearly upto 1696rpm within Isec, though it doesn’t match with that of the
reference speed. During the trapezoidal change of reference speed, a transient rise of stator d-
and g-axis current of about 19A and 19.6A respectively takes place at t = 1s and then it comes to
its steady-state value of 2.33A and 1.926A respectively. With the reversal of rotor reference
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speed, the stator g-axis current reduces in a ramp manner. At t = 1s, after a transient disturbance,
the stator phase-a current settles down at a steady value of 3.02A.
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N
o

— Actual Rotor Speed $ — Stator d-axis current
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Figure 2.5 Simulation responses for Trapezoidal change in reference rotor speed
(a) Rotor reference and actual speed (b) Stator d- and g-axis current (c) Electromagnetic torque
(d) Stator phase-a current (e) Stator g-axis input voltage

At no-load, the electromagnetic torque of 6.214N.m is produced from t = 1s to t = 4s.
With the ramp decrease of rotor speed, the electromagnetic torque decreases in a ramp manner
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from t = 4s to t = 6s. In the reverse motoring mode, the electromagnetic torque of 6.214N.m is
produced after t = 6s to t = 10s. A stator g-axis voltage of 477V is produced and varies according
to the variation of rotor speed.

Case — 3: Flux weakening mode:

Fig 2.6 below shows the responses of a vector controlled induction motor drive with a P-I
controller with the increase of rotor speed with flux weakening mode. With a variation of rotor reference
speed from its base value of 1445rpm to 1734rpm, the actual rotor speed also increases to 1696rpm.
During t = 2s to t = 4s, the region is called as flux weakening region where the flux varies inversely with
the rotor speed. The rotor flux takes a settling time of 0.4s to attain its steady value. The stator phase-a
current also has a transient overshoot of about 23.5A from 2.9A, and after a transient period of 0.2s, it
becomes 2.86A till the rotor speed decreases to its base speed. Att = 4s, with the change of rotor speed to
1445rpm, after a transient disturbance of 0.2s, it goes to its original value of 2.86A. With no load torque

applied, the electromagnetic torque developed is 5.38Nm.
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Figure 2.6 Simulation responses for trapezoidal change in reference speed during flux weakening
mode

(a) Rotor reference and actual speed (b) Stator g-axis input voltage (c) Electromagnetic torque

(d) Rotor d- and g-axis flux (e) Stator phase-a current (f) Stator d- and g-axis current.

Case — 4: Step Change in load torque
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Figure 2.7 Simulation responses for Step Change in load torque
(a) Rotor reference and actual speed (b) Stator d- and g-axis current (c) Electromagnetic torque
(d) Stator phase-a current

The simulation responses of vector controlled induction motor with the application of load
torque are observed. During t = 2s to t = 3s, a load torque of 24Nm is applied. The rotor speed
falls to 1574rpm due to the application of rated load. With no load, it starts to rotate at its
original speed of 1696rpm. The electromagnetic torque develop, after a transient period of 1s,
stables at 6.214Nm and during the load applied, it increases to 29.75Nm. When the rated load
torque of 24Nm is applied between t = 7s to t = 8s, during the reverse motoring mode, the
developed electromagnetic torque, becoming more negative, reduces to -29.75Nm. The torque
component of stator current i.e. stator g-axis current varies accordingly and with the variation of
rotor speed. The stator g-axis current rises from 1.926A to 8.013A between t = 2s and t = 3s and
falls from 2.16A to 8.013A between t = 7s to t = 8s. The stator g-axis voltage varies with a
trapezoidal profile, increases from 477V to 540V with the applied load torque and reduces from
477V to 540V in reverse motoring mode betweent=7stot = 8s.

The actual rotor speed, tracks the reference rotor speed, and both the reference and actual
rotor speed reduces as a load of T, = 24N.m is applied.

2.5 Conclusion

In this chapter, the induction motor is mathematically modeled in a synchronously rotating
reference frame and all the simulation studies are done with the synchronously rotating reference
frame. The design of P-I controllers is done by dividing the higher order induction motor into
two decoupled subsystems in order to determine the P-I controller gain by pole-zero cancellation
technique. The analysis of the two subsystems along with the block diagram is shown. The
vector controlled induction motor with P-1 controller is simulated with different cases such as
step and ramp change in rotor reference speed, with consideration of flux weakening mode and
with load torque variation. The robustness of the controller was also checked with machine

36



parameters variation due to temperature changes such as stator and rotor resistances and it is
verified that the system is getting unstable due to parameter variations for which frequent tuning
of controller gains is required. So, in the next chapter, we go for a nonlinear controller such as
sliding mode controller instead of linear P-I controllers.
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CHAPTER -3

DESIGN OF SLIDING MODE CONTROLLERS
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3. DESIGN OF SLIDING MODE CONTROLLERS

3.1 Introduction

The control of the higher order dynamical system has many challenges such as its
nonlinearity, imprecise physical parameters, coupling of control variables. Induction motors are
widely used for industrial purpose. The industrial applications require the variation of speed and
load torque with better dynamic performances and with robustness to all perturbations. So, the
system can be made robust using sliding mode controller. For this, a control algorithm is

desirable for stabilization and for tracking the trajectories.

The sliding mode controller has good performance against the machine unmodeled
dynamics, is insensitive to motor parameter variation, capacity for external disturbance rejection
and fast dynamics [35]. The induction motor can be employed for position and speed control of
an ac servo system. The vector control of induction motor using sliding mode controller is
described in this chapter. Also, the chattering problem related to this control technique is focused

here.

3.2 Sliding mode controller

The sliding mode control technique is developed from Variable Structure Control (VSC).
In variable structure control technique, a surface is defined and the system that we need to
control is forced to that surface till the system slides to the desired equilibrium point. So, the
surface is named as sliding surface. This surface can be defined by the error and the rate of
change of error as the variables. While the system starts sliding on the surface towards the
equilibrium point, the system will never be affected by any cause such as any modeling
uncertainties or any external disturbances. The condition of the reaching phase can be satisfied

by establishing a control law. This control technique can be applied to an n™ order system.

If S(t)is the sliding variable, then all the trajectories must reach, slide and remain on the

sliding surface s = 0.The behavior of the system on the sliding surface is known as sliding mode.

So, to bring the state variables into the sliding surface, two conditions are required to be
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satisfied, i.e. s(x,t)=0and é(x,t):o. Here, the sliding mode technique is applied to vector

control of induction motor i.e. a second order system.

The vector control of induction motor with sliding mode control technique is described in
this section for speed and flux control. To achieve a perfect decoupling, the condition for a field

oriented control of induction motor is;

WV, =0 and w,, =y, =constant

d .
Form the state space equation; we get that, Var _ Aglys — AWy, (3.1)
: d .
During steady state, % =0=agl, —a,py,
-
or l//dr = 5_dS (31a)
a‘4

Putting the values of motor constants in the above equation, we get,

War = Lnlas (3.1b)
The speed dynamics from the torque balance equation is,

* _Te _TL _B(’Om

m=—— 3.2
® ] (3.2)
For decoupling, ¥, =0.Soeq" (2.11) becomes, T, = KTz,//;riqs (3.2a)
3P L
Where K; =—-—"
4 L,
So, eq” (3.2) becomes, om = %(KTwzriqs —Bo,, —TL) (3.2b)

Let the load torque be considered as the disturbance to the system.
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So, on =%( TWargs — POy, )+ Noise

= om = F, + Noise

F =", +big
J
Where
KT

b=—vy,
J Wdr

(3.3)

For speed control in vector control of induction motor drive, the condition to be satisfied is;

Mm =0 and Om =0

* *
O =0, O =0

Now, @, = —?c:)nw biqs+ Noise

The current dynamics of vector controlled induction motor drive is;

S 1
lgs = —Welys — a‘1|qs — ;0. Yy + Vqs
ol

|
s
As 2N :a‘S!r//L and W, = Wy, +a)s|
dr

di ) )
Now eq" (3.3b) becomes, d—f[‘s =—Wlys —Aylgs — A0, Yy,

di

i
or, d:s = _(a)r +a, iq_SJids B a’liqs — 830, L
ds

Simplifying the above equation, we get,

e = (@, 12, i — 0 (L4 B, Jigg + oV

ol

gs
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or, iqs =F, +dis

S

Where, F, = —(a1 +a, )iqS -, (1+ a,L, )ids

The speed dynamics becomes,

®m Z—%(Dm‘Fbiqs‘f‘ Noise

Putting the on Vvalue in the above equation, we get,

c.om = —%(Fl + Noise)+ b( F, +diSJ + Noise

ol

= on z—%Fl+bF2+LVqS+Dl

ol

or, om =G, +u, + D,

b _
D, = Total disturbance, u, = IVqs = Control input, G, = Tﬂ F, +bF,

S

G, =Constant which can be estimated from measured values of currents and speed.

Let G, =estimated value of G,

AG, =Error in the estimation of G, due to modeling imperfection

So, G, = él+ AG,

If e, =Error in tracking the rotor speed i.e. e, = @, — @,

Then, €6 = Om— ®m
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The sliding surface Sl(x,t) is defined for the speed control and is given by;
d .

s,(x,t)= (EJFMJE” =€u+ A€, (3.6¢)

From the state-space equation of the induction motor modeling, the flux dynamics is,

WVor = _a4\Vdr + a'5ids + O‘)sl\Vqr (373)

And g, =-a, Yyt aslatogy, (3.7b)

AS vy, =0, soequation (3.7a) becomes \I/d, =—a,Y 4, +aly,

or, \der = FS = _a4\|jdr + aSids (37C)
e = Fy 42V, = i, + o, Ly 3.7d
lds = 4+E ds__a‘llds+(De|qs—i_aZWdr—'_G_LS ds ( : )
oo a5 ;
Now, v, =-a,F +aF, +—LVdS + Noise
Y S
or, \;r =G, +u, +D, (3.7¢)
a
Where G, =-a,F;, +a;F, and u, = IE’VdS (3.7f)
G, =Constant which can be estimated from measured values of currents and flux.
Let G, =estimated value of G,
AG, =Error in the estimation of G, due to modeling imperfection
So, G, =G2+AG, (3.79)
If e, =Error in tracking the rotor flux i.e. €, =y, -y, (3.7h)
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*

Then, ey =y, — v, (3.7i)

A set of system state trajectories can be defined by a sliding surface for flux control such as,
s,(x,t)=0

In the next section, the derivation of control law for both speed and flux control of IM drive is

shown.

3.2.1 Control Law for Speed and Flux Control

The derivation of control law for the speed and flux controller is shown below.

A set of system state trajectories can be defined by a sliding surface such

as, s(x,t) = 0.According to Slotine method, the sliding surface can be defined for an n™ order

n-1
system such as, s(x,t)= (%4‘ /Ij e (3.8a)

Where A =positive constant,
n = Order of the system,
e =Tracking error vector

The sliding mode control should be chosen so as to satisfy the Lyapunov stability criteria:
1\
V= ES(X) (3.8b)

or, V =s(x)s(x) (3.8¢)
The sliding condition is; %%(sz)s —n|s|

So, ss < —s|

or, ésgn(s) <-n (3.8d)
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1,s>0
Where sgn(s) =1 3.8e
gn(s) {_ Ls<0 (3.8¢)
For speed control, él =N\ ém+ .e.m =\ éw+ G, +u, + D, —;;m (3.9)
So, from eq" (3.8d) and eq" (3.9), we get,
Ay ém+ G, +u, +D, —;m sgn(s)< -n, (3.10a)
or, %oy €+ G, + U, + D, —oom |sgn(s)+u, sgn(s) < —n, (3.10b)

The sliding mode speed control can be achieved by choosing the control law such as:

u, = (— Gi-4, émj — K, sgn(s) (3.10c)

*

similarly, for flux control, s.2 =2, éw+ gw =2, éw+ G, +u, +D, —{;;dr (3.11a)

From the sliding condition given in eq" (3.8d), we get that eq" (3.11a) becomes;

*

[kz &y+G, +U, + D, —\'pszgn(s)s -, (3.11b)

*

or, [kzész +u, +D, —\.mesgn(s)+ u, sgn(s)< -n, (3.11c)
So, the flux control can be achieved by the control law and the control law is given by;
u, =(—(A32—22é1,,j— K, sgn(s) (3.11d)

From the Lyapunov stability, the positive constants, K, andK,, also known as the speed and

flux controller gain respectively, can be calculated.

45



The term K sgn(s) and K,sgn(s)are the controller terms or the correction factors used to

satisfy the stability of the speed and flux controller respectively.

The term (—él—klemjand[—éz—kzewjare the equivalent or compensation terms for the
speed and flux controller respectively, that are used to get knowledge of the system dynamics.

3.2.2 Design of the controller’s gains

For the speed controller, from eq" (3.10b), we have:
(kl €+ G, +U, + D, - ;;szgn(s)Jr u, sgn(s)< -,

From eq" (3.10c), substituting the value of u,in the above eq" and solving it

we get; K, Z(Gl ~Gi+ D, —;J;mJ
or, K, = (AGy x|+ Dy +73 + 1) (3.12a)

Similarly, for flux controller, from eq" (3.10b), we have:

(kz ey+G, U, +D, —wm]sgn(3)+ u, sgn(s) < -,

From eq" (3.11d), substituting the value of u, in the above eq" and solving it
We get; K, = (AG, | + Dymax + M5 ) (3.12b)

The controller gains K,and K, are positive constants that can be determined from eq" (3.12) and

stability. The transient response of the system can be improved by increasing the value of the
controller gains. If the system has large modeling imperfection and high parameter variations,

the error of the controlled variable becomes large. So, with increase in the value of K,and K, the

error of the controlled variable decreases to zero and the state trajectories slide and remain on the
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sliding surfaces =0. Thus sliding mode can be achieved. But, higher value of controller gains

result in chattering. So, proper selection of gains is necessary.
Selection of controller gains

A 5HP induction motor, whose specification and parameters are given in Appendix Al, is
selected for deriving the controller gains. The induction motor rotates at a speed of 1445rpm with

the stator d-axis rotor flux linkage as a reference value i.e. v, =1.233V.s. The parameters are

varied with the rise of temperature. The load torque is varied as a cause of an external

disturbance. The rotor reference speed is also varied.

27N B 27 x1445
60 60

The rotor electrical speed @,, = =151.32rad /s.

The electromagnetic torque developed is T, =T, + S,

Atno load, T, =0.035x151.32 =5.2962Nm

From eq" (3.2a); i, = Te —= 02962

= ~1.49A
Koy, 2.879x1.233

From eq" (3.1b); iy, = Var 1233 2.46A
L, 05
o Kive _2879x1.233 1o o
J 0.16
So, F, = —%mm +bi,, = — 0035, 151,324 22.2x1.49 = —0.022rad / s°

F, =—(a, +a, )iy — 20, (1+a,L,, )ig =—(300.51+10.48)1.49 — 302.64(1+ 23.3226 x 0.5)2.46
= F, = -9889.64A/ s
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The estimated value of G, is:

A B

Gl=-JF+ bF, ~bF, = 22.2x(~9889.64) = —219.55x10°rad / s°

As the two motor constants a, and a, are dependent on the stator and rotor resistances, so the
variation of motor parameters will also vary a, and a, while a, will remain constant.

So, the estimation error due to parameter variation is,

AG, =—(a, +a,)x50% xbi,, =—(300.51+10.48)x 50% x1.49x 22.2 = -5138.83rad / s°

or,|AG,| =5138.83rad / s°

Due to modeling imperfection, there may be some estimation error which can be calculated by

adding 30% to the above calculated value.

So, |AG,,,,,| =1.3x5138.83~ 6.7x10°rad / s°

1max|

The load torque is varied from 0 to 24Nm in 2secs. So, the noise introduced into the system is

given by; Noise L =150rad / s°.
J 0.16

So, total noise or disturbance can be calculated as: D, = ? =75rad / s*

The rotor speed is increased by 20% i.e. from 1445r/min to 1734r/min. in 1s. So, the reference

value of the acceleration of the rotor speed is:

v, =151.32x0.3=45.39%6rad / s°

Letr, =5x10°rad /s°.

So, the speed controller gain can be calculated from eq" (3.12a) as,

K, = (AGy | + D, + 1, +v,)=6.7x10° + 75+ 5x10° + 45.396 =11820.4rad / §°
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The gain of the flux controller is calculated as given below. The change or increase in rotor

resistance and mutual inductance is also considered here.

The rotor d-axis rotor flux is considered as the reference flux i.e. v, =wv; =1.233V s
From eq" (3.7c), F, =—-10.48x1.233+5.24x 2.46 = —0.03144

From eq" (3.7d), F, = —300.51x 2.46 +314.159x1.49 + 244.405x1.233 = 30.198

The estimated value of G, is: G = —a,F, +a.F, = -10.48x (—0.03144)+5.24x 30.198 = 158.56

The estimation error is due to parameter variation such as R andL,. So the motor constants

a,,a,,a,anda, will vary. So, the estimation error due to parameter variation is,

IAG,| = G2x50% = 79.28

Let 77, =1.6x10%rad / s

The noise can be calculated as, NOise = &g, = negligible asy,, ~ 0.
NoW, K, = (|AG, | + Dy +77, ) =79.28+0+1600=1679.28

3.3 Rotor Speed Estimation

The speed estimation is an important aspect for high performance field oriented control
of IM drive. Without mechanical speed sensor, the induction machine drive becomes more
reliable, less cost and small is size. Many speed estimation algorithms have been developed since
last few years.

The simple techniques adopted here for the speed estimation are speed estimation from
the state equations of the induction motor. From the dynamic state equations of induction
machine, the speed signal is generated directly. The rotor angle can be determined from the rotor

d- and g-axis fluxes in synchronously rotating reference frame,
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. ez
ie. £Z0, =tan 1[—‘”} (3.12¢)
l//dr

Differentiating the above eq" (3.12c), we get,

dee Wer\Vqr_quXWdr

at = N (3.12d)
Y
Thus, the estimated speed ®r can be calculated by eq" (3.12e) as given below.
~ode, L | War Xgs = W X
o ==t T B (3.12¢)
r v,

3.4 Simulation Results and Discussions

The vector controlled induction motor drive is simulated with the sliding mode controller.
The simulated results are discussed here with the different cases. The different cases simulated

here are:

@ Step change in reference speed

(b) Trapezoidal change in reference speed

(© Step change in load torque

(d) Parameter variation such as stator and rotor resistances

Case-1: Step change in reference speed

The reference speed is increased by 20% of the base speed i.e. from 1445rpm to 1734rpm
after t = 2s and is then decreased after t = 4s to the base speed with the load torque kept at zero.
The actual rotor speed follows the reference rotor speed. The reference rotor d-axis flux is kept
constant at 1.233V.s. The field weakening mode is not considered here. So, irrespective of the
change in rotor speed, the rotor flux is kept constant between t = 2s to t = 4s and the g-axis rotor
flux remains at zero value. After t = 1s, the stator g-axis current becomes constant at 1.491A.
With the increase in rotor speed upto 1734rpm at t = 2s, a transient disturbance occurs and the
current value increases to 14.6A which is less than twice the rated current. As the rotor speed

settles at 1734rpm, the torque component of stator current reduces to its steady state value of
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1.789A. Similarly, with the decrease of rotor speed to its base value, a transient disturbance
occurs and the torque component of stator current comes to its steady value of 1.491A after the
transient period. The d-axis stator current remains constant at 2.467A. The stator phase-a current,
has a peak value of 2.88A. During the transient disturbance due to the increase and decrease of
rotor speed at t = 2s and at t = 4s respectively, the stator phase current undergoes a transient
disturbance and then reaches a steady state value of 2.882A. The response of stator g-axis input
voltage and the control inputs for both the speed and flux controller are shown. An instantaneous
rise of stator g-axis voltage happens with the increase in rotor speed and after a transient
disturbance, it comes to its final value. The response for control law input for sliding mode
controller is also shown. A transient rise upto 48395rad/s® occurs in the control input for speed
controller due to the step change in rotor speed whereas the initial rise in the control input is due
to the transient period of the system before the steady state i.e. before t=2s.
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Figure 3.1 Simulation responses for step change in reference speed

(a) Rotor reference and actual speed (b) Rotor d- and g-axis flux (c) Electromagnetic Torque
developed (d) Stator g-axis input voltage (e) Stator d- and g-axis current (f) Control input for
speed and flux controller.

Case-2: Variation of rotor speed with a trapezoidal profile

The reference rotor speed is varied in a trapezoidal manner. The rotor speed is increased
to 1734rpm in a ramp manner till t = 1s and the rotor continues to rotate at this speed there upto t
= 4s. The actual rotor speed follows the reference rotor speed since start-up with zero speed
error. The stator d-axis current has a steady state value of 2.467A whereas the stator g-axis
current varies according to the variation in speed. During the speed reversal, the stator g-axis
current decrease and reaches to a negative peak of 9.96A. In the reverse motoring mode, fromt =
6s to t = 9s, the torque component of stator current has a magnitude of 1.789A flows and at t =
9s, with the increase of rotor speed, it starts to increase and reaches to a peak value of 9.96A.
The electromagnetic torque varies in proportion with the stator g-axis current. At no load, the
electromagnetic torque developed is 5.2962Nm. The induction motor rotating at its base speed
develops a maximum torque of 35.408Nm irrespective of the magnitude. As the field weakening
mode is not considered, the rotor d-axis flux remains constant at 1.233V.s whereas the rotor g-
axis flux remains at its zero value to ensure perfect decoupling. The response of the control
input for speed controller is shown. A rise of upto 48395rad/s® occurs in the control input due to
the transient disturbance and then settles at zero. A spike exists at t = 1s with the linear increase
of rotor speed, and during the speed reversal at t = 4s and the control input increases to a

negative peak of 48395 rad/s® .Similarly, at t = 6s and at t = 9s, the control input goes to a
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positive peak of 48395rad/s®. The peak value of stator phase-a current during steady state is
3.04A. The g-axis stator voltage varies with the rotor speed and reaches a steady state value of
489.75V. The control law for the sliding mode flux controller response is also shown here. With

a starting peak value of 1600rad/s*, the control input for the flux controller becomes zero.
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Figure 3.2 Simulation responses for trapezoidal change in Reference rotor speed
(a) Rotor reference and actual speed (b) Electromagnetic torque (c) Rotor d- and g-axis flux (d)
Stator d- and g-axis current (e) Stator Phase-a Current (f) Stator g-axis Control input voltage (g)

Stator Phase-a voltage.
Case-3: Field weakening mode

The effect of increasing rotor speed above the base speed on the rotor d-axis flux is
observed. With the step change in reference rotor speed from 1445rpm to 1734prm i.e. 20%
above the base speed, the rotor d-axis flux decreases from its constant value of 1.233V.s to
1.028V.s. This is known as flux weakening mode where the rotor flux varies inversely as the
rotor speed increases. The g-axis rotor flux remains constant at zero. The rotor rotates at an
increased speed of 1734rpm from t = 2s to t = 4s and then decreases to its original value. It is
observed that due to the change in rotor flux, the flux component of stator current decreases from
2.467A to 2.056A from t = 2s to t = 4s weakens and then returns to its original value with the
decrease of rotor speed to its base speed. The stator g-axis current, being the function of rotor
speed, varies with the change in rotor speed. With a step increase of rotor speed, the torque
component of stator current increases from 1.491A to 2.147A after a transient disturbance of
0.4s.. During flux weakening mode, the control input for sliding mode flux controller undergoes
a transient disturbance for about 0.05s due to the decrease in rotor flux. The instant where the
change in rotor flux occurs due to the increased rotor speed from its base value, i.e. in flux
weakening mode, the control input for both speed and flux controller undergoes a transient
disturbance at that instant. During the transient disturbance, the control input for speed and flux
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controller goes to a peak value of magnitude 48400rad/s® and 1600rad/s® respectively. The rotor

d-axis versus g-axis flux plot is shown below.
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Figure 3.3 Simulation responses for Step Change in Reference Speed during Flux Weakening
Mode

(a) Rotor reference and actual speed (b) Rotor d- and g-axis flux (c) Rotor d-axis flux vs g-axis
flux plot (d) Stator d- and g-axis current (e) Control input for flux controller (f) Control input for

speed controller
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Case-4: Step change in load torque

A rated load torque of magnitude 24N.m is applied between t = 2s to t = 3s during the
forward motoring mode and between t = 7s to t = 8s during the reverse direction of the rotor.
With the increase in load torque in forward motoring mode, the electromagnetic torque
developed increases and during t = 6s to 7s, during reverse motoring mode, the electromagnetic
torque developed decreases by removing the load torque and the simulated responses are studied.
With sliding mode controller, with the application of load torque, the rotor speed decreases from
1734rpm to 1732rpm after a transient disturbance of 0.045s and then comes to its original speed.
With the application of full load torque at t = 2s, the stator flux component of current remains
constant at 2.467A whereas the stator torque component of current varies with the variation of
electromagnetic torque i.e. increases from 1.789A to 8.546A and again decreases to 1.789A as
the load becomes zero at t = 3s. The stator g-axis voltage increases from 489.75volts to a peak
value of 576.24V between t = 2s and t = 3s, then it reduces to its original value.
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Figure 3.4 Simulation responses during Change of Load Torque

(a) Reference and actual rotor speed (b) Change of load torque (c) Stator d- and g-axis current
(d) Stator Phase-a Current (e) Stator g-axis voltage (f) Stator phase-a voltage

Case-5: Parameter variations such as stator and rotor resistances
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Figure 3.5 Simulation responses during Change of motor parameter variation

(a) Rotor and stator resistance (b) Stator d- and g-axis current (c) Stator Phase-a Current (d)
Rotor d- and g-axis flux (e) Rotor d-axis plot versus g-axis plot (f) Reference and actual rotor
speed

With the increase in rotor speed, the temperature increases and the induction motor
parameters are varied such as stator and rotor resistances as they vary with the change in
temperature and load. The nature of various responses of the stator and rotor dependent
parameters is studied under parameter variations and the robustness of the sliding mode
controller is verified. At t = 2s, during the transient period, the rotor resistance remains constant.
After t = 2s, with the linear increase in rotor speed and with the passage of time, the rotor
resistance increases from 5.46Q to 30 Q i.e. the rotor resistance becomes 5.5times the actual
rotor resistance and the responses of the induction motor are observed. Also, after t = 2s, the
stator resistance increases from its actual value of 7.34Q to 11.008Q i.e. about 1.5tmes its actual
value with the increase in temperature. The responses of different stator currents, stator phase
voltage and the rotor flux graphs are observed. The rotor d-axis versus rotor g-axis flux plot is a
unit circle with constant rotor d-axis flux and zero g-axis flux. The robustness is verified with the

system remaining in stable state irrespective of the parameter variation.

3.5 Conclusion

The induction motor is modeled and the speed and flux controller is designed with sliding
mode controller. The control laws are discussed and the procedure to determine the controller
gains is derived. The controller gains are selected taking the parameter variations and noise into

consideration. The chattering problem can be reduced by introducing the saturation function. The
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rotor speed is estimated by the direct synthesis of state equations and the error in speed is
observed. The system responses are observed, studied and irrespective of the variation of
induction motor parameter variation such as stator and rotor resistance with the temperature,
speed and load torque variation and the flux weakening mode are verified that the performance

of sliding mode controller is satisfactory.
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CHAPTER -4

DESIGN OF FUZZY SLIDING MODE CONTROLLERS
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4. DESIGN OF FUZZY SLIDING MODE CONTROLLERS

4.1 Introduction

Vector controlled Induction motor drive gives robust performance against parameter
variations, machine modeling inaccuracies, external disturbances. Irrespective of many
advantages of sliding mode controller, it is associated with the chattering problem and needs the
accurate knowledge of the system. The inclusion of saturation function to reduce the chattering
problem can be eliminated by a hybrid controller known as fuzzy sliding mode controller. This
hybrid controller gives a chattering free and robust satisfactory performance without the accurate
knowledge of the system dynamics.

Fuzzy logic controller is a simple rule based controller. The principle of sliding mode and
fuzzy logic controller are combined together to form the fuzzy sliding mode controller. For
higher order nonlinear systems, the inclusion of saturation function and high value of controller
gain can be avoided by combining the fuzzy logic controller with the sliding mode controller. In
this chapter, the speed of the vector controlled induction motor drive is controlled by this hybrid

controller and the performance of the system and the responses are studied.
4.2  Qualitative Aspects of Fuzzy Rule Design

The rules of the sliding mode fuzzy controller with respect to the normalized phase plane are:

X The normalized fuzzy output should be negative above and positive below the switching

line.

X The fuzzy control output should be increased as the distance between the actual state and

the switching line s =0increases. If D,is the distance between the actual state and the

switching lines =0, and if D,increases, then the fuzzy control output should increase.

S .
The distance D, is given by; D, = | | , Where s =e+2e.
V1422
<> The fuzzy control output should be increased as the distance between the actual state and

the line perpendicular to the switching line s =0 increases. If D, is the distance between
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the actual state and the switching lines =0, and if D, increases, then the fuzzy control

output should increase. The distance D, is given by; D, =4/e’ +e’~D/ .

X The normalized value of the error and the rate of change of error should be by the
maximum values of the normalized fuzzy output according to the sign of the normalized

fuzzy output.
4.3  Design of Fuzzy Logic Controller

The fuzzy logic controller consists of the following stages:

Normalization
Fuzzification
Inference Mechanism

Defuzzification

o ~ w0 N e

Denormalization

Normalization maps the physical values of the current systems state variables into a
normalized universe of discourse. The error and rate of change of error of the control variables

are mapped into normalized value of the output variables into physical domain.

Fuzzification is a process of converting crisp variables into fuzzy or linguistic variables.
The fuzzy variables chosen for the normalized distances are zero (Z) and positive small (PS) and
the fuzzy variables of the normalized controller gain are zero (Z), positive small (PS) and
positive big (PB). For the ease of calculation, the membership function chosen here is triangular

membership function.

The inference mechanism is an important part of the fuzzy logic controller. Here, the If-
Then linguistic rules or statements are used to determine the fuzzy rules by which the human
decision making based on fuzzy logic can be simulated. These fuzzy rules are used to determine

the controller gain. By using the max-min algorithm, the fuzzy rules can be expressed.

Defuzzification is the process that converts the fuzzy variables into crisp variables. This

transformation is done by the membership functions where a nonfuzzy control action is yielded
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from an inferred fuzzy control action. The best well known method used for the defuzzification

process is centre of area (COA) method. The defuzzified output calculated by this method is;

J.Mout ) Kn ) dKn

K
J-lvtout ) dKn

fuzzy,N =

The process of denormalizing the defuzzified normalized crisp output with respect to the

corresponding physical domain is known as denormalization. This can be done by choosing a

fuzzy,max

suitable denormalization factor N =

fuzzy,N max

4.4  Design of Fuzzy Sliding Mode Controller

To design a fuzzy sliding mode controller, a sliding mode controller is developed by

introducing a fuzzy sliding mode controller.

For a fuzzy sliding mode controller, the block diagram is:

Equivalent control
output

Reference

value
Sliding
surface

Fuzzy Control
value output
Fig 4.1 Block Diagram of Fuzzy Sliding mode Controller
u= (— G-\ ej ~ K sgn(s) (4.1a)

Where, (—é—ké) = Compensation Term

K sgn(s) = Controller gain term
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For a fuzzy logic controller, the working principle is:

u fuzzy — -K fuzzy Sgn(S) (4.1b)

So, combining the two principles, we get the working principle of fuzzy sliding mode controller

with estimation of system dynamics is:
u= (—G—xe}t U 72y

Where uy,,,, =Fuzzy control output

u= (— G- ké) — K 9 SN(S) (4.1c)

In fuzzy sliding mode controller, a phase plane is derived by an error(e) and the rate of change

of error(e) of the state variables that are required to be controlled.

The fuzzy logic controller has two inputs and an output, the error and the rate of change of error

are treated as the two inputs and the controller gain is treated as an output.

Let the two crisp inputs be eand e

Where e =Error of the control variable

e = Rate of change of error of the control variable

N,,N, =Normalization Factors

The two crisp inputs can be normalized such ase,, =eN,, anden =eN,

The value of the normalized factors are decided by trial and error method such as,

N, =0.01and N, = 0.0011.

Then, the two normalized distances D,, and D, are;
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And D, , =D,-N,

The fuzzy variables chosen here for the normalized distances are zero and positive small and the
fuzzy variables chosen for the normalized controller gain are zero, positive small and positive
big. So, the fuzzy control rules are:

Table 1: Fuzzy Rules

Rules D, D,y K fuzzyn
1 Z Z Z
2 Z PS PS
3 PS z PS
4 PS PS PB

For easy calculation, the membership function chosen here is symmetrical triangular
membership function. The error and the rate of change of error of the control variables are
calculated and then, the two perpendicular distances of the actual state from the origin of the
phase plane are calculated. These two distances are normalized to the fuzzy domain of universe.
For a particular value of the normalized distances, the degrees of membership of these two

distances obtained are: K =Dy and p, =1-D,, (4.1d)
and  p,ps =D, and p,, =1-D,, (4.1e)
where p,,s =Degree of membership of D, in Positive Small set.

n,, = Degree of membership of D, in Zero set.

K,es = Degree of membership of D, in Positive Small set.

n,, = Degree of membership of D,, in Zero set.

From the degree of membership of two inputs, the degree of membership of output i.e. the
normalized controller gain of the two inputs are calculated as;

Rule 1: py, = py; Ap,, =min(py,,py;)
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Where p,, = degree of membership of output in zero set.

Rule 2: pips; = My A Bops = MiN (1, Hops)

Where p ., = degree of membership of output in Positive Small set according to rule 2.

Rule 3: pyps, = Hips A oy = MiN (Hyps s Ky )

Where p,ps, = degree of membership of output in Positive Small set according to rule 3.
So the resulting degree of membership in Positive Small set is;

Hips =Mips1 V Hipso = MaX (Hypsy - Mips2)

Rule 4: pyps = Wips A Hops = MiN (Lyps s Hops )

Where p,p; = degree of membership of output in Positive Big set.

The fuzzy AND (A) operation denotes the minimum of the two quantities. Similarly, the fuzzy

OR (V) operation denotes the maximum of the two quantities since rule-2 and rule-3 result the
same output, so to find the degree of membership of output in the Positive Small set, the OR
operation is used.

Let us consider an example with the two normalized distances D,, =0.4and D,, =0.7

So the degree of membership of the output sets is:

Hips = 0.4
Hops =0.6
n, =
W, =

From the fuzzy rule set: p,, =min (n;,,1,,) =0.3
Hips: = Min (py; ,pops) = 0.6
Hipsz = MiN (pyps,Hp;) = 0.3
Hips = MaX (igpsy » Mpsz) = 0.6

Hipg = MIN (pyps , Kops ) = 0.4
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With the above data for the normalized distances, degree of membership of the output set and
from the fuzzy rule set, the defuzzified output can be calculated as shown below.

A
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T 1.0 Z
I
Hy |
os5sr—-—————————- |
I |
I |
I 1
1
0 0.5 1.0 K, —=
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Fig 4.2 Membership functions for normalized inputs
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Kl KZ 3. 1.0 KN%-

Fig 4.3 Membership functions for the normalized outputs

Fig 4.3 shows the normalized output membership function with the symmetrical triangular
membership function for the normalized inputs. This output membership function is divided into
areas Aj, Ay, Az, A4, As, Ag and A;. The fuzzy output variables are converted to crisp variables
by defuzzification. The method used here for defuzzification is centre of area method (COA).

With this, the defuzzified output of the controller gain is;

‘K, -dK
1.3.1.1 Kfuzzy,N = IHOM n n_ Zlnum
IHOUt'dKn Zlden

(4.2)
From fig 4.3, the integral of the numerator and denominator can be found out for different areas.
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Where ZI = Integral of the numerator

num

Zlden = Integral of the denominator

K2 -K?
For a rectangular area, Zlnum Hou'| = 5 (4.3a)
and > ey oy - (K =K, (4.3b)
Foratriangulararea, > I . =A(Kf| +2K? -3K,, Kf) (4.4a)
6(KH - KL)
and }:um==“;‘(KH-—KL) (4.4b)

Ky and K = Higher limit and lower limit of the fuzzy value of output of each area.

The higher and lower limit of the fuzzy value of output of each area can be obtained from geometry, and
by putting the values of the membership functions.

Kl:“K_PS=%=o_3; K2=1_“KZ:1_0'3=0.35
2 2 2
K3:2—uWS:2—Q6:OJ; K4:1+1quB:1+o.4:0.7
2 2 2 2

2
Forarea A;, D 1 um =Hou % =0.0135

Zldenl = Moyt - Kl =0.09

(0.125+ 2K} ~1.5K2)

=9x10°°
6(05-K,) *

Forarea Az, D loum =Hou
z Idenz =Hout” (%) =0.0225
ForareaAs, D 1o =Hou K—61 =9x10°°

z Iden3 =Hout - 71 =0.09
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(i -Ks) K12)= 0.12
2

z I dend — “out(K4 - K2 ) = 021

ForareaAs, D1 Moy

3 2
ForareaAs D 1 =Hoy - (1+62(1Kj ;3)K4 ) =0.072
4

z IdenS = Hout (:L_TK4) = 009

(K?-0.75K, +0.25)

=0.1101
6(K, —0.5)

For area Ag z | ums =Hout -

K,—-0.5
Z Iden6 = “out(d'Tj =0.04

2
ForareaAs, D 10 oy <1_TK4) =0.102

Zldem = Mout(l_ K4): 0.12

Now, from eq" (4.2), the defuzzified normalized controller gain is calculated as,

2 lum  0.4356

K = =
P e 0.6625

=0.657

This defuzzified, but, normalized controller gain can be denormalized by selecting a proper
denormalizing factor N .

According to sliding mode control, the controller gainK = (]AGmaX| + D,y +n+v)

Similarly, for fuzzy sliding mode controller, we can get the maximum value of the defuzzified
normalized output controller gain such as; K, 1oy = QAGmaX| +D,., +N +v)

K

fuzzy,max
N = fuzymax

So, the denormalizing factor is, "~ ~

fuzzy,N ,max

After different simulation studies, the suitable value of the denormalizing factor is taken equal to
11000.
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So, defuzzified denormalized controller gain is;

K =11000x 0.6 = 6600

fuzzy,max

45 Simulation Results and Discussions

Case-1: Step change in reference rotor speed
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Figure 4.4 Simulation responses during Step Change in Reference Rotor Speed

(a) Reference and actual rotor speed (b) Stator d- and g-axis current (c) Rotor d- and g-axis flux
(d) Electromagnetic Torque and Load Torque

The rotor reference speed is stepped from its base value of 1445rpm to 1734rpm between
t=2stot=4si.e. 20% of its base speed. The stator d-axis current remains constant at 2.531A
whereas the g-axis stator current undergoes a transient rise of current of magnitude 14.6A for
0.5s at t = 2s and at t = 4s. The stator phase-a current also undergoes a transient disturbance due
to the step change in rotor speed from 2.915A to a peak value of magnitude of about 6A. The
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rotor d-axis flux remains constant at 1.233V.s whereas the rotor g-axis flux remains at zero. The
electromagnetic torque developed varies with the variation of stator torque component of current.
At no load, the electromagnetic torque developed is 5.296N.m.

Case-2: Trapezoidal change in reference rotor speed

The rotor reference speed is varied in a trapezoidal manner from zero at t = 0 to 1734rpm
i.e. 20% increase of its base speed. The actual rotor speed follows the reference rotor speed. The
torque component of current varies with the variation of rotor reference speed. With the rotor
speed remaining constant between t = 1s to t = 4s, the stator d-axis current remains constant at
2.53A and the stator g-axis current varies with the variation of rotor speed and thus the
electromagnetic torque with load torque zero. During forward motoring mode, the torque
component of stator current is 1.744A and with the reversal of speed, the current also reverses.
During reverse motoring mode, the g-axis current is having a magnitude of 1.744A. A stator g-
axis voltage of 501V is produced and it varies with the variation of rotor speed. With the reversal
of rotor speed, the g-axis stator voltage reverses and a voltage of magnitude 051V is produces
during reverse motoring mode. The stator phase-a current undergoes a transient disturbance
during the change of rotor speed and have a steady state value of 3.07A.
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Figure 4.5 Simulation responses during Trapezoidal Change in Reference Rotor Speed

(a) Reference and actual rotor speed (b) Stator d- and g-axis current (c) Electromagnetic Torque
and Load Torque (d) Controller Gain (e) Stator g-axis voltage (f) Stator phase-a current

Case-3: Flux weakening mode

With the increase in rotor speed above the base speed results in flux weakening mode.
The rotor rotates at a speed greater than 20% of its base speed i.e. at 1734rpm and the rotor d-
axis flux is observed. In the flux weakening mode, the rotor d-axis flux decreases from its
constant value of 1.233V.s to 1.037V.s. This is known as flux weakening mode where the rotor
flux varies inversely as the rotor speed increases. The g-axis rotor flux remains constant at zero.
The rotor rotates at an increased speed of 1734rpm from t = 2s to t = 4s and then decreases to its
original value. It is observed that due to the change in rotor flux, the flux component of stator
current decreases from 2.53A to 2.073A from t = 2s to t = 4s weakens and then returns to its
original value as the rotor speed decreases to its base speed. The stator g-axis current, being the
function of rotor speed, varies with the change in rotor speed. With a step increase of rotor speed,
the torque component of stator current increases from 1.744A to 2.168A after a transient
disturbance of 0.4s. The rotor d- and g-axis flux plot is shown below.
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Figure 4.6 Simulation responses during flux weakening mode

(a) Reference and actual rotor speed (b) Rotor d- and g-axis flux (c) Stator d- and g-axis current
(d) Rotor d-axis vs. rotor g-axis flux plot

Case-4: Step change in load torque

The rotor reference speed is varied in a trapezoidal manner from zero to 1734rpm fromt=0to t
= 1s. The speed decreases from 1734rpm i.e. from forward motoring mode to forward generating
mode. The load torque is varied from zero to the rated load torque of 24N.m in forward motoring
mode and then from zero to -24N.m in reverse motoring mode. With the variation of load torque,
the flux component of stator current remains constant whereas the torque component of stator
current increases from 5.483A to 30.5A. The rotor speed decreases from 1734rpm to rpm. The
stator phase-current increases from 6.6A to 31A with the increase of load and with the variation
of rotor speed. The no load electromagnetic torque increases from 6.35N.m to 30.35n.m due to
the applied load betweent =2stot = 3s.
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Figure 4.7 Simulation responses due to change of load torque

(a) Reference and actual rotor speed (b) Stator d- and g-axis current (c) Electromagnetic torque
and load torque (d) Stator g-axis voltage (e) Controller gain (f) Stator d- and g-axis current

Case — 4: Parameter Variations

As the rotor starts to rotate, with the increase in rotor speed, the temperature increases. So, the
induction motor parameters such as stator and rotor resistance start to vary. With the variation of
load torque also, the nature of various responses of the stator and rotor dependent parameters is
studied. The robustness of the fuzzy sliding mode controller is verified. During the transient
period of t = 0 to t = 2s, the rotor resistance remains constant. After t = 2s, with the linear
increase in rotor speed and with the passage of time, the rotor resistance increases from 5.46CQ to
30 Q. So, the rotor resistance becomes 5.5times the actual rotor resistance and the responses of
the induction motor are observed. Also, after t = 2s, the stator resistance increases from its actual

value of 7.34Q to 11.008Q2 i.e. about 1.5tmes its actual value with the increase in temperature.
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The responses of stator d- and g-axis currents, stator phase-a current, electromagnetic torque,

rotor g-axis voltage and the rotor flux graphs are observed. The rotor d-axis versus rotor g-axis

flux plot is a unit circle with constant rotor d-axis flux and zero g-axis flux. The robustness is

verified with the system remaining in stable state irrespective of the parameter variation.
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Figure 4.8 Simulation responses due to Parameter Variations

(a) Reference and actual rotor speed (b) Rotor resistance and Stator resistance (c) Stator phase-a
current (d) Electromagnetic torque and load torque (e) Stator g-axis voltage (f) Controller gain
(g) Stator d- and g-axis current (h) Rotor d- and g-axis flux (i) Rotor d-axis vs. rotor g-axis flux
plot

4.6  Conclusion

The induction motor is modeled and the fuzzy sliding mode controller with estimation in
system dynamics is designed. The block diagram of the fuzzy sliding mode controller is shown
in fig 4.1. The two normalization factors are selected from the repeated simulation. The fuzzy
variables are selected at random and the fuzzy sliding mode controller is designed by taking
triangular symmetrical membership function. The centre of area method is used for the
defuzzification purpose. The simulation is done and its robustness is verified under the

conditions of step and trapezoidal change of speed, variation of load torque, in flux weakening
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mode and with motor parameter variation. The system responses are observed, studied and it is
obtained that irrespective of the variation of induction motor parameters, the fuzzy sliding mode
controller gives satisfactory performance. Also, the fuzzy sliding mode control technique is

faster than the sliding mode control with boundary layer.
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CHAPTER -5

CONCLUSION

78



5 Conclusion
The vector control of induction motor using linear and nonlinear controllers, rotor flux

estimation using voltage model based estimation and rotor speed estimation scheme is discussed

for an inverter fed induction motor drive. A comparison of the controller schemes is made which

is tabulated below. The comparison of all the responses such as stator d- and g-axis voltages,

stator g-axis current, and rotor speed variation with step change in reference speed as well as

with trapezoidal variation of rotor speed with load torque applied and the variation of

electromagnetic torque with load torque variation is shown below in individual plates. The

assessment of the work is discussed here along with the future scope of the research.

5.1

Assessment of The Work

A nonlinear dynamic model of the induction motor is mathematically modeled in
synchronously rotating reference frame. The simulation is done with the synchronously

rotating reference frame.

The induction motor is linearized into two subsystems i.e. electrical and mechanical
subsystem. The P-I controller is designed to determine the gains of the controller using
pole-zero cancellation method. The vector control of induction motor is simulated using
P-1 controller and the responses are studied using both load torque and speed variation

and machine parameters variation.

The induction motor responses are improved using sliding mode controller and the
simulation is done using different circumstances. The rotor speed is estimated using

direct synthesis of state equation to make it sensorless.

To overcome the disadvantages of sliding mode controller such as chattering and high
controller gain, the fuzzy sliding mode controller is used for the simulation of vector

controlled induction motor drive.
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5.2 A comparison of the responses of P-1, SMC and FSMC:

Case-1: Time responses of rotor speed with step change in reference rotor speed:
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Case-2: Time responses of rotor speed with trapezoidal change in reference rotor
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Case-3: Time responses of electromagnetic torque with change in load torque

applied:
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Case- 5: Time response of stator d-axis voltage with trapezoidal change in rotor
speed with load torque applied:
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Case- 6: Time response of stator d-axis current with trapezoidal change in rotor
speed with load torque applied:
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Table -2: Performance comparison of the controllers for a step change in rotor speed from
1445rpm to 1734rpm

Type of Controller Settling Time of | % Overshoot in 1., | % Overshoot in i,
rotor speed in sec.

P-1 controller 0.25 88.08 93.24
Sliding mode controller 0.045 58.27 89.72
Fuzzy sliding mode 0.201 62.06 60

controller

Table — 3: Performance comparison of the controllers for a step change in load torque from 0 to

24Nm
Type of Controller % drop in rotor speed | Settling Time of rotor speed in sec.
P-I controller 2.3 0.4
Sliding mode controller 0.05 0.2
Fuzzy sliding mode 0.34 0.34
controller

Table — 4: Performance comparison of the controllers for flux weakening mode

Type of Controller Settling Time of rotor flux in sec.
P-I controller 0.4
Sliding mode controller 0.2
Fuzzy sliding mode controller 0.25
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5.3

X/
°e

X/
°e

Scope For The Future Work

For future work, the induction motor can be modeled using magnetic saturation. The
direct torque control strategy with different nonlinear hybrid controllers can be used for

induction motor control for its performance improvement.

The rotor speed and flux can be estimated by online parameter estimation techniques in
order to observe the effects of motor parameters during operating conditions. Different
methods based on adaptive systems, Kalman filter, extended Kalman filter, estimators

based on neural networks can be used to improve the estimation accuracy.

The value of motor parameters such as stator and rotor resistances can be estimated to

know their exact value with respect to temperature variation.
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Specifications and Parameters of the Machine

Induction Motor: Three phase, 3-Phase, squirrel cage induction motor, 5HP (3.7kW), 50Hz,
4 pole, 415V, 1445rpm,

Table 5: Parameters of the Induction Motor

SI. No. Nominal per phase parameters referred to stator Values in Sl units
1 Stator Resistance (R, ) 7.34Q
2 Rotor Resistance (R, ) 546 Q
3 Mutual Inductance (L, ) 05H
4 Stator self Inductance (L, ) 0.521 H
5 Rotor self Inductance (L, ) 0.521H
6 Moment of Inertia (J) 0.16 kg-m*
7 Damping Co-efficient (B) 0.035 N.m.s/rad

Table 6: VValues of the Parameters used in the Induction Motor Model

a, a, a, a, as

300.51 | 244.405 | 23.3226 | 10.48 5.24
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