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Abstract

This thesis presents design and comparative analysis of fractional order PI controller, integer
order PI controller and an adaptive neurofuzzy controller trained by input output data from
fractional order PI controller for indirect vector controlled induction motor. The parameters of
the two PI controllers were genetically optimized using square of error as a fitness function.
The proposed neurofuzzy controller trained with input and output data of fractional order Pl
controller incorporates fuzzy logic algorithm with a multilayer artificial neural network
structure using hybrid learning algorithm. This improves the performance of induction motor
drive. The fractional order model of induction motor has been also investigated using
simulation results and it was inferred that optimized model of induction motor is an integer
order model. The performance of adaptive neurofuzzy inference system controller, was
compared with fractional and integer order PI controllers using MATLAB simulation results
with different operating conditions. It was observed from the simulation results that by using
ANFIS, FOPI, and 10PI controllers, for the reference speed of 50 rad/sec, the percentage peak
overshoots were 0.496%,13.068% and 15.698% respectively. Thus, ANFIS shows dramatic
decrease in overshoot. Also the speed reaches its desired set value at 0.15 second in ANFIS
controlled IM drive. These show the effectiveness of the designed neurofuzzy controller and
the designed neurofuzzy controller tries to speed up the performance of IM drive. On the other
hand, FOPI controller showed better performance than IOPI controller for IM drive, this is

because of FOPI controller has one additional parameter for tuning which is integration order.

Keywords: Fractional order controller, Induction Motor, Indirect vector control, Adaptive
Neurofuzzy Inference System, Artificial Neural Network, Fuzzy logic, Hybrid learning
algorithm.
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CHAPTER ONE

1. Introduction

1.1 Background

Vector controlled induction motor drive is a very accepted method for high performance system
response [1,2]. This method employs the conventional/integer order Proportional Integral,
Proportional Integral Derivative controller or their adaptive versions, for variable speed drive
applications. The difficulties of obtaining the exact parameters of the induction motor leads to
cumbersome design approach. Also the conventional fixed gain Pl and PID controllers are very
sensitive to disturbances, parameter variations and system nonlinearity. Artificial Neural
Network and Fuzzy Logic Control demands special attention for speed control of high

performance induction motor drives.

Fuzzy Logic Controller yields superior and faster control [3,4], without the need of accurate
mathematical model of the system and works well for complex, nonlinear, multidimensional
system with parameter variations or with less precise signals. The main design problem lies in
the determination of consistent and complete rule set and shape of the membership functions.
A lot of trial and error has to be carried out to obtain the desired response which is time
consuming. On the other hand, ANN alone is insufficient if the training data are not enough to

take care of all the operating modes.

ANFIS is used as an intelligent tool to design FLC. It helps to generate and optimize
membership functions as well as the rule base from the simple data provided. ANFIS combine
the learning power of neural network with knowledge representation of fuzzy logic. This thesis
presents speed control scheme of vector controlled IM based on Neuro fuzzy controller. The
proposed NFC is adapted by hybrid learning algorithm in order to minimize the square of the
error between desired and actual output. Layers of ANN structure is utilized to train the
parameters of the FLC, which eliminates unwanted trial and error as was in the case for a

conventional fuzzy logic control [5].

In recent years fractional order calculus has gained a lot of attention, especially in the field of
system theory and control systems design due to more accurate modeling and control
enhancement possibilities [6,7]. It is claim that fractional order differential equations can
describe real world systems more adequately. In control practice, it is useful to consider the

fractional order controller design for an integer order plant [8].



Genetic Algorithm can optimize parameters of both fractional and integer PI controllers.GA

initially generates a random population, which is implemented with small population size in

order to allow the controller to be optimized and converge at a faster rate [9].

1.2 Literature Review

Some of materials that | have reviewed to do this thesis are the following.

1.

In [10], optimization methods in fractional order control of electric drives has also been
discussed. This paper presents a comparative study on the optimization methods in
fractional PID controller design for induction motor. Choosing the best optimization
algorithm for tuning fractional order controllers is crucial in order obtain best system
response. In this study genetic algorithm, local search, nonlinear sequential quadratic
programming, and particle swarm optimization algorithms are used to tune a fractional Pl
controller for induction motors.

In [11], adaptive neurofuzzy speed controller for vector controlled induction motor drive
has been discussed. But this paper used data from conventional (integer order) PI controller.
In [12] indirect vector control of induction motor using fuzzy logic controller presents and
shows fuzzy logic controller can replace the PI controller.

In [13] fractional order modeling and control(FOMCON) toolbox for MATLAB is
explained by Aleksei Tepljakov. This paper presents all the major modules comprising the
toolbox and discuss the corresponding mathematical concepts. Fractional order system
analysis, identification and fractional controller design, tuning and optimization in the
context of the toolbox are presented and discussed.

In [14] Fractional order modeling and control of dynamic systems has been discussed.
Modeling real dynamic systems using fractional order calculus and control has been
presented.

In [15] applications of fractional calculus have been discussed. Different definitions of
fractional derivatives and fractional integrals has been presented. By means of them explicit
formula and graphs of some special functions are derived. Also they review some

applications of fractional calculus.



1.3 Problem statement

The most widely used controller for controlling speed of vector controlled induction motor is
the conventional proportional integral controller. But, the performance of Pl controller
diminishes under the uncertainties of motor which include unknown load on motor and its

resistance variations. It is also sensitive to system nonlinearity.

Fractional order differential equations can describe real world systems more adequately. This
makes fractional order modeled systems to accurate modeling and control enhancement
possibilities than conventional (integer) order modeled systems. As a result, from fractional
order model accurate data is obtained compared to conventional ordered system. The training

data for ANFIS becomes accurate; therefore, the performance of ANFIS increases.

Many literatures have done on ANN controller, FLC including ANFIS for controlling the speed
of induction motor. But, nobody uses fractional order P1 controller to generate training data for
ANFIS controller. This thesis proposes it is possible to enhance the control action of ANFIS
by using input and output data of fractional order PI controller as a training data.

1.4 Objective of the thesis

1.4.1 General Objective

The main objective of this thesis is designing and giving comparative analysis of genetic
algorithm tuned fractional and integer order PI controllers with adaptive neurofuzzy controller
for speed control of indirect vector controlled Induction motor.

1.4.2 Specific Objective

v To investigate fractional order model of induction motor.

v’ To use Genetic algorithm tuning method to determine fractional and integer order Pl

parameters.
v To use ANFIS controller for indirect vector controlled induction motor

v To compare and evaluate the performance of genetically optimized fractional order Pl
and integer order P1 controllers with ANFIS controller trained by fractional PI controller
data.

1.5 Scope of the thesis

The scope of this thesis is comparing the performance of IOPI, FOPI, and ANFIS controller
trained with data from fractional order PI controller. The thesis is implemented using only
MATLAB/SIMULINK simulation with no practical implementation.



1.6 Methodology
The methodology will be followed to solve the problem are as follows. The study begins with
gathering and studying literatures that related to this thesis.

v Modeling of IM using reference frame

v" Investigate fractional order mathematical model of induction motor.

v' Design fractional and integer Pl controllers for indirect vector control of induction

motor.

v" Replace the function of fractional and integer order PI controllers by ANFIS controller.

v’ Performance evaluation and analysis.
After simulation using fractional and integer order PI controllers the required data for ANFIS
training are gained. For ANFIS training hybrid method of training is used. Finally, brief
analysis depending on the MATLAB/SIMULINK simulation results will be given in terms of
parameter and load variation. The overall schematic diagram of speed control of indirect vector
controlled induction motor using ANFIS is shown below.
1.7 Organization of the thesis
The thesis has organized into five chapters. Chapter one presents introduction, statement of the
problem, objectives of the study, methodology and literature review leading towards the
completion of the thesis. The second chapter discusses about integer and fractional order
modeling of induction motor, fractional calculus, reference frame transformation, reference
frame model of induction motor. Chapter three presents about control of induction motor;
concept of vector control, FLC, ANN, ANFIS, and GA. Chapter four presents about simulation
results obtained using MATLAB/SIMULINK and discussions of these results. Finally, Chapter

five is talking about conclusion and recommendations for future works.

DC power supply
Reference

Te* * V*0s Vas

speed v >
P ([ Speed [ s caremt ] SVPWM \\/brs;( "
A Controller calculation controller | _inverter c=

@)
)

Y-

-> *,
|* V*ds r
Nominall calculation d Ibs Rotor speed
rotor flux abc lcs

n

o

Y Park transformati
Flux

position(6e )
calculation
A

Figure 1.1 Complete diagram of indirect vector control

4



CHAPTER TWO
2. Modeling of three phase Induction Motor

In this chapter, fractional order calculus and systems, MATLAB toolboxes for analyzing
fractional order systems, reference frame transformations i.e. Clarke and Park transformations
will be introduced. Finally, induction motor model based on an induction machine equivalent
circuit in a synchronously rotating dg reference frame will be discussed; also fractional order
model of induction motor from integer order model based on MATLAB simulation results will
be investigated.

2.1 Introduction to Fractional order modeling

2.1.1 Historical Background of fractional calculus

Fractional calculus is a topic being more than 300 years old. The idea of fractional calculus has
been known since the regular calculus, with the first reference probably being associated with
Leibniz and L’Hospital in 1695 where half order derivative was mentioned [19].

Fractional integrals and derivatives appear in the theory of control of dynamical systems, when
the controlled system or/and the controller is described by a fractional differential equation.
The mathematical modeling and simulation of systems and processes, based on the description
of their properties in terms of fractional derivatives, naturally leads to differential equations of
fractional order and to the necessity to solve such equations [20].

Fractional order calculus was not particularly popular until recent years when benefits
stemming from using its concepts became evident in various scientific fields, including system
modeling and automatic control. It is also apparent that this rise of interest is related to
accessibility of more efficient and powerful computational tools provided by the evolution of
technology and introduction of computer algebra systems (CAS), such as MATLAB and
Mathematica [21].

Recent findings support the notion that fractional order calculus should be employed where
more accurate modeling and robust control are concerned. Specifically, fractional order
calculus found its way into complex mathematical and physical problems [21].

2.1.2 Definition and Laplace transform of fractional order calculus

Fractional systems, or non-integer order systems, can be considered as a generalization of
integer order systems. Fractional calculus is a generalization of integration and differentiation
to non-integer order fundamental operator aD/ where a and t are the limits of the operation

and o €R [20]. The continuous integro-differential operator is defined as [19].



da
F' a>0

aDf= 1, A= 0 e (2.1)
[(dD)™%, a<0
The Laplace transform is an essential tool in dynamic system and control engineering. There
exist multiple definitions of the fractional operator. In the section below main definitions of
fractional order derivatives are presented [16, 17, 19, 20, 21, 22].

Definition 2.1. Riemann-Liouville definition of fractional order derivative

aDg f(t)= D)L YA, oo, (2.2)

F(m a) arm f (t
Where m —1 <a<m € N and a € R is a fractional order of differentiation of function f(t).

The term I'(.) represents gamma function.

The Laplace transform of RL fractional order differentiation for causal system is given as

follows

JODE f ()] = S*F(s) - TRZEsKODEE L F(0) woveiiiiie e (2.3)
£(0) are the initial conditions, andn—1<a<n € N.

Definition 2.2. Caputo’s definition of fractional order derivative

LA @) (= )™ N Al (2.4)

aDf f(t)= F(m 3

Wherem — 1 <a<m € Nand a € R is a fractional order of the differentiation of function

f(t).

The Laplace transform of Caputo fractional operator for causal system is given as

JLODE ()= 5% F(s) - ¥Rz s® k=1 FUI0) (2.5)
Wheren—1<a<né€N.

TO=[y 771 @7t i (2.6)

N E G | PO PP PP (2.7)

Definition 2.3. Griinwald-Letnikov definition fractional order derivative

aDg f(t):}li%;—a 25.;70](—1)1' (‘j) FCEN) oo (2.8)

Where [-] means the integer part, h is the step size

Laplace transform of the Griinwald-Letnikov fractional operator for causal system is given by

] o 9 ] I 2 ) T PP (2.9)
al - al _ ['(a+1)
() 2 sy TRty o orvee e (2.10)



Rieman-Liouville and Caputo definitions are very close. The difference is the order of initial
conditions. In Caputo definition these conditions are of integer order which makes them easier
to interpret. This is not the case of RL definition where the initial conditions are of fractional
order.

2.1.3 Properties of fractional order calculus

Fractional order differentiation has the following properties [16, 19, 21]

1. If f(t) is an analytic function, then the fractional order differentiation oD/ f(t) is also

analytic with respect to t.If o = n where n is integer, then the operator oDZf(t) can be
understood as the usual operator d—n.

2. Operator of order a = 0 is the identity operator: 0D2f(t) = f(t).
3. Fractional order differentiation is linear; if a, b are constants, then

0D [af (t) +bg(t)]=a0DF f () +D0DFG(t) . .onerinii e (2.11)
4. For the fractional order operators with o. > 0, > 0, and under reasonable constraints on the

function f(t) it holds the additive law of exponents.
oDZ [oDP £ ()] = oDP [oDEF ()] = 0D F(£).e oo (2.12)

5. The fractional order derivative commutes with integer order derivative.

L DR (1)) = Dt“(d L= aDE+™ F(£)..oiiece (2.13)

atn

Under the condition t=a ,we have £ (a)=0, (k=0,1,2,3...........ccccceeiiiiiiiiiiinn... n-1).
For numerical calculation of fractional order derivatives, we can use the relation derived from
the GL definition. This approach is based on the fact that for a wide class of functions the three
definitions GL, RL, and Caputo’s are equivalent if f(a)=0. Under the homogeneous initial
conditions, the Riemann Liouville and the Caputo derivative are equivalent.
2.1.4 System modeling using fractional calculus
SISO and MIMO systems can be modeled by factional order differential equations. A general
LTI fractional order system can be described by a fractional differential equation of the form
[19]
an D"y (8) + A 1 DY (E) Foee +agD;°y(t)=

by DE™U(t) +bpy_ DP™u(t) +.. +hoDPOU) Lo (2.14)



The following figure shows classification of LTI systems

LTI systems

/\

Noninteger/Fractional Integer

PN

Commensurate | Non commensurate

Rationzﬁ/} Irrational

Figure 2.1 Classification of LTI systems

Where the derivative term denotes the Grunwald-Letnikov, the Riemann-Liouville or the
Caputo’s fractional derivative. The corresponding transfer function of incommensurate real

orders has the following form [19].

by SPm+.+b;SP1+b 5P Q(sPK)

G(S) = B ST LS I ag ST P(ST) T (2.15)
In frequency domain 2.15 has the form
- N bnGw)Pmt+b; Gw)P14beGwyfo _ Q(Gw)Pr)
G(w) = o oS st ()T T ag )T — P((ay Ty " 7 T (2.16)
Where a; (k=0,1,2,........... n), by (k=0,1,....... m) are constants., and oy, (k=0,1,....... n), Bx

system (2.15) can also be expressed in commensurate form by the multivalued transfer function
(19).

by S v+ +b1 S /r4+bg
anSn/V+~-~+a15‘1/V+a0 ’

H(S) =

Note that every fractional order system can be expressed in the form (2.17) and the domain of
H(S) definition is a Riemann surface with v Riemann sheets. The system is said to be of
commensurate order if all the orders of derivation are integer multiples of a base order y such
that ay,, B, = ky, yYER™and is of non-commensurate order if no common factor exists. The LTI

fractional order systems can also be represented by the following state space model (19).

0D/ x(t) = Ax(t) + Bu(t)}
y(t) = Cx(t) + Du(t)

Where XéR™, ueR"and yERP are the state, input and output vectors of the system and AeR™ ",

Be R™" , Ce RP*™ , De RP*", and 0= [qq,qz,...,q,]" are the fractional orders. If



q1=9,=...=qp=0, system (2.18) is called a commensurate order system, otherwise it is an
incommensurate order system.

The state-space model allows representation of MIMO fractional order systems.

G(S) = C(SUT —A) T B H Do (2.19)
Observability and controllability concept is similar to integer order systems [19].

I. The system (2.18) is controllable on [to ,tﬁnal] if the controllability matrix has rank n

Cyu=[B AB A%B e ... AT IB] e (2.20)
ii. The system (2.18) is observable on [to , tﬂnal] if the observability matrix has rank n
0,=[C, CA, CAZ, ... CAM YT el (2.21)
Non-commensurate fractional order non-linear system has the form [20]
oD x;(t) = f;(x1 (), x2(E), wvv e e X (D), E) e, (2.22)
x(0)=c¢;, i=12,.......... N
Where c; are initial conditions, or in its vector representation.
DK = () ottt e (2.23)

Where 9= [q1, g2, ..., qn]" for 0<q;<2, (i=1, 2,...,n) and XER™.

The equilibrium points of the system (2.23) are calculated by solving the following equation

2.1.5 Stability of fractional LTI Systems

Stability as an extremely important property of dynamical systems can be investigated in
various domains. The usual concept of BIBO or external stability in time domain can be defined
via the following general stability conditions [19]. A causal LTI system with impulse response
h(t) will be BIBO stable if the necessary and sufficient condition is satisfied.

Sy MREOINAT < 0. (2.25)
Where the output of the system is defined by convolution

YOFNO*U®)= [, AU = AT (2.26)
Another very important domain is frequency domain. In the case of frequency method for
evaluating the stability we transform the S plane into the complex plane G,(jw)and the
transformation is realized according to the transfer function of the open loop system G, (jw).
During the transformation, all roots of the characteristic polynomial are mapped from S plane
into the critical point (-1, jO) in the plane G, (jw).The mapping of the S plane into G, (jw) plane
is conformal, that is, the direction and location of points in the S plane are preserved in

the G,(jw) plane. However, we cannot directly use algebraic tools, for example, Routh-
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Hurwitz criteria for the fractional order system because we do not have a characteristic
polynomial [19].

In the fractional case, the stability is different from that in the integer one. An interesting point
is that a stable fractional system may have roots in right half of the complex w plane as shown
in figure 2.2. Since the principal sheet of the Riemann surface is defined —x < arg(s) < =, by
using the mapping w=s4, the corresponding w domain is defined by —qn < arg (w) < qm, and
the w plane region corresponding to the right half plane of this sheet is defined by —qn/2 < arg
(W) < qm/2 [20].

Untable
Region

Re

(@ 0O<g<1 (b) 1<g<2
Figure 2.2 Stability regions of fractional order systems

Matignon’s stability theorem states that the fractional transfer function G(s) = Z(s)/P(s) is
stable if and only if the following condition is satisfied in w-plane
[arg(W)| > qT/2 , VW E C, P(W) = 0.neneeiiieit e e (2.27a)
Where 0 < g < 2 and w=s%. When w= 0 is a single root of P(s), the system cannot be stable.
For g = 1, this is the classical theorem of pole location in the complex plane, no pole is in the
closed right plane of the first Riemann sheet.
The fractional order linear time invariant system state space model (2.18) is stable if
[arg(BIG(A)) | > O TT/ 2 e (2.27b)
Where 0 < g <1 and eig(A) represents the eigenvalues of matrix A
2.1.6 MATLAB toolboxes for analyzing fractional order systems
In recent years, as fractional calculus becomes more and more broadly used across different
academic disciplines, there are increasing demands for the numerical tools for the computation
of fractional integration/differentiation, or the simulation of fractional order systems. Time to
time, being asked about which tool is suitable for a specific application.
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1. @fotf
@fotf (fractional order transfer function) is a control toolbox for fractional order systems
developed by Xue. Most of the functions inside are extended from the matlab built in functions.
In [23], the code and usage of the @fotf toolbox are described in very detail. It uses the overload
programming technique to enable the related methods of the matlab built in functions to deal
with fractional order models. The transfer function objects generated from it can be interactive
with those generated from the matlab transfer function class. Yet, the overloading of associated
functions such as impulse (), step (), etc., lost the plotting functionality. As a work around,
users can simply define a time vector as the second input to these functions. fotf toolbox
supports time delay in the transfer function. It does not directly support transfer function
matrix, hence, MIMO systems cannot be simulated directly. However, since it provides
Simulink block encapsulation of the involved function fotf(), multiple input/output relationship
can be established by manually adding loop interactions in Simulink block diagrams. Drawback
of @fotf is that the sampling time has relatively big impact on the accuracy [23].

2. Ninteger
Ninteger, non-integer control toolbox for matlab, is a toolbox intended to help with developing
fractional order controllers and assessing their performance. It uses integer order transfer
functions to approximate the fractional order integrator/differentiator. It also provides Simulink
block encapsulation of the involved functions, such as ‘nid’ and ‘nipid’ blocks. Moreover, it
offers a user friendly GUI for fractional order PID controller design. There is a problem with
ninteger toolbox in Matlab version 2013a or later. Without additional editing, it has conflicts
with some built-in functions due to the overload editing of the Matlab built-in function
“isinteger()”’[22].

3. CRONE
The CRONE Toolbox, developed since the nineties by the CRONE team, is a Matlab and
Simulink toolbox dedicated to applications of non integer derivatives in engineering and
science [24]. It evolved from the original script version to the current object-oriented version.
A good feature of the CRONE toolbox is that some of the methods are implemented for MIMO
fractional transfer functions. Several other toolboxes are inspired by CRONE, e.g ninteger and
FOMCON. A drawback of the CRONE toolbox is that time delay cannot be incorporated into
the generated fractional order transfer function. CRONE is a toolbox much more powerful than
merely simulating fractional order systems. In spite of this basic functionality, it is also capable

of fractional order system identification and robust control analysis and design.
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4. FOMCON
The FOMCON (Fractional Order Modeling and Control) toolbox is developed by Aleksei
Tepljakov [16]. Its kernel utilizes the algorithms in fotf, ninteger and Crone.It encapsulates
some of the major functionalities of those three toolboxes, and builds a GUI shell on top, aiming
at extending classical control schemes for FO controller designs. The relation of FOMCON
with the three toolboxes is shown in figure 2.3. Some notable changes to the original fotf are
v newfotf() uses the string parser to enable users to input transfer function as a string
v tf2ss() is overloaded and foss() is added, which makes the conversion between
fractional order transfer function object and fractional order state space object. The
CRONE toolbox is also able to do the task, yet the script is encrypted in Matlab P code
format.
In this thesis FOMCON Matlab toolbox is used because it includes the major functionalities of

fotf, ninteger and Crone toolboxes.

Figure 2.3 FOMCON’s relation to other fractional order matlab toolboxes [16].

e i =] Discrete
M forfrsn P Herac TH= P Aoeos P A s P A proe P
J iscrete fractional iscrete fractional ractions ractiona
Fractiomal LTI ] i 1 ] ki 1 F 1 F 1 PIC
[(Transfer Fon) Transfer Fon IO contraller int=grator contrallar
= I
PO S T Mrac Tis=) P M Drx=sAx=Bu g b PCEC T
e ey BT }Dsa: QFT o
- q Fractional A PED
Fracticnal Fracticnal = o Fractional
derivative Transfer Fon tate-Space operator Discrete FFRID
OPTIM controller
Discrats
>“'\-|'_'I'I'I Fr Tf> }"'\J urn Fr TT:P } TID >
Mum Discreta Mlum Fractional TID comtrodler
Fractional Transfer Fon Transfer Fon

Figure 2.4 The Simulink block set provided in FOMCON toolbox
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2.2 Reference frame transformation

2.2.1 Introduction

The inductances of all AC machines vary according to the rotor position. Because of that, the
voltage equations of an AC machine are expressed as time varying differential equations as
long as the rotor of the machine rotates. The transformation of physical variables of an AC
machine using reference frame theory could make the analysis be easy by transforming the
time varying differential equations to the time invariant differential equations. The electrical
variables such as voltage, current, and flux in a, b, and ¢ phases of a three phase system can be
transformed to the variables in d, g, and n or O (direct, quadrature, and neutral) orthogonal axes,
where the magnetic couplings between axes are zero. Usually, the d axis, which means the
direct axis, is the axis where the main flux directs. And the g axis, which means the quadrature
axis, lies 90°ahead of the d axis spatially with regard to the positive rotational direction of a
rotating MMF. Also, the n or 0 axis, which means the neutral axis and sometimes called as zero
sequence axis, is orthogonal to the dq axes in three dimensional space, and the n axis is
perpendicular to the plane where the rotating MMF lies; hence the current or voltage at the n
axis does not contribute to the rotating MMF and to the torque either, but only to losses. This
kind of transformation from the a, b, and c¢ phases to the orthogonal axes can be done by
complex vector algebra or matrix algebra. For theoretical analysis and physical understanding,
the transformation based on the complex vector would be easier compared to that on the matrix
algebra. But, for the computer simulation and programming of the real time control software
of the electric machine, the transformation with the matrix algebra is more convenient [29]. In
this thesis transformation based on matrix algebra is used.

In the viewpoint of the magnitude of variables at dgn axes compared to that at three phases,
there are two methods of transformation. One is called the phase magnitude invariance method,
where the magnitude of variables at each phase of the three phase system is the same to that of
dg axes components in the balanced steady state. But the power and torque expressed in dgn
axes should be multiplied by 3/2 to get the same torque and power expressed in terms of three
phase variables. The other one is called the power invariance method, where the magnitude of

power or torque expressed in a three phase system is the same as those in dgn axes. But in the
power invariance method, the magnitude of variables at each dqg axis is 4/3/2 times that of
variables at a three phase system [29].

The reference frame theory can be used to simplify the analysis of electric machines and also

to facilitate the simulation and digital implementation of control schemes. [28].
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In this thesis, for the convenience of comparison of simulation results with calculated values,
and also for easy conversion to three phase variables to dg variables, the phase magnitude
invariance method is used.

Based on speed of reference frame there are four main reference frames of motion, which could
be used to model induction machines. These are arbitrary reference frame, stationary reference
frame, rotor reference frame and synchronous reference frame. The two commonly employed
coordinate transformations with induction machine are the stationary and the synchronous
reference frame [31].

i. Stationary reference frame: In this case the dq axis is not rotate. So, the reference frame
speed is zero (w =0). It is best suited for studying stator variables only, for example variable
speed stator fed IM drives, because stator d axis variables are exactly identical to stator
phase A variable.

ii. Rotor reference frame: The reference frame speed is equal to the rotor speed (w =w,.).
Since in this reference frame the d axis of the reference frame is moving at the same relative
speed as the rotor phase A winding and coincident with its axis, it is best suited when
analysis is confined to rotor variables as rotor d axis variable is identical to phase-rotor
variables.

iii. Synchronous reference frame: When the reference frame is rotating at synchronous
speed, both the stator and rotor are rotating at different speeds relative to it. The reference
frame speed is equal to synchronous speed (w =w,). Synchronously rotating reference
frame is suitable when analog computer is employed because both stator and rotor dq
quantities becomes steady DC quantities.

iv. Arbitrary reference frame: In this reference frame speed is unspecified w and the dq
axis can rotate at an arbitrary speed, there is no relative speed between the four coils
ds, qs, dy, -

2.2.2 Clarke and Park transformations

The Clarke and Park transformation is a transformation of coordinates that designed to
transform multiphase stationary coordinate system in to two axes stationary and rotating
coordinate system respectively. The stationary two phase variables of Clarke’s transformation
are denoted as o and B. As shown in figure 2.5 the a axis coincides the phase a axis and the 3
axis lags the o axis by 90°. The transformation is bidirectional, third variable known as the zero

sequence component is added [27].
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Figure 2.5 Relationship between aff and abc quantities

[fa,BO]:[ TaBO ] [fabc] ................................................................................. (228 )

fabe)™ [Tapo] T L fapol- oo (2.29)
fape @nd  fopo represents stator or rotor variables such as voltage,current,flux of Ac

machines.Where the transformtion matrix [T,g,] is given by
[+ e

[Taﬁo]:gi 0 \/§/2 _\/§/2| ................................................................... (2.30)
o Y Yy

The inverse transformtion is

1 0 1

[Tapo] ™ :| Y \E/z 1‘ .................................................................... 2.31)
-1/, _\/§/2 1

[fapo] "= [fa £5 fol oo (2.32)

el 7= U fo feloooooeeeeee e (2.33)

In this thesis Clarke transformation is used in SVPWM pulse generator, since the input of
SVPWM pulse generator from external source is in the form of of. The induction motor
considered in this thesis is balanced three phase. Therefore; the zero sequence component is
null. Rotating transformation from abc to dqg coordinates, also called 3/2 rotating
transformation, projects balanced three phase quantities (voltages or currents) to rotating two

axis coordinates at a given angular velocity [26]
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c-axis

Figure 2.6 Relationship between the dq and abc quantities
The transformation matrix to convert a variable in a three phase axis into the variable in a
rotating axis with arbitrary speed can be derived as follows [25, 26, 27, 28, 29]. The form is

similar to equation 2.28 but the transformation matrix is different as

10020 Tatgo T bl veeeeeeeeeeeeeeeeeeeeeeeeeee e (2.34)

[abe] ZITaq0] ™2 gl eveeeeeemeeeeseeoeeeeee e (2.35)
I[cos(H) cos(8 — 2?”) cos(8 + 2?”)]'

[Taqo]=Caqo | Sin(8)  sin(@ =) sin(8 +=9) |...oooovioviiiiiccccccec ) (2.36)

3
l 1 1 1 J

2 2 2

The inverse transformtion is
cos(60) sin(8) 1
21 . 21

[Tagol *=Capc |€0S@ =) sin(@—=3) 1f s (2.37)

cos(8 + 2?”) sin(6 + 2?”) 1
Where Cyq0 X Cape :2/3
Note that the transform matrices and multiplying factors are the same for both voltages and
currents.
In the original Park’s transformation, the factor Cy4q0 for abc to dgO transformation is 2/3, while

the factor Cgj. for dg0 to abc transformation is 1. In some publications, however, Cgq0
and C,,. are both defined to be 2/3 [26].

In this thesis, Cyq is defined as 2/3 and Cg as 1.

[fiqod 7= [fa £y Folovovmoeomeoe e (2.38)
The relation between park and clark transformation is given as

[fa]_[ cos(8) sin() ][[f«

V] 5@ S0 U] 239)

16



[fa]:[cosw) —sin(é’)] [[fa]
[fz]7| sin(8) cos(®) |11y
where 0 is, the angle between the synchronously rotating reference frame d axis and the
stationary frame a axis. The angular velocity w and the angular displacement 8 of arbitrary

reference frame are related as

_de

T TP PP RPRES (2.41)
Thus,
0= f 0 Al e e e (2.42)

The above concepts can be checked by using MATLAB/SIMULINK as follows. As shown in
figure 2.7 the inputs of abc to dg transformation block are transformation angle (theta) which
produces 0-2m radian and three single phase currents [i,s, ips, ics] With magnitude 220A, 60Hz
frequency and shifted by 120° each other. The abc to dq transformation block yields two phase
currents [igs, igs] With frequency 60 Hz, magnitude 220A and shifted each other by 90° as
shown in figure 2.8.The simulation result summarizes the theory discussed above. Clarke

transformation is the same as park transformation except transformation angle (theta) is zero.

E_E i as

i _bs

i bs
i_cs

abc to dg transformation

theta

Figure 2.7 Park transformation simulink model
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Figure 2.8 Simulation results of park transformation
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2.3 DQ dynamic integer order model of three phase induction motor in SRRF

The modeling of the three phase induction machine generally retained, relies on several
hypotheses. The first hypothesis consists in assuming that the magneto motive forces created
by different stator and rotor phases are spread in a sinusoidal way along the air gap, when those
windings are crossed by a constant current. An appropriate dispersion of the windings in space
allows reaching this aim. The machine air gap is also supposed to be constantly thick; the
notching effects, generating space harmonic are ignored [30].

For this modeling, the following hypotheses about the physical behavior of the materials are
considered [30].

v The skin effect is not taken into account.

v" The temperature in the motor stays constant whatever the operating point is, which
leads to constant parameters in mathematical models (stationarity).

v" The magnetic fields are not saturated, are not submitted to the hysteresis phenomenon
and are not the center of Foucault’s currents (for all practical purposes, the magnetic
circuit is leafed through to limit the effects). This allows defining linear inductions.

In fact, the parameters of these models vary in saturation, skin effect and temperature [30].

In the development of an induction motor model, a three phase induction motor with
symmetrical windings is assumed. Using the above transformation methods and assumptions
the voltage, flux linkage and torque equations in the synchronously rotating reference frame
are given as follows [25, 26, 27, 28, 29,30].

Stator voltage equations

Vas = Rslgs T Welgs + PAgs.ovvniiiiiiiiii (2.43)
Vias = Rslds = @eAgs F PAds- - vveeeemieieaiiatiie ettt (2.44)
Vs = 0 = Rglgg d PAgg.eeeeeite et e e (2.45)
Rotor voltage equations

Viar=0=R,i'p+ (we — 0 ) + PA g (2.46)
Viar =0=Ri'gr — (We — 0 )A gr + PAgreooiii (2.47)
Vior = 0 = R i 0r 4 PA e (2.48)
Where P:%

Stator flux linkage equations

Ags = Lis igs + Lin(igs & 1/ gr) o oemeeeeeeei e (2.49)
Ads = Lig lgs F Loy (gs 0 g ) eeeeen e (2.50)
205 = 0 = L g s enenenenen et e (2.51)



Rotor flux linkage equations

Nar = Lip U gr+ Lin (Lgs F 0 gr)eeeeeoeemeeeeeee e (2.52)
A’dr = LlTi,dT + Lm (ids + ildr) ................................................................... (253)
A o = 0 = L £ g oo (2.54)
Mechanical equation
Toef So8 4 F@p + Ty oo (2.55)
Electromagnetic torque equations
3\ P\ /- ,
T, = (5) (5) (UgsAds = LasAgs) - eenneemnmmeeei e (2.56a)
3\ ,P P P
T, = (5) (5) Lin(igst ar — Gast gr) e oeeeee (2.56b)
3, ,P I I
T, = (5) (5) A el ar = A arl gr) e (2.56¢)

The zero sequence component becomes zero because symmetrical induction motor is

considered in this thesis.

Figure 2.9 SRRF equivalent circuit of 3-phase symmetrical induction motor
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2.4 DQ dynamic fractional order model of three phase induction motor in SRRF
After having the well-known integer order model, it is possible to write dimensionless
fractional order model of induction motor and determine the unknown order of differentiation.

Stator voltage equations

Vis = Rsigs + @edds F Sl gs e evreeeaitait ettt (2.57)
. de
Vds = Rslds - (l)elqs + dt_“lds ..................................................................... (258)

a

. d
VOS = 0 = RS"OS +F

Rotor voltage equations

LS et (2.59)

da

Vigr =0=Ri'"p + (W — 0 )A g + dt—al'qr ................................................. (2.60)
! I - 4 da 4

Vdr:Oerldr—(we—wr)Aqr'i‘ﬁldr ................................................ (261)
! I - da 4

VOT:():RTI'OT-I_ﬁAOT ....................................................................... (262)

Where a is order of differentiation

Flux linkage, electromagnetic torque, and Mechanical equations are the same as integer order
model, because these equations have no any derivative term.

2.5 Fractional order model investigation and induction motor model validation

Once the integer and dimensionless fractional model of induction motor have been determined,;
model validation and determination of differentiation order (a) for fractional order model must
be performed before designing controllers. The parameters of the induction motors used for
simulation are listed under table C.1 of appendix C. To illustrate the fractional order model of
induction motor, simulation study using different values of differentiation order o is
demonstrated. At the initial time instant (t=0), the motor previously de-energized and at
standstill, is connected to the respective three phase 60Hz supply as shown in figure A.1 of
appendix A, which is used for simulation to determine differentiation order (a)). The power
source is constructed using a signal generator block from the Simulink library. The load torque
is assumed to be ONm (no load). Figures 2.10(a-c) show the results of MATLAB simulation
using the Simulink model. Table 2.1 summarizes the speed and electromagnetic torque
simulation results of induction motors for different order of integration («).For simulation three
different induction motors having 2.24KW, 7.457KW and 7.5 KW power are used. The
following figures are speed-time and torque-time simulation results of three different induction

motors.
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The induction motor works on the principle that electrical power supplied to the stator will
produce a rotating magnetic flux through its iron and air gap. This rotating flux, in turn, induces
currents in the rotor conductors. There currents interact with the original flux to generate a
torque to make the rotor rotate. The stator has insulated windings embedded in the inner slots
of the iron periphery. The placement and connection of these windings determines the number
of electrical poles of the motor. As a sinusoidal excitation is applied to the windings of stator,

a sinusoidal flux is established in the air gap rotating at a speed given by

Where N represents synchronous speed in rpm, fs is the frequency of the applied excitation
in Hz, and P is the number of poles. It is also known as the synchronous speed.

Different criteria are used to select the best value of a. The speed response of fractional orders
at no load is not equal to the value calculated by equation 2.63. As seen from table 2.1 as the
order of integration (o) increases peak torque decreases, rated speed at no load increases,
settling time for torque and speed increases. The calculated synchronous speed which is
calculated by equation 2.63 is equal to the simulation result at a=1, which is an integer order.

Therefore, the optimized model of induction motor is an integer order model.

Table 2.1 Performance of induction motors for different order of integration (o)

Motor| a value | Peak Settling | Final value of [Settling  [Final value of | Calculated
torque | time for | torque atno [time for |speedatno | synchronous
(Nm) | torque load speed load (rad/sec) (rad/sec)
(sec) (Nm) (sec)
1 | 1.02 478 [1.43 0.4211 1.385 420.78
1 295.6 [1.13 0.3769 1.11 376.94
097 [395.1 [0.718 0.3117 0.641 312.41 376.99
2 | 1.01 {1239 (.65 3.239 0.55 198.9
1 135.9 |0.58 3.064 0.452 188.4
097 [191.4 [0.321 2.539 0.281 156 188.5
3 | 1.02 603.0 (.78 51.95 0.712 139.6
1 7245 |0.53 46.47 0.481 124.9
0.98 [887.4 (0.394 41.02 0.33 110.3 125.66
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CHAPTER THREE

3. Control of three phase induction motor

In this chapter motor control strategies, Genetic algorithm optimization technique, and concept
of intelligent control techniques will be discussed. Finally, integer and fractional order Pl
controller, and ANFIS controller using fractional order PI controller data will be designed. GA
optimization technique will be used to get optimized parameters of both fractional and integer
order PI speed controllers. Fractional order PI controller will be designed using FOMCON
toolbox.

3.1 Introduction to three phase induction motor control strategies

Induction motors are the most widely used electrical motors due to their reliability, low cost
and robustness. However, induction motors do not inherently have the capability of variable
speed operation. Due to this reason, earlier dc motors were applied in most of the electrical
drives. But, the recent developments in speed control methods of the induction motor have lead

to their large scale use in almost all electrical drives.

Induction motor control problems have attracted the attention of researchers for many years.
Most of the earlier researches are based on classical control theory and electric machine theory,
using precise mathematical models of the induction motor. As shown in Figure 3.1, an
induction motor control system consists of the controller, sensors, inverter, and the induction
motor. It can be seen that a study of induction motor control involves three main electrical

engineering areas: control, power electronics, and electrical machines [26].

Power supply Voltage and
Commands current sensors
> Controller | Inverter

Speed or
position sensors

Figure 3.1 Induction motor control system [26].
There are many strategies of induction motor control. The most widely used strategies are volts
per hertz control, constant slip control, field oriented control. The first, volts per hertz

control, is designed to accommodate variable speed commands by using the inverter to apply
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a voltage of correct magnitude and frequency so as to approximately achieve the commanded
speed without the use of speed feedback. The second strategy is constant slip control. In this
control, the drive system is designed so as to accept torque command input, and therefore speed
control requires an additional feedback loop. Although this strategy requires the use of speed
sensor, it is highly robust with respect to changes in machine parameters and results in high
efficiency of both of the machine and inverter. One of the disadvantages of this strategy is that
in closed loop speed control situations the response can be somewhat sluggish. The third
strategy which also considered in this thesis is field oriented control. In this method nearly
instantaneous torque control can be obtained, allowing the drive to act as a torque transducer.
The disadvantage of this strategy is that in its direct form the sensor requirements are
significant, and in its indirect form it is sensitive to parameter variations unless online

parameter estimation or other steps are taken [25].

Induction motor control

N

Scalar control Vector control

Figure 3.2 Induction motor control strategy
3.2 Vector control of induction motor
The essence of field oriented control is the decoupled control of the rotor fluxA, and
electromagnetic torque T, of the motor to achieve high dynamic performance. Using the rotor

flux orientation, the stator current of the motor can be decomposed into a flux producing
component, which produces the rotor flux A,-,and a torque producing component, which

produces the torque T,. These two components are then controlled independently [28]. Vector

control also known as field oriented control (FOC).

FOC consists of controlling the stator current represented by a vector control is based on
projections which transform a three phase time and speed dependent system into a two
coordinate dg time invariant system. These projections lead to a structure like that of a
separately excited dc machine control. This requires information regarding the magnitude and

position of rotor flux vector.

The synchronously rotating reference frame can be aligned with the stator flux or rotor flux or

magnetizing flux (field flux) space vectors respectively. Accordingly, vector control is also
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known as stator flux oriented control or rotor flux oriented control or magnetizing flux oriented
control. Generally, in induction motors, the rotor flux oriented control is preferred. This is due
to the fact that by aligning the SRRF with the rotor flux, the vector control structure becomes
simpler and dynamic response of the drive is observed to be better than any other alignment of
the SRRF [33].

If the field angle is calculated by using terminal voltages and currents or flux sensing windings
and rotor speed, then it is known as direct FOC. The field angle can also be obtained by using
rotor position measurement and slip position by partial estimation with only machine
parameters but not any other variables such as voltages or currents, this class of control scheme
is known as indirect FOC. The rotor field angle is obtained by submission of rotor speed and

slip frequency [34]. Equation (2.56¢) can be expressed as

n:_§H9|WWA|%m|mw .................................................................. (3.1)

From equation (3.1) for a given magnitude of flux linkage, torque is maximized when the flux
linkage and current vectors are perpendicular. Thus, it is desirable to keep the rotor flux linkage
vector perpendicular to the rotor current vector. In steady state the rotor flux linkage current
vector always perpendicular for all singly feed induction motors [25]. To see this, consider

rotor voltage equation and solve for rotor currents becomes

. 1 ,
UW:—;(%—w»AM ......................................................................... (3.2)

!

. 1 ,
Par=— (W = @r) Al gree e (3.3)

r

The dot product of the rotor flux linkge and rotor current vectors can be expressed as

Ngar - Vgar=V grigr+ Vgl agre oo (3.4)
Substitution of (3.2) and (3.3) into (3.4) reveals that this dot product is zero whereupon. It may
be concluded that the rotor flux and rotor current vectors, as expressed in the synchronous
reference frame, are perpendicular. Furthermore, if they are perpendicular in the synchronous
reference frame, they are perpendicular in every reference frame. In this sense, in the steady
state every singly exited induction machine operates with an optimal relative orientation of the
rotor flux and rotor current vectors. However, the defining characteristics of a field oriented
drive is that this characteristic is maintained during transient conditions as well. It is this feature
which results in the high transient performance capabilities of this class of drive [25]. In both

direct and indirect field oriented control the method to achieve the condition that the rotor flux
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and rotor current vectors are always perpendicular is twofold [25,27]. The first part of strategy

is to insure that

Clearly, if (3.5) and (3.6) hold during transient conditions, then by (3.4) the rotor flux linkage
and rotor current vectors are perpendicular during those same conditions. By suitable choice
of 6, on an instantaneous basis, (3.5) can always be satisfied by choosing the position of the
synchronous reference frame to put all of the rotor flux linkage in the d axis. Satisfying (3.6)
can be accomplished by forcing the d axis stator current to remain constant. To see this,
consider the d axis rotor voltage equation.

0=R"i'g —(We = WA gr + PAgreo o (3.7)

by suitable choice of reference frame (3.5) is achieved; therefore A'qr can be set to zero in

(3.7) to yield
0 = R,ri,dr + P/lldr .................................................................................. (38)
Then, substitution of the d axis rotor flux linkage equation (2.53) in to (3.8) and rearranging
yields

.y R'y ., Lm 1.
Pldr:_L_rrldr_EPlds ......................................................................... (39)

Equation (3.9) is a stable first order differential equation with respect to i’ 4, with Pig as
input. If igs keep constant then i’ 4. will go to, and stay at zero, regardless of other transient
that may be taking place.

Some implications of (3.5) and (3.6) are the following

Ats = Ligg g e e e e, (3.10)
A g = Ll e oo (3.11)
Te = =) () (Xari!qr)-eevoemeeeoeeeee et (3.12)
-/ — Lm -/

g g e e (3.13)

Combining (3.12) and (3.13) yields
T, = (2) (g) i—r";)l’driqs ................................................................................ (3.14)

From q axis voltage

_R’ri’qr
@ = Wy = W5 = o (3.15)
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Combining (3.11), (3.13) and (3.15) yields

We — Wy = Wy s (3.16)

3.2.1 Direct vector control of induction motor

In the direct vector control method, the position of the rotor flux is identified and the torque
component current is applied 90 degrees ahead spatially in the direction of the rotation. The
magnitude of the rotor flux linkage, which is chosen as the orientation of the flux linkage,
should be controlled simultaneously by the flux component current together with the torque

component current from the stator of the induction motor [29].

Direct vector control method determines the magnitude and position of the rotor flux vector by
direct flux measurement or by a computation based on terminal conditions. It also called flux
feedback control method in which required information regarding the rotor flux is obtained by

means of direct flux measurement or estimation [35].

The instantaneous position of the rotor flux linkage can be identified by measurement of air
gap flux by Hall Effect sensors, measurement of air gap voltage by sensing coils, estimation of
the rotor flux linkage with terminal voltages and line current [29]. Alternatively, in place of
flux sensors, the flux models can also be used for which the stator currents and voltages become

the feedback signals and the rotor flux angle is given as its estimated output [35].

Power supply Voltage and
Flux Command current sensors
—_—> FOC > Inverter
Torque Command
A
Voltage and
Flux vector | 4 current
measurement or <
estimation Speed or

position sensors
Figure 3.3 Simplified direct FOC (34)
Some disadvantages direct FOC are
» Fixing of number of sensors is a tedious job.
» The sensors increase the cost of the machine.
> Drift problem exist because of temperature.

» Poor flux sensing at lower temperature.
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These disadvantages lead to another technique called indirect vector control technique.

3.2.2 Indirect vector control of induction motor

The major disadvantage of direct vector method is the need of so many sensors. Fixing so many
sensors in a machine is a tedious work as well as costlier. Due to this the scheme is prevented
from being used. Several other problems like drift because of temperature, poor flux sensing at
lower speeds also persists. Due to these disadvantages and some more related ones, indirect
vector control is used. In indirect vector control technique, the rotor position is calculated from
the speed feedback signal of the motor. This technique eliminates most of the problems, which

are associated with the flux sensors as they are absent.

The indirect FOC is essentially the same as that for the direct FOC, but the method for obtaining
the rotor flux angle is different [28]. The rotor flux angle in the indirect FOC can be obtained
from the measured rotor speed (w,) and calculated slip frequency (wg;).
The algorithm of indirect vector control is as follows
1. The induction motor is feed by a variable frequency, variable voltage SVPWM inverter
as shown in figure 1.1. The motor speed w, is compared with the reference speed and the
error is produced which is feed to the speed controller. The output of speed controller is
electromagnetic torque T, *.
2. The quadrature axis stator current reference i,  *is calculated from electromagnetic

torque reference T, * as

is "= 6) @) G (7;7:) ....................................................................... (3.17)
Where

A%, is reference nominal flux linkage
Since, A'qr = 0
N e = A b e (3.18)
3. The direct axis stator current reference i,  * is obtained from reference rotor flux
input A* 4,-.
iy = AL—;’I .......................................................................................... (3.19)

4. The rotor flux position 6, required for coordinate transformation is obtained from the

rotor speed w,- and slip frequency wy; is calculated as

0,=f wedt =[(wy + Wg))At=0r + O (3.20)

g Is calculated by (3.15) or (3.16) using reference current quantities and motor parameters.
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5. "4 and i*,, are reference for current controller. The output of current controller is
voltage. V" 45 and V"¢ voltage references are converted to V™, Vg, using Clarke

transformation and feed to SVPWM inverter to produce the inverter gating signals.
The main role of the speed controller is to keep the motor speed equal to the speed reference

input in steady state and to provide a good dynamic response during transients.

3.3 Genetic Algorithm optimization technique
The most popular evolutionary algorithm is the Genetic Algorithm (GA), invented by John Holland
at the University of Michigan in 1975 [40]. The basic element of GA is the chromosome. This
contains the generic information for a given solution and is typically coded as a binary string.
Initially; population of chromosomes created randomly represent number of solutions to a given
problem. A fitness function, which is in effect a performance index, is used to select the best
solutions in the population to be parents to the offspring’s that will comprise the next generation.
The fitter the parent, the greater the probability of selection. This emulates the evolutionary process
of “survival of the fittest” [37].GA repeatedly modifies a population of individual solutions.
The basic steps of genetic algorithm are as follows.
1. Start: Generate a random population of n chromosomes which have a proper form for
the problem.
2. Run fitness function: Evaluate the fitness function using each chromosome in the
population.
3. Result test: Judge the n evaluated results. If conditions are satisfied, then GA stops and
outputs the best chromosome of current population.
4. Selection: Select two or more parent chromosomes from a population according to their
fitness (the better the fitness of a chromosome, the greater is its chance of being selected).
5. Crossover: With a crossover probability cross over the parents to form a new offspring
(children). If no crossover was performed, the offspring is an exact copy of the parents.
6. Mutation: With a mutation probability mutate new offspring at each locus (position in
chromosome).
7. Replace: Place new offspring in the old population to create a new population and use a
new generated population for a further run of the algorithm.
8. Loop: Go to step 2.
To implement the GA optimization, first the fitness function must be defined. The fitness
function is the objective function that needs to be minimized. In this thesis the objective

function contains the function that represents the square of the error between desired and actual
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output. Besides the fitness function the number of variables to be optimized should also be
specified. The variables to be optimized are PI speed controller’s gains (K, K; ) and A in case
of fractional order controller to ensure optimal control performance for the induction motor.

The block diagram for the entire system is given below.

— Mechanismof |\

|_ optimization by GA |
T

|

|

' |
|
! IM |

+ Kp+Ki/S or + _
Reference speed Kp+Ki/S™A IFOC Actual speed
- L}

Figure 3.4 Structure of 10PI and FOPI controller optimization using GA technique

Since the objective is to minimize the error between the desired output and the actual output,
the fitness function selected is an integral square error (ISE), defined as

I=[ e(®)2dt = [ (@) = ()2t .ot (3.21)
Where e(t)is the error, w(t)* and w(t) are reference and actual speed respectively.

3.4 Design of FOPI and 10PI speed controllers using GA optimization technique

One of the main challenges in the design of controller for real time applications is getting the
optimal values of controller parameters, which play a vital role in determining the performance
and optimality of the controller. Commonly, trial and error approach is employed for selecting
the parameters of controller, which is not only burdens of design but also results in non-optimal
response. Hence, to find the optimal values of controller parameters, genetic algorithm is

formulated and applied for control of induction motor. The transfer function of PI controller is

Mostly for industrial applications, integer order controllers are used for controlling purpose.
Now day’s fractional order PID (FOPID) controller is used for industrial application to improve
the system control performances. The most common form of a fractional order PID controller
is the PI*D* controller [6]. FOPID controller provides extra degree of freedom for not only
the need of design controller gains but also design orders of integral and derivative. The orders
of integration and derivation are not necessarily integer, but any real numbers. As shown in
figure 3.5, the FOPID controller generalizes the conventional integer order PID controller and
expands it from point to plane. This expansion could provide much more flexibility in PID

control design. The transfer function of such a controller has the following form [42]
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Ge(s) = K, + ;‘7 K S e (3.23)

By making p=0, and K,;=0 fractional order Pl will result as

K
GC(S) = Kp + PR T L P R PPN PR PP PRT TR PPPPRTERPPPRES (3.24)
‘ M
1 -PD .PID
P PI A

Figure 3.5 General form of a fractional order PID controller
It is Clear, by selecting A = 1 and p = 1, a classical PID controller can be recovered. Using A =
1, n=0,and A =0, p = 1, respectively corresponds to the conventional PI & PD controllers.

All these classical types of PID controllers are special cases of the PI*D* controller.

Fractional and integer order PI controllers are optimized by Genetic Algorithm function ‘ga’
of MATLAB 2017a.The control systems are simulink models. In order to call the simulink
model from MATLAB, the simulink model must first be built, and then a MATLAB
programming functions are used to call the simulink models. Parameters of the integer order
PI controller consist of two variables, namely, proportional gain K,=x1 and integral gain
K;=x2, which are set in the ‘integer PI Controller’ block as shown in figure 3.6a. Parameters
of the fractional order PI controller consist of three variables, namely, proportional gain K,,
=x1, integral gain K;=x2, and order of integration A=x3 which are set in the ‘fractional PI
Controller’ block as shown in figure 3.6b. The Simulink model used for determination of
controller’s parameters is figure 4.1 in the next chapter and MATLAB codes for genetic

algorithm optimization is written in appendix B.

33



Block Parameters: Integer Pl Controller Block Parameters: Fractional Pl controller 2

PID Controller Fractional PID (mask) (link)

This block implements continuous- and discrete-time PID control algorithms and includes adva  Fractional PID with parameters Kp, Ki, Kd and extended
windup, external reset, and signal tracking. You can tune the PID gains automatically using the ~ parameters lambda and delta:
Simulink Control Design).

PI~{lambda}D"{mu} = Kp + Ki*s~-{lambda} + Kd*s~{mu}
Controller: PI v Form: |Parallel

Parameters
Time domain: Kp
® Continuous-time | x1 | :
O Discrete-time K
Main | PID Advanced =~ Data Types  State Attributes |X2 |
Controller parameters lambda
) |x3 |
Source: internal -
Kd
Proportional (P): |x1 ‘ | |
o
Integral (I): |x2 ‘ B
mu
Tune... | 0 |
(@) (b)

Figure 3.6 Configuration of parameters (a) PI controller, (b) PI*A controller
After giving the parameters listed in table 3.1 below to GA, the P1 and P1# controllers can be
easily tuned and thus system performance can be improved. Parameters of Pl and PI* speed

controllers are obtained according to the procedure of GA optimization technique using the
following MATLAB commands

[x,fval] = ga(@integer_P1,2 ,[1,[1.[1.[].Ib, ub,[],options); %for PI controller
[x,fval] = ga(@fractional_P1,3,[1,[0.00.0.Ib, ub,[],0ptions); ~ %for PI*controller

Where x is the Pl and PI* parameters (K, and K; and A in case of PI* controller), fval is

fitness function value and @integer_PI and @fractional_PI are the function names. Because
of initial chromosomes in the genetic algorithm are randomly created, the program may need
to be run several times in order to obtain satisfactory results.

The following table 3.1 Summarizes the genetic algorithm parameters chosen for the tuning of

Pl and PI*controllers parameters.
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Table 3.1 Parameters of GA

GA property Values/Descriptions
Population size 60
Selection function Tournament selection
Mutation function Uniform mutation
Crossover function Intermediate
Number of generation 200 for Pl and 300 for PI*
Cross over probability 0.8
Mutation probability 0.1
Tolerance 10e-5
Best: 8.15513 Mean: 8.15514 Best: 2.83453 Mean: 2.83455
120 - e e 12001
+  Bestfitness + Bestfitness
*  Mean fitness * Mean fitness
100 - 1000
80 ¢ 800
o :
g g
o 60 @ 600
8 ¢
g i
40 F 400
20p 200 -
0 L L 1 1 1 1 1 1 Il | 0 1 L L |
0 20 40 60 80 100 120 140 160 180 200 0 50 100 150 200 250 300
Stop Pause Generation Stop | Pause Generation
(a) (b)

Figure 3.7 Best evaluated outputs of fitness function of (a) PI controller,(b) PI*A controller
The parameters of Pl and PI*speed controllers obtained according to the procedure of
optimization by the technique of GA are given below in table 3.2. The Pl parameters for the

current controllers are tuned by trial and error. The tuned parameters of current controllers for
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direct and quadrature axis components are K, =25 and K; =2.75 for both Pl and PI* speed

controllers.
Table 3.2 PI and PI™A controller gain values
Pl controller

Parameter K, K;
Value 10.14 34.48

PI* controller
Parameter K, K; A
Value 11.89 29.31 0.817

The chromosomes for the PI controller parameters are [x1, x2] and for PI* controller are
[x1,x2,x3]. Parameters of GA use values of the ‘ga’ function which are listed in table 3.1. When
the performance needs to be improved, the parameters may be changed by ‘gaoptimset’

function.

3.5 Concept of intelligent Control

3.5.1 Need for Intelligent Control

Intelligence is defined as the ability to comprehend, reason, and learn. An intelligent control
system has the ability to comprehend, reason, and learn about processes, disturbances and
operating conditions in order to optimize the performance of the process under consideration.
Intelligent control techniques are generally classified as expert system control, fuzzy logic
control, neural network control, and genetic algorithm. Intelligent induction motor control thus
refers to the control of an induction motor drive using the above artificial intelligence
techniques. The difficulties that arise in induction motor control can be classified under three
categories. These are the following [26].

A. Complex computation: In induction motor control, application of conventional control
theory and control algorithm often results in complex computations.

B. Nonlinearity: The presence of nonlinearities in an induction motor drive makes the control
problem complicated. Current research efforts in nonlinear control theory focus on differential
geometric methods and attempt to extend well known results in linear control theory to the
nonlinear domain.

C. Uncertainty Certain essential information required in the mathematical model of the
induction motor drive system, such as load, exact values of machine parameters, and noise, is

unknown.
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Recently, intelligent techniques like FL, ANN and ANFIS are introduced in order to overcome
the above difficulties.
3.5.2 Fuzzy logic control
Fuzzy logic is one form of artificial intelligence. It is argued that human thinking does not
always follow crisp ‘yes no’ logic, but is often vague, uncertain, indecisive, or fuzzy. The main
characteristic of the fuzzy logic technique is to use the fuzzy rule sets and the linguistic
representation of a human’s knowledge to describe the controlled plant or to construct the fuzzy
controller. A fuzzy logic controller consists of fuzzification, fuzzy inference with rulebase and
database, and defuzzification [26].
The basic structure of a fuzzy logic control system is shown in figure 3.8 below [36, 37, 38,
39].
The fuzzification process
Fuzzification is the process of mapping inputs to the FLC in to fuzzy set membership values in
the various input universes of discourse. Decisions need to be made regarding
(&) Number of inputs
(b) Size of universe of discourse
(c) Number and shape of fuzzy sets
The size of universe of discourse will depend upon the expected range (usually up to the
saturation level) of the input variables. The number and shape of fuzzy sets in a particular
universe of discourse is a tradeoff between precision of control action and real time
computational complexity.
The purpose of this fuzzification step is to make the input physical signal compatible with the
fuzzy control rule base in the core of the controller.
The fuzzy inference system
The basic structure of a fuzzy inference system consists of three conceptual components: a rule
base, which contains a selection of fuzzy rules; a database (or dictionary), which defines the
membership functions used in the fuzzy rules; and a reasoning mechanism, which performs the
inference procedure upon the rules and given facts to derive a reasonable output or conclusion.
The fuzzy rulebase consists of a set of antecedent-consequent linguistic rules. The rule base is
constructed using a priori knowledge from either one or all of the following sources

a) Physical laws that govern the plant dynamics

b) Data from existing controllers

¢) Imprecise heuristic knowledge obtained from experienced experts: it does not require

the mathematical model of the system.
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The role of the inference engine in the FLC is key to make the controller work and work
effectively. The job of the “engine” is to create the control actions, in fuzzy terms, according
to the information provided by the fuzzification module and the set point tracking requirement.
The most important two types of fuzzy inference methods are Mamdani and Sugeno or
Takagi-Sugeno-Kang method of fuzzy inference systems.
The Mamdani fuzzy inference system consists of a set of antecedent-consequent linguistic rules
of the form; if x is A and y is B then z is C where A and B are fuzzy sets in the antecedent and
C is fuzzy set in the consequent which needs defuzzification.
The Sugeno fuzzy inference system (also known as the TSK fuzzy inference system) was
proposed by Takagi, Sugeno, and Kang in an effort to develop a systematic approach to
generating fuzzy rules from a given input output data set. A typical fuzzy rule in a Sugeno
fuzzy inference system has the form

ifxisAandyisBthenz=f(x,y)
Where A and B are fuzzy sets in the antecedent, while z = f (X, y) is a crisp function in the
consequent. Usually f (x, y) is a polynomial in the input variables x and y, but it can be any
function as long as it can appropriately describe the output of the model within the fuzzy region

specified by the antecedent of the rule.

FLc | Data | Rule Knowledge
Base | Base Base

Reference
input
+

Y
Fuzzy inference

system

| .| Defuzzification |1, Plant Output

Fuzzification | |

Measurment |
Element

Figure 3.8 Fuzzy logic control system

Defuzzification

Defuzzification refers to the way a crisp value is extracted from a fuzzy set as a representative
value. The defuzzification module is the connection between the control rule base and the
physical plant to be controlled, which plays the role of a transformer mapping the controller
outputs (generated by the control rule base in fuzzy terms) back to the crisp values that the
plant can accept. Hence, in a sense the defuzzification module is the inverse of the fuzzification
module. There are two common techniques for defuzzifying

1. Center of mass: This technique takes the output distribution and finds its center of mass to

come up with one crisp number. This is computed as follows
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_ qu=1 Zj uC(Zj)
Z]g=1 uC(Zj)

Sum of first moments of area

Crisp control signal=
Sum of areas

where z is the center of mass and uc is the membership in class c at value zj.
2. Mean of maximum:This technique takes the output distribution and finds its mean of

maxima to come up with one crisp number. This is computed as follows:

where z is the mean of maximum, zj is the point at which the membership function is
maximum, and | is the number of times the output distribution reaches the maximum level.
3.5.3 Artificial Neural Network control

Neural network is the most generic form of Al for emulation of human thinking compared to
fuzzy logic. The neural network is famous for its learning ability and arbitrary approximation
to any continuous function [26].

The Atrtificial Neural Network is a collection of simple processors connected together. Each
processor can only perform a very straightforward mathematical task, but a large network of
them has much greater capabilities and can do many things which one on its own cannot. Figure
3.9 shows the basic idea [40].

w ~C T 35 =
w e+ CT ~+C QO

Neurons are connected
together to form a network

Simple processing
unit(neuron)

Figure 3.9 Neural network consists of many simple processing units connected together [40]
Artificial neural network has the following potential advantages for intelligent control [37, 40]
v' They learn from experience rather than by programming.
v' They have the ability to generalize from given training data to unseen control.
v They are fast, and can be implemented in real time.
v

They fail gracefully rather than catastrophically.
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The basic model of a single artificial neuron consists of a weighted summer and an activation
(transfer function) as shown in figure 3.10.

Figure 3.10 shows that the inputs to the neuron are represented by i (in the biological sense,
these are the activities of the other connecting neurons or of the outside world, transmitted
through the dendrites). Each input is weighted by a factor which represents the strength of the
synaptic connection of its dendrite, represented by w, the sum of these inputs and their weights
is called the activity or activation of the neuron and is denoted as S. In mathematical terms:
SZTU Wyt iy Wy F g Wy g Wa oo (3.28)
So, the neuron takes its inputs, weights them according to how strong the connection is and if
the total sum of the weighted inputs is above a certain threshold, the neuron “fires”, just like
the biological one. As explained later, such a neuron learns by changing its weights. Early
Acrtificial Neural Networks used simple binary outputs in this way. However, it was found that

a continuous output function was more flexible. Such as sigmoid function.

This function simply replaces the threshold Function and produces an output which is always
between zero and one, it is therefore often called a Squashing or Activation Function. Other
Activation Functions are also sometimes used, including: Linear, Logarithmic and Tangential
Functions; however, the Sigmoid Function is the most common.

The preceding expression may be formalized for a neuron of n inputs
S=iiwy+tiawy+igwg+...... g W ee et ettt (3.30)

Which may be written conveniently as

S T W e ettt (3.31)
or, if the inputs are considered as forming a vector I, and the weights a vector or matrix .
S U e (3.32)
il
W1
I i2 Wa
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Thershold —
U W Sum Output
T i3
S W4
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Figure 3.10 a basic Artificial Neuron [37]

40



A Neural Network consists of a number of these neurons connected together by the following
network architectures.

Feedforward networks

ANN is a network of single neuron joined together by synaptic connections. Figure 3.11 shows
a three-layer feedforward neural network. The feedforward network shown in figure 3.11
consists of a three neuron input layer, a two neuron output layer and a four neuron hidden layer.
All neurons in a particular layer are fully connected to all neurons in the subsequent layer. This
is generally called a fully connected multilayer network, and there is no restriction on the
number of neurons in each layer, and no restriction on the number of hidden layers.
Feedback (recurrent) networks

This type of artificial neural network adds feedback connections to the network (the outputs
are feedback into the inputs) and these connections are capable of interesting behaviors which

we might not expect of them, in particular they can hold memories.

Output layer

Input Layer Hidden layer

Figure 3.11 Three-layer feedforward neural network [37]

Input A
Output 1

InputB — Output 2

Figure 3.12 Feedback (recurrent) networks [40]
Learning in the context of a neural network is the process of adjusting the weights and biases
in such a manner that for a given input, the correct response, or outputs are achieved. There are
two types of learning. These are the following.
Supervised Learning: the network is presented with training data that represents the range of

input possibilities, together with the associated desired outputs. The weights are adjusted until
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the error between the actual and desired outputs meets some given minimum value. In this
thesis Supervised Learning is used since input and output data of PI controller is available.
Unsupervised Learning: Also called open loop adaptation because the technique does not use
feedback information to update the network’s parameters. Applications for unsupervised
learning include speech recognition and image compression.

Learning algorithms include backpropagation and hybrid learning Algorithm.
Backpropagation Learning Algorithm: The backpropagation algorithm is a supervised
learning method for training ANN. It uses a gradient descent optimization method.

Hybrid learning Algorithm: It is combination of backpropagation algorithm and lest square
estimator. Although we can apply backpropagation or steepest descent to identify the
parameters in an adaptive network, this simple optimization method usually takes a long time
before it converges. We may observe, however that an adaptive network’s output is linear in
some of the network’s parameters; Thus we can identify these linear parameters by the linear
least squares method. This approach leads to a hybrid learning rule which combines steepest
descent and the least square estimator for fast identification of parameters. In this thesis hybrid

learning algorithm is used.

Target

Output

adjust weight \

and bias

Figure 3.13 Training process of neural network [26]
Training of neural network continues until
v The performance index reaches an acceptable low value
v' The maximum iteration count (number of epochs) has been exceeded

v" The training time period has been exceeded.
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3.5.4 Adaptive Neuro Fuzzy inference system

Neuro fuzzy control combines the mapping and learning ability of an artificial neural network
with the linguistic and fuzzy inference advantages of fuzzy logic that have the ability to self-
modify their membership function to achieve a desired performance. Thus, a neuro fuzzy
controller has the potential to outperform conventional ANN or fuzzy logic controller. The
adaptive network based fuzzy inference system (ANFIS) controller employs a Tagaki Sugno
Kang (TSK) fuzzy inference system [37].

The basic ANFIS architecture is shown in figure 3.14. Square nodes in the ANFIS structure
denote parameter sets of the membership functions of the TSK fuzzy system. Circular nodes
are static (non modifiable) and perform operations such as product or max/min calculations. A
hybrid learning rule is used to accelerate parameter adaptation. This uses sequential least
squares in the forward pass to identify consequent parameters, and backward pass to establish

the premise parameters [37].

Layer 4
Layerl Layer 2 Layer3 (Consequent Parameters) Layer 5
(Premise Parameters) )
x1 nwifl
nwif2

X2

n represents normalization

Figure 3.14 ANFIS architecture [37]
If the fuzzy inference system has inputs x1 and x2 and output f as shown in figure 3.14 then
first order TSK rulebase becomes
Rule1: ifx, isA; and x, is B; then f;=p;x;+qX,+1r;
Rule 2: if x; is A, and x, is B, then f,=p,x;+q,x,+1,
For n membership functions
Rulen: ifx, is A, and x, is B,then f,=p,x;+q,X,+1,
Where
A;....A,, B;....B, membership functions and p;....p,qq....-qpandry .....r, are
constants within the consequent functions. The membership type can be any type of
membership function which are available in fuzzy logic toolbox. For this thesis, typical

membership function is generalized bell membership function which is given by:
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Where a, b and c are the parameter sets that are referred to as premise parameters which are

optimized during training process.

VPANGE La ANFIS

of error
Reference Controller | IFoc+IM JRotor
. speed

speed +

Figure 3.15 ANFIS control scheme for speed control of IFOIM
ANFIS has five layers with the following respective functions
Layer 1 Contains adaptive nodes that require suitable premise membership functions.
Each node generates the membership degree of linguistic terms that are given by the following
equations. Where i is number of the nodes, and A and B are the linguistic terms.

Vi = Hai(Xi) oo (3.34a)
Vi = MBI (a ) e e (3.34b)
Layer 2 Undertakes a T norm operation.

V2, = Wi = Pai(X1)Hpi (X2) e e v d Mpi (K)o (3.35)
i=1,2............ ,n

Layer 3 Calculates the ratio of the firing strength of the rules.

Y3 == ?:Vliwi ......................................................................................... (3.36)

Layer 4 Generates the linear consequent functions.

O T o 0 o (3.37)
Layer 5 Sums all incoming signals.

_ it wifi
Vsi=f =Y, Wf = n—WW .................................................................... (3.38)

ANFIS is functionally equivalent to a Takagi Sugeno fuzzy inference system. By using
stipulated input output training data pairs, ANFIS tunes the membership functions and other
associated parameters by backpropagation gradient descent and least square type method. Such
methodologies make the ANFIS modeling more systematic and less reliant on expert
knowledge. Every node in layer one and layer four have an adaptive node with updated
parameters in order to achieve a desired input output mapping. These parameters are updated
according to given training data and gradient based learning procedure, while, the nodes in
layers two and three are fixed with no parameters [41].
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In learning process of ANFIS, the premise parameters (on layer one) and consequent
parameters (on layer four) should be tuned to optimum mathematical relation between inputs
and outputs. ANFIS uses a two-pass learning cycle. In the forward pass the algorithm uses least
squares method to identify the consequent parameters. In the backward pass the errors are
propagated backward and the premise parameters are updated by gradient descent. An initial
fuzzy inference system is first created and improved through the learning process. ANFIS tunes
the initial fuzzy inference system by a hybrid algorithm which, combining the gradient decent
back propagation and least square optimization techniques. At each epoch the error is
calculated. The stopping criteria is the same as neural network.

3.6 Design of Adaptive Neurofuzzy Inference System

3.6.1 Training of ANFIS controller using data from fractional order PI controller
ANFIS based modelling combines the transparent linguistic representation of fuzzy systems
with the learning ability of neural networks so that, they can be trained to perform an
input/output mapping. In designing, we cannot decide what the membership function must be,
just by merely looking at the data. ANFIS permits the parameters to be automatically adjusted
as a result; the membership functions capture the dynamics of data. The set of rules ANFIS
provides is indicative of the underlying system and hence is valuable information to gain
further insight into the process model. When FIS is launched as a controller, the special
requirement is that the refining of parameters of membership functions should be done in such

a way that the best performance of the plant is guaranteed.

The speed error and rate of change of speed error are inputs and command torque is output of
neurofuzzy controller. Sugeno fuzzy model with five layer ANN structure is used in the

proposed controller. The following figure 3.16 shows Input/output of ANFIS controller.

Speed error
(inputl) ANFIS » Command
Change of speed controller torque

error(input2)
Figure 3.16 Input/output of ANFIS controller
Speed error=Inputl=Reference speed -Actual (rotor) speed
Change of speed error = input2 = ASpeed error = A(Reference speed —Actual (rotor) speed)
Where, A indicates change.
In order to generate adaptive neurofuzzy system, one hundred fifty thousand (150,000) data

have been considered. Out of these data, one hundred five thousand (70% of total data) have
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been considered as training data set and remaining forty five thousand (30% of total data) have
been considered as checking data. Since ANFIS involves the combined properties of neural
network and fuzzy logic, it provides a method for the fuzzy modeling procedure to learn
information about a data set, in order to compute the membership function parameters that
allow the associated fuzzy inference system (FIS) to track the given input/output data. In order
to develop the FIS structure, a network type structure similar to that of neural network which
maps inputs through input membership function and associated parameters and through output
membership functions and associated parameters to outputs can be considered.

The parameters associated with the membership functions will change through the learning
process. The computation of these parameters is done by a hybrid learning algorithm. In this
work, number of membership functions considered during the development of ANFIS is seven
and type of input membership functions used are generalized bell functions. Linear
membership function type is selected for output, totally 49 rules are generated, and the number
of generations considered is 60. The plot of membership functions for inputs, surface and rule

views are shown in B.6. of appendix B.

The performances of ANFIS models of both training and checking data were evaluated and the
best training/checking data set was selected according to RMSE. In order to find the ideal
ANFIS system, we trained the system with a variety of settings for items such as data set
sample, epoch number, membership function type and number, and number of inputs to achieve
the best performance. Using a given input/output data set, the MATLAB toolbox function anfis
constructs a fuzzy inference system (FIS) whose membership function parameters are tuned

using hybrid learning algorithm method.

The data were divided into two separate sets: the training data set and the checking data set.
The training data set was used to train the ANFIS, whereas the checking data set was used to
verify the accuracy and the effectiveness of the trained ANFIS model for the adaptation of
learning content. Two pair data sets were made with different combinations of 70% and 30%

of the samples to improve the generalization properties of the adopted ANFIS.

The training and checking data pairs were gathered from the simulation result of the block
shown in figure 4.1 using fractional PI controller. After collecting the input/output data, the
data divided in to training and checking data sets randomly. Once the input/output data pairs
have been collected, the first step was loading training and checking data pairs to the anfis GUI

of MATLAB toolbox, then initialize the FIS was the second step (the initialization step includes
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the number and type of input and output membership functions and also number of epoch
numbers). After initializing FIS and specifying the number of epochs the next step was train
the training data pairs until the minimum training and checking errors are recorded. If the errors
are acceptable the final step was testing the training data using checking data to validate the
model. After loading the training data and checking data sets in Neurofuzzy Designer, the
following results have been observed. Figure 3.17. shows the training and checking data sets

after loading in ANFIS editor toolbox.

— ANFIS Info. —

# of input: 2

# of outputs: 1
# of input mfs:
T r

05 ) ) ) ) ) | Structure |
0 2 4 G 8 10 12 Clear Plot |

data set index w104

Figure 3.17 Training and checking data sets

Checking data is used for testing the generalization capability of the fuzzy inference system at
each epoch. The checking data has the same format as that of the training data. This data set is
used to validate the fuzzy inference model. This validation is done by applying the checking
data to the model and then seeing how well the model responds to this data. When the checking
data option is used using the ANFIS Editor GUI, the checking data is applied to the model at
each training epoch. The FIS membership function parameters are computed using the ANFIS
editor GUI when both training and checking data are loaded. The checking data is similar
enough to the training data that the checking data error decreases as the training begins. The
checking error is the difference between the checking data output value, and the output of the
fuzzy inference system corresponding to the same checking data input value, which is the one
associated with that checking data output value. The checking error records the RMSE for the
checking data at each epoch. The ANFIS Editor GUI plots the checking error versus epochs
curve as the system is trained. Minimal training RMSE is 0.000482 and minimal checking
RMSE is 0.000570794.When checking data is tested against the trained FIS, it looks
satisfactory and it shown in figure 3.18b.
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Figure 3.18 a) Training and checking errors b) Testing the FIS with checking data set
As shown in figure 3.18a the training and checking errors decrease as the training starts and
became constant after the number of epoch reaches about 20. The RMS errors are negligibly
small, and hence the ANFIS captured the essential dynamics of the system. Figure 3.18b shows
how much the training and checking data are related and they are superimposed each other.

The following figure shows the structure of the proposed ANFIS controller.

input inputmf gble tmnf output

JOUUL

)

Logical Operations
@ and
D or
— not

Figure 3.19 Schematic of the proposed ANFIS controller
From the ANFIS structure shown in figure 3.19, it has been observed that when the values of
the premise parameters are fixed, the overall output can be expressed as a linear combination

of the consequent parameters.

48



Table 3.3 Specifications of the developed adaptive neurofuzzy inference system

Parameters Description/Value | Parameters Description/Value
Optimization method | Hybrid Number of outputs 1
Structure of FIS Sugeno first order | Output MF type linear
Or method Max No. of rules 49

And method Min No. of epochs /iterations 60
Implication method | Prod No. of training data pairs 105,000
Aggregation method | Max No. of checking data pairs | 45,000
No. of inputs 2 No. linear parameters 147

No. of input MF 7 No. of nonlinear parameters | 42
Type of input MF Generalized bell Total No. of parameters 189

No. of output MF 49 No. of nodes 131
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CHAPTER FOUR

4. Simulation Studies and Analysis of Results

In this chapter analysis of fractional order PI, integer order Pl and ANFIS speed controllers for
indirect vector controlled induction motor that gives good performance for the overall drive
system in terms of motor parameter variation, load variation, and reference speed variation will
be discussed. Also comparison between the above mentioned controllers in terms of parameter,
load torque, and reference speed variations will be discussed and analyzed. The analysis begins
with simulation of induction motor without controller and validation of induction motor model.
Then, analysis with controller will be follow.

4.1 Simulink Modeling

MATLAB/Simulink is a software package which is used to model, simulate, and analyze
dynamic systems. Simulink has the advantage of being capable of complex dynamic system
simulations, graphical environment with visual real time programming and broad selections of
toolboxes. The mathematical equations presented in chapter two and three are used to model
the three phase induction motor in Matlab/simulink R2017a environment. Figure 4.1 shows the
complete simulink model of indirect vector speed control of three phase induction motor. The
overall system simulink block includes different sub functional blocks such as IM model block,
fractional or integer order PI controller blocks, coordinate transformation blocks, IFOC block,
and SVPWM inverter block. Once the block diagram has been developed in
MATLAB/simulink it can be simulated using any number of different solvers. These solvers
can compute the internal state variables of the blocks by solving their respective ordinary
differential equations in MATLAB modeling configuration parameters. The solver is

significant to decrease the computation time and improve the accuracy of the simulation.
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Figure 4.1 Complete simulink model of indirect vector control of three phase IM

abctodq

Space vector PWM inverter is taken from MATLAB simulink library. It comprises PWM
generator, IGBT voltage source inverter and DC voltage source. Space Vector Pulse Width
Modulation (SVPWM) method is one of the advanced, computation intensive PWM method
and possibly the best among all the PWM techniques.

4.2 Response of induction motor without controller

Before proceeding to the controlled induction motor drive, it is important to see the
uncontrolled ones. To analyze the performance of IFOC induction motor drive, a Simulink
model in appendix A of figure A.1 is used. The parameters of the induction motor used for
simulation is listed under motorl in table C.1 of appendix C. The following figures(4.2a-4.4b)
show the speed, torque and speed-torque characteristics simulation results of the selected

induction motor without load and with load of 20Nm.

As shown in figure 4.2a the motor rotates at 376.94 rad/sec which is near synchronous speed
of 377 rad/sec(3600rpm). Since the motor runs without load the rotor speed is near synchronous
speed therefore, the result is acceptable. Figure 4.2b shows the speed response of IM with
20Nm load torque; the result shows 371rad/sec rotor speed which is 6rad/sec less than the

synchronous speed as a result of load.
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Figure 4.2 Speed response a) at no load, b) at 20Nm load torque
Figure 4.3a shows electromagnetic torque at no load. Initially, it oscillates at some value and
finally it settles to 0.3769Nm which is near to zero. As shown in figure 4.3b the electromagnetic
torque finally settles to 20Nm which is due to 20Nm load torque. From the principle of
operation of induction motor we know that if rotor runs at the synchronous speed, then it will
appear stationary to the rotating magnetic field and the rotating magnetic field will not cut the
rotor. As a result, no induced current will flow in the rotor and no rotor magnetic flux will be
produced, due to this no torque is generated. Using this principle, the above results are

acceptable.

[
=]
=]

[}
=
=1

=

Electromagnetic torque(Nm)
=]
=3

| | | | | |
0.5 1 1.5 2 25 3 35 4
Time (seconds)

=
=3
o

Ready Sample based  T=4.000

(@)
52



| | | | | ]
1.5 2 25 3 35 4
Time (seconds)

Ready Sample based Offset=0 T=4.000

Electromagnetic torque{Nm

(b)
Figure 4.3 Electromagnetic torque response a) at no load , b) 20Nm load torque
As shown in figure 4.4a the speed torque graph of induction motor as the speed reaches to rated
value, the electromagnetic torque becomes zero because the motor is at no load condition. On
the other hand, in figure 4.4b as the speed reaches to its rated value, the electromagnetic torque
reaches to 20Nm this is due to load torque of 20Nm.The above results also agree with the

general principle of induction motor.
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Figure 4.4 Speed-torque characteristics a) at no load , b) at 20Nm load
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All the above results show that induction motor runs at constant speed near to synchronous
speed at no load condition and decreases as the load is applied. To overcome this problem
designing a controller is a must. In the next portion the controllers that were designed in chapter
three will be applied to run the induction motor to the required speed.

4.3 Comparison of fractional order PI, integer order Pl and ANFIS speed controllers
MATLAB/Simulink simulations will be performing on fractional Pl and integer order PI
controllers (both are GA optimized) and ANFIS controller. Motor1 is selected as a test motor
whose parameters are given in table C.1 of appendix C. Four investigations will be undertake
on (1) Response of IM using the three controllers at no load, (2) Reference tracking capability
of controllers (3) effects of motor parameter variation and (3) effects of load torque variation.
4.3.1 Responses of IM using FOPI, IOPI and ANFIS speed controllers at no load

In order to compare the GA optimized fractional and integer order PI controllers and ANFIS
speed controller (trained by input/output of GA optimized FOPI controller) MATLAB
simulation results of the test motor will be analyzed. The simulation results are carried out at
50rad/sec reference speed. The controllers are evaluated based on performance criteria such as
rise time, settling time, steady state error and peak overshoot.

Figure 4.5a shows the speed versus time response of FOPI, IOPI and ANFIS speed controlled
IM drive at no load condition. It is summarized in table 4.1. As shown in table 4.1 the GA
optimized PI control has bigger overshoot, rise time and steady state error compared to GA
optimized fractional PI controller. but settling time of FOPI controller is slightly bigger than
IOPI by 0.002 sec. which is almost negligible. The IOPI speed controller shows higher
overshoot. This higher overshoot is reduced by using FOPI controller and with the use of
ANFIS, the speed overshoot is highly reduced as shown in figure 4.5. The ANFIS controller
shows a faster response in comparison with FOPI and 10PI speed controllers. ANFIS controller

outperforms both FOPI and IOPI controllers in all performance criteria.
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Figure 4.5 Speed response of FOPI, IOPI and ANFIS control system at no load
ANFIS tries to speed up the performance of the IM drive. Further, it can also be observed that
using the ANFIS control, the system stabilizes in a very less time compared to the IOPI and
FOPI controllers because of the training process of the ANN involved and the proper selection
of the rule. As observed from figure 4.6 IOPI controller have higher error initially than FOPI
and ANFIS controllers. Also FOPI still have higher error than ANFIS controller. ANFIS have

very small overshoot and less steady state error, these show the effectiveness of this controller.
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Figure 4.6 Speed error of FOPI, IOPI and ANFIS control system at no load
Figure 4.7 shows stator current response of IM drive without load. The initial peak current
values decrease in the order of ANFIS, FOPI, and IOPI controllers. That is ANFIS have high
initial current but, as initial current increases settling time decreases as seen in figure 4.7. Since
the peak values are high for a fraction of microseconds, it doesn’t affect the motor operation.
From the simulation result iy is constant only i, have peak value. As explained in chapter
three the strategies for both direct and indirect field oriented control method to achieve the
condition that the rotor flux and rotor current vectors are always perpendicular are insure
Ngr =0 and i'y, = 0. The first strategy is satisfied by choosing the position of the
synchronous reference frame to put all of the rotor flux linkage in the d axis and the second
strategy can be accomplished by forcing the d axis stator current to remain constant. That is

why the d axis current is constant. The electromagnetic torque is controlled by quadrature axis
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stator current and flux is controlled by direct axis stator current. The rotor flux is held at its

nominal value of 0.986 weber.
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Figure 4.7 Stator current response of FOPI, IOPI and ANFIS control system at no load

Electromagnetic torque response in figure 4.8 shows the same form as quadrature axis stator

current since, i, is a torque producing component of stator current. The electromagnetic torque

of FOPI controller settles in less time than IOPI controller but, ANFIS controller settles in less time

than FOPI controller. Once the machine reaches the set speed of 50 rad/s, the average torque of the

machine becomes nearly zero. Even though the peak electromagnetic torque at initial is high in

FOPI controller, it oscillates around zero fast compared to IOPI controller.
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Figure 4.8 Torque response of FOPI,10P1 and ANFIS control system at no load
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Table 4.1 Performance of FOPI, IOPI, ANFIS controllers at no Load

Performance criteria ANFIS | Fractional order PI Integer order PI
Rise time(sec) 0.058764 | 0.060919 0.074766
Settling time(sec) 0.15 0.962 0.96

Steady state error (rad/sec) 0.01 0.015 0.02
Overshoot(%) 0.496 13.068 15.698

In general, results show that FOPI has improved system performance, regarding system error,
overshoot and rising time compared with IOPI controller. Electromagnetic torque, rotor speed
and stator phase currents of the system have good transient and steady state response. ANFIS
controller outperforms the two controllers in all performance criteria. The above figures show
these properties.

4.3.2 Tracking capability of controllers for reference speed variation

The simulation results are carried out for different reference speeds at no load condition. The
considered reference speeds are below and above 50rad/sec which was used as a reference
speed to find the GA optimized FOPI and IOPI controller parameters to see the performance
of controllers at low and high speed. Reference speeds that are taken for simulation are
0,30,20,40,70 in rad/sec applied sequentially at 2sec time interval. Figure 4.9 shows that the
ANFIS controller has the ability to follow the speed of the induction motor drive effectively as
compared with FOPI and 0PI controllers. The result shows that the speed using ANFIS is
better in overshoot, settling time, rise time and steady state error as before. Also, FOPI
controller has better tracking capability than 10PI controller. For 0 to 2sec time interval the
reference speed is 0 rad/sec, the controllers can track this reference speed effectively this shows
better capability of controllers at lower speed. The figure also shows that we can operate the

motor in wide speed range.
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Figure 4.9 Speed tracking at no load with reference speed variation
Figure 4.10 shows the speed error response of FOPI, IOP1 and ANFIS controllers. As the figure
shows speed error using ANFIS controller settles to its minimum value faster compared to

other controllers. FOPI controller has less error compared to IOPI controller.
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Figure 4.10 Speed error at no load with reference speed variation
Figure 4.11 shows the stator current responses of FOPI, IOPI and ANFIS controllers for
different reference speed. The direct axis current does not affect by reference speed variation
only the quadrature axis current is affected. As explained in previous section the quadrature
axis current is a torque producing component of stator current. Therefore, it is affected by
command torque which is the output of the controller. The command torque in turn affected by
reference speed. On the other hand, the direct axis current is flux producing component which
kept at its nominal value. As a result, direct axis current is constant. ANFIS has large peak
quadrature axis current than FOPI and IOPI controllers but, it settles faster. So, it does not

affect operation of the drive.
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Figure 4.11 Stator currents at no load with reference speed variation
As figure 4.12 shows the electromagnetic torque responses of IM drive using 10PI, FOPI and
ANFIS controllers have the same form as quadrature axis stator current response. The torque

response of controllers settles fast near to zero which indicates the motor running at no load

condition.
| | | | | | | I
300_ ! ! ! | - 300_ ! ! | -
£ I Toad | £
2200 - | 12001 Due to-speed-change - .
: : .
Z100 1 B0t \ V\\
6 6
- 0 F 0 ” N
| | | | | | | | |

E300f T T Faf ——
Zm [ Te.factonal| | 2y 1 —Te AV,
5 3
g100r - ' 1 gi00r- ! ' ' T ‘ T '
IE 0 ! !\ ! r ! ‘k ! lr\ ! )E 0 | |k | I~ | \PL | \l\ |
0 1 2 3 4 5 b li 8 9 10 0 1 2 3 4 § 6 7 8 9 10
Time (seconds) Time (seconds)

Ready Sample based |Offset=0 T=10.000

Figure 4.12 Electromagnetic torque at no load with reference speed variation
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4.3.3 Effect of motor parameter variation

The control of induction motor for high performance is a challenging problem because they
exhibit significant non linearity and it is known that uncertainties of motor parameters and
unknown external disturbances can degrade the performance of the drive. To see the effect of
motor parameter variation on the performance of IM drive, assume that the parameters such as
inductance and pole are remains constant, and it is evident that the speed response of the system
is not affected by the variation. The resistance of IM changes because of temperature variation
caused by machine losses. As the resistance value varies by temperature, the performance of
controllers can be deteriorating. The performance of decoupling control methods based on
machine models can be influenced by a mismatch between the parameters value being used in
the controller and the actual machine parameters. Let’s see the variation in resistance of stator
and rotor windings based on the following different cases.

v/ Stator resistance variation (50% decrease,50% and 100% increase)
v Rotor resistance variation (50 decrease,50% and100% increase)

Figure 4.13(a-c) below show the speed responses of IM drive due to rotor resistance variations
without load at reference speed of 50rad/sec. Figure 4.13a shows the speed response using I0PI
controller while figure 4.13b and 4.13c show speed responses of IM drive using FOPI and
ANFIS controllers respectively. As the resistance increases from 0.5Rr (-50% of Rr) to
2Rr(+100%Rr), there are changes in rise time, settling time, steady state error and peak
overshoot of IM drive using all controllers. But the amount of changes are varying from
controller to controller. Let take 1.5Rr (50% increase) to see how the controllers respond and
how much the performance criteria are changed numerically. The performance criteria at Rr
are listed in table 4.1. The change in rising times are 0.072167 sec,0.00185 sec and 0.00593
sec using IOPI, FOPI and ANFIS respectively. This shows IOPI controller has high rising time
change compared to FOPI and ANFIS controllers. FOPI controller exhibits lower rising time
than I0PI and ANFIS controllers. When we come to percentage overshot using Rr and 1.5Rr;
2.821% using IOPI controller,0% using FOPI controller, and using ANFIS controller 0.031%
changes are recorded. All in all, the simulation results show FOPI and ANFIS controllers are
less sensitive to rotor resistance variation while 10PI controller is more affected by rotor

resistance variation.
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Figure 4.13 Speed response at no load with Rr variation using a) 0PI, b) FOPI, c)ANFIS
Figure 4.14(a-c) show the electromagnetic torque response of IOPI, FOPI, and ANFIS
controllers at different values of rotor resistance without load. As shown in figure 4.14a the
electromagnetic torque results of 10PI controller with Rr has high peak value compared with

0.5Rr, 1.5Rr and 2Rr but, it settles fast compared to others. From figure 4.14b, the
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electromagnetic torque response using FOPI controller 2Rr has high peak value and settles
faster than other electromagnetic torque response with 0.5Rr, Rr and 1. 5Rr.The same is true
for ANFIS controller as FOPI controller as shown in figure 4.14c. The transient
electromagnetic torque oscillation increases in the order of ANFIS, FOPI, and I0PI controllers.
The torque with ANFIS is better in settling time, rising time, and has low oscillation peak
compared to those of IOPI and FOPI controllers even if the rotor resistance is varying. Here, it
is seen that the performance of the motor is almost similar in both cases of constant rotor
resistance as in steady state conditions, as well as a 50% decrease,50% increase and 100%
increase in rotor resistance that corresponds to the dynamic conditions of motor operation,
which leads to parameter variations. The only downside of control strategy using IOPI and
FOPI controllers is, the peak overshoot that occurs at the very start of the operation and high
settling time. Such a sharp change in the motor speed at the start can lead to hazardous
situations where the motor windings can burn, however, under ANFIS controller not only the
peak overshoot is reduced near to zero, but the amount of oscillations under steady state are

reduced, thus giving promising results than IOPI and FOPI controllers.
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Figure 4.14 Electromagnetic torque response at no load with Rr variation using a) IOPI, b)
FOPI, ¢) ANFIS

Figure 4.15 shows speed response of IM drive using FOPI, 10PI, and ANFIS controllers at no
load with stator resistance variation. As used in rotor resistance variation; in this case also 50%
decrease,50% increase and 100% increase in Rs is considered. From the simulation result stator
resistance has no considerable effect on the performance of the drive using IOPI, FOPI, and
ANFIS controllers.
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Figure 4.15 Speed response using FOPI, IOPI, and ANFIS at no load with Rs variation

4.3.4 Effect of load torque variation

The simulation will investigate effects of load torque variation on IOPI, FOPI, and ANFIS
control of IM drive. The load torque variation can be implemented by changing parameters of
the repeating sequence stair parameter block in the Simulink diagram. The selected motor has
rated torque of GNm. In order to testify the robustness of the controlled system, variable torque
values of ONm (no load),4ANm, 5Nm, and 6Nm (full load) at 2seconds interval with 50rad/sec
reference speed for total simulation time of 10seconds are considered. In the simulation, IM
drive experiences sudden changes in the load torque at t=2sec, the load increases from ONm to
4Nm, at t=4 second, the load increases to 6Nm, and at t=6second, the load decreases to ONm,

at t=8second, the load increases again to 5SNm.
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Figure 4.16a shows the rotor speed of IOPI, FOPI and ANFIS control system with load torque

variation. As inferred from the figure ANFIS control system is less sensitive to load torque

variations than 10PI and FOPI control system. Also, FOPI control system is less sensitive to

load torque variations as compared to I0PI control system. Figures 4.16b, 4.17(a-b) show the

speed error, stator currents, and torque response with load torque variation respectively.

Figure 4.16b gives the speed error response when induction motor is commanded to follow the

50rad/sec reference speed with sudden change in torque load. The IOPI controller has high

speed error at each load torque change instants. Therefore, it is true to say that the ANFIS

controller is robust to load torque variations.
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Figure 4.16 Response with load torque variation a) Speed b) Speed error

As shown in figure 4.17a only the quadrature axis stator current is changing when the load

torque is changing. The direct axis current remains constant as in previous cases, But, it can be

control the direct axis stator current independently at different reference value of reference flux
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without affecting the quadrature axis stator current. Thus, these relationships will be indicated

clearly shown that the torque and flux can be controlled independently. This proves decoupling

which is the aim of vector control concept. As the previous results ANFIS controller results

high initial quadrature axis current. But, it settles fast.Lastly, figure 4.17b shows the

electromagnetic torque responses of IM drive using the three controllers. The simulation result

shows all controllers can track the load torque. It is seen that the quadrature axis stator current

increases and initially the speed decreases with increasing load and the electromagnetic torque

follows the load torque. But, the speed settles back to the reference speed. This result is as
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CHAPTER FIVE

5. Conclusion and Recommendation

5.1 Conclusion

In this thesis, mainly four tasks have been performed. These are investigation of fractional
order model of induction motor, design of GA optimized fractional and integer order PI
controllers, design of ANFIS controller trained by data from GA optimized fractional order Pl
controller for indirect vector control of induction motor drive and finally, comparative analysis

based on MATLAB/Simulink results of the above three controllers have been performed.

Analysis of speed and torque simulation results at no load with different values of
differentiation order (a) below and above integer differentiation order i.e.”1” have been
performed to investigate fractional order model of IM. For fractional orders FOMCON toolbox
was added to MATLAB and used for simulation. Different evaluation criteria such as peak
torque, settling time of speed and torque, final value of speed and torque at no load condition
are taken to select the optimized differential order (a)). Based on analysis of simulation results

integer order model is the optimized representation of IM.

GA optimized fractional and integer order PI controllers are developed for the integer order
model of IM that has been modeled with some assumptions.GA optimized fractional order PI
controller compared with that of conventional GA optimized PI controller performance. The
simulation results obtained have confirmed the good dynamic performance and robustness of
fractional order controller during the transient period and sudden load changes. This is due to
fractional order Pl controller allows us to adjust integration order A in addition to the
proportional and integral constants where the values of A lie between 0 and 1. This gives extra
freedom to operator in terms of extra knob i.e. order of integration. This provides more
flexibility and opportunity to better adjust the dynamical properties of the control system.
Simulation results show that fractional order controller has better performance than integer

order controller for integer order modelled IFOC induction motor.

Due to the incorporation of the ANFIS controller in IM drive control, it was observed that the
speed reaches the desired value quickly in a lesser time as compared with FOPI and IOPI
controllers. Another advantage of the ANFIS is that its speed of operation is much faster than
FOPI and IOPI; the tedious task of training of membership functions is done in ANFIS.

Collectively, these results show that the ANFIS controller provides faster settling times, has
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very good dynamic response and good stabilization. It is concluded that the proposed intelligent
controller has shown superior performance than that of the fixed parameter fractional and
integer order PI controllers.

5.2 Recommendations

ANFIS controller is used as an intelligent tool to design FLC. It helps to generate and optimize
membership functions as well as the rule base from the simple data provided. ANFIS combine
the learning power of neural network with knowledge representation of fuzzy logic. Even
though, ANFIS eliminates unwanted trial and error method to determine parameters of
membership functions using layers of ANN, it does not determine which type of membership
function is suitable for the data provided. Therefore, additional investigations are needed to

determine the type of membership function used in ANFIS controller.

In this thesis GA optimization technique is applied to determine the optimized parameters of
fractional and integer order PI controllers, but there are other optimization techniques like
Local Search Optimization (LSO), Sequential Quadratic Programming (SQP), and Particle
Swarm optimization (PSO) those may improve the performance of controllers. The thesis can
be also extended for hard ware implementation using Digital signal processing (DSP) and Field
programmable gate array (FPGA).
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Appendices

Appendix A. Expanded Simulink model of figure 4.1
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Figure A.1 Simulink model inside induction motor block
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Figure A.3 a). Clarke transformation, b). Simulink model inside controller block
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Appendix B. MATLAB Codes of Genetic algorithm optimization and ANFIS controller
Design
B.1. Programming a function to run the simulink model of FOPI controller
function s=fractional PI(x) *function name x as inputé&s as output
assignin('base', 'x1’, x(1));% Exchange variable value in ‘caller’
and ‘base’ workspaces
assignin('base', 'x2’, x(2));
assignin('base', 'x3’, x(3));
[tout, xout, yout]=sim('FOPI IM',5);% Perform a Simulink model for
5 seconds
z=yout;
[m,n] = size(z); % Calculating number of rows and number of
columns
v=0;
ref=50; reference speed
for i=1:siz(z)
V=V+ (ref-z (1)) "2;
end
s=V; %Calculating square error of the plant output and command
reference this is fitness function
end
B.2. Commands to run the simulation of FOPI controller for GA optimization
clc
clear all
options = gaoptimset (RQga); %Get GA parameters (@ga Default values
of options

options=gaoptimset (options, 'PlotFcns’', {@gaplotbestf}, 'Display','1i

ter');

options = gaoptimset (options, 'PopulationSize', 60);
options = gaoptimset (options, 'EliteCount',2);

options = gaoptimset (options, 'CrossoverFraction',0.8);
options = gaoptimset (options, 'Generations',300);

options=gaoptimset (options, 'MutationFcn', @mutationadaptfeasible;
options= gaoptimset (options, 'SelectionFcn',@selectionstochunif) ;

lb = [0;0;0]:% Lower bounds of x1,x2,x3
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ub = [20;40;1]; %upper bound on x1,x2,x3
[x,fval,exitflag]=ga(@fractional PI,3,[],[],[],[],1b,ub,[],option
s);% Perform GA,
assignin('base', 'x1'",x(1l));%Store final values to base workspace
assignin('base', 'x2",x(2));
assignin('base', 'x3"'",x(3));
B.3. Programming a function to run the simulink model of 10OPI controller
function s=integer PI(x) %function name x as input s as output
assignin('base', 'x1'",x(1)); % Exchange variable value in ‘caller’
and ‘base’ workspaces
assignin('base', 'x2"'",x(2));
[tout, xout, yout]=sim('IOPI IM',5); % Perform a Simulink model for
5 seconds
z=yout;
[m,n] = size(z); % Calculating number of rows and number of
columns
v=0;
ref=50; S%command reference
for i=1:siz(z);
V=V+ (ref-z (1)) "2;
End
s=V; %Calculating square error
end
B.4. Commands to run the simulation of IOPI controller for GA optimization
clc
clear
options = gaoptimset (RQga); %Get GA parameters (@ga Default values
of options

options=gaoptimset (options, 'PlotFcns', {@gaplotbestf}, 'Display','i

ter');

options = gaoptimset (options, 'PopulationSize', 60);
options = gaoptimset (options, 'EliteCount',2);

options = gaoptimset (options, 'CrossoverFraction',0.8);
options = gaoptimset (options, 'Generations',200);

options=gaoptimset (options, 'MutationFcn', @mutationadaptfeasible;
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options= gaoptimset (options, 'SelectionFcn',@selectionstochunif) ;
l1b = [0;0]; % Lower bound on x1,x2
ub

[20;40]; % upper bound on x1,x2

[x,fval,exitflag] = ga(@integer PI,2,[],[],[],[],1b,

ub, []1,options) ;% Store final values to base workspace
assignin('base', 'x1'",x(1));%Store final values to base workspace
assignin('base', 'x2",x(2));

B.5. MATLAB Code for ANFIS controller design using data from FOPI controller
alldata=(noload;load) % data from no-load and with load condition
data=alldata (randsample (size (alldata,1),150000), :);%random data
selection

error=data(:,1);% error

error change=data(:,2);% change in error

command torque=data(:,3);% output command torque

maxl=max (error);% maximum error

max2=max (error change);Smaximum change of error

max3=max (command torque);%maximum torque or o/p of controller
inputl=error/maxl; %normalize error input between -1 and 1
input2=error change/max2;%normalize error change between -land 1
output=command_ torque/max3;%normalize command torque b/n -landl
nordata=[inputl input2 output];%normalized data between -1 and 1

traindata=nordata (1:105000,:); % training data pair

checkdata=nordata (105001:end, :); % checking data pair
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B.6. ANFIS membership functions, rule and surface viewers

Membership functions for input and output variables have been chosen with generalized bell

shaped and linear respectively as shown in Figure B.1. Universe of discourse of input and

output variables are divided in to seven fuzzy sets. Those are LN (Large Negative), MN
(Medium Negative), SN (Small Negative), Z (Zero), LP (Large Positive), MP (Medium
Positive), SP (Small Positive).
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The Surface Viewer is used to display the dependency of the output on any one or two of the

inputs. It generates and plots an output surface map for the system. The output is presented by

a 3D surface model.
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Appendix C. Induction motor parameters

Table C.1 Parameters of Squirrel-cage induction motor used for simulation

Parameters Motor 1 | Motor 2 | Motor 3
Power(KW) 2.24 7.457 7.5
Supply voltage (phase),Vs 230 230 220
Number of poles, P 2 4 6
Frequency(Hz) 60 60 60
Stator Resistance, Rs(ohm) 0.288 0.6837 0.282
Stator Leakage inductance, LIs(H) | 0.0013 | 0.004152 | 0.001358
Rotor Resistance, Rr(ohm) 0.158 0.451 0.151
Rotor Leakage inductance, LIr(H) | 0.0006 | 0.00415 | 0.000711
Mutual inductance, Lm(H) 0.0412 | 0.1486 0.03943
Inertia (Kg.m?) 0.001 0.05 0.4
Friction factor, F(Nms~1) 0.4 0.00814 | 0.124
Rated rotor speed(rad/sec) 372.8 184.3 121.48
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