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Abstract

The Model of induction motor indicates that it is nonlinear, MIMO and strongly

coupled system. To control this nonlinear motor as a nonlinear system, application

of IOFL and sliding mode controllers are promising. Application of sliding mode

controllers results the problem of chattering which is undesirable for electrical drive

system. Here, this problem is tackled by using sigmoid function instead of signum.

On the other hand, all states of squirrel cage induction motor are not easily accessible

and use of mechanical speed sensor increases cost of the drive system. The proposed

system eliminates the need of mechanical speed senor by employing combined Model

reference adaptive system (MRAS) and sliding mode estimation technique which is

known for robustness to model uncertainties and load disturbances. From simulation

results carried out it is also observed that by using proportional integral derivative,

sliding mode controller and fractional order sliding mode controller an overshoot of

9.5211%, 0.4753% and 0.3674% are found respectively for 120 rad/sec speed reference.

FOSMC shows best robustness for load torque disturbance having a minimum speed

drop of 1.1757% while PID and conventional integer order SMC have higher speed

drop of 5.5982% and 1.388% respectively at the instant 10 Nm is applied. Applica-

tion of sliding mode- model reference adaptive speed estimator gives good estimate

of rotor flux with mean absolute percentage error of 0.2584% and speed with mean

absolute percentage error of 0.1767%.

Key words: Induction motor, Sensorless, IOFL, SM-MRAS, SVPWM, FOSMC

IV



Contents

Acknowledgment III

Abstract IV

List of Tables VIII

List of Figures IX

List of Abberivations XI

List of Symbols XII

1 Introduction 1

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Statement of the Problem . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3.1 General Objectives . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3.2 Specific Objectives . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4 Scope of the Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.5 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.6 Contribution of Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.7 Outline of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2 Literature Review 12

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

V



2.2 Review of Sliding Mode Controller . . . . . . . . . . . . . . . . . . . 12

2.2.1 Integer order sliding mode controller . . . . . . . . . . . . . . 12

2.2.2 Fractional Order Sliding Mode Controller . . . . . . . . . . . . 13

2.2.3 Fractional operators, definitions and properties . . . . . . . . . 14

2.2.4 Application of Fractional order Calculus in Sliding mode control 16

2.3 Related Works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3 Model of Induction Motor and SVPWM 22

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2 Modeling of Squirrel Cage Induction Motor . . . . . . . . . . . . . . . 23

3.2.1 Clark and Park Transformation . . . . . . . . . . . . . . . . . 25

3.2.2 Induction Machine Model in Rotating Reference Frame . . . . 27

3.2.3 Induction Machine Model in Stationary Reference Frame . . . 29

3.3 Space Vector Pulse Width Modulation (SVPWM) Inverter . . . . . . 31

3.4 Open Loop Simulation of IM Model . . . . . . . . . . . . . . . . . . . 39

4 Modeling of Controller and Estimator 42

4.1 The concept of IOFL . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.2 Model of IOFL for induction motor . . . . . . . . . . . . . . . . . . . 45

4.3 Model of speed controller . . . . . . . . . . . . . . . . . . . . . . . . 49

4.3.1 PID speed controller . . . . . . . . . . . . . . . . . . . . . . . 49

4.3.2 Sliding Mode Controllers . . . . . . . . . . . . . . . . . . . . . 50

4.3.3 Fractional order sliding mode speed controller . . . . . . . . . 52

4.4 Load Torque observer . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.5 Model of Speed Estimator . . . . . . . . . . . . . . . . . . . . . . . . 54

4.5.1 Sliding Mode Rotor Flux Observer . . . . . . . . . . . . . . . 54

4.5.2 Combined SM-MRAS Speed Estimator . . . . . . . . . . . . . 55

4.6 Chattering Minimization in SMC . . . . . . . . . . . . . . . . . . . . 59

VI



5 Simulation Result and Discussion 61

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.2 Simulink Model of Feedback Linearized Induction Motor Control Using

FOSMC and Sliding Mode-MRAS Estimator . . . . . . . . . . . . . . 61

5.3 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.3.1 Chattering Effect of sliding mode controller in the speed loop 63

5.3.2 Response of Controllers for Noise . . . . . . . . . . . . . . . . 64

5.3.3 Operation at a constant speed . . . . . . . . . . . . . . . . . . 66

5.3.4 Operation at varying speed reference . . . . . . . . . . . . . . 69

5.3.5 Operation at varying flux reference . . . . . . . . . . . . . . . 70

5.3.6 Operation at load disturbed condition . . . . . . . . . . . . . 71

5.4 Simulation of sliding mode MRAS Estimator . . . . . . . . . . . . . . 72

5.4.1 Estimation performance for a varying speed and Load . . . . . 74

6 Conclusion and Future Work 75

6.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

6.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

Bibliography 78

A Appendix 1 83

A.1 Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

A.2 Motor Open loop model . . . . . . . . . . . . . . . . . . . . . . . . . 84

A.3 Inside View of IOFL block . . . . . . . . . . . . . . . . . . . . . . . . 84

A.4 SMO-MRAS Estimator . . . . . . . . . . . . . . . . . . . . . . . . . . 85

A.5 SVPWM code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

VII



List of Tables

2.1 Comparison of different speed estimation methods . . . . . . . . . . . 20

3.1 Space vector for a three-phase voltage source inverter . . . . . . . . . 33

3.2 Sector determination . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.3 Dwell time for each sector . . . . . . . . . . . . . . . . . . . . . . . . 35

3.4 Switching duty times for each sector . . . . . . . . . . . . . . . . . . 37

A.1 Parameters used in simulations . . . . . . . . . . . . . . . . . . . . . 83

VIII



List of Figures

1.1 Induction motor control . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Block diagram of the proposed control structure . . . . . . . . . . . 5

1.3 Methodology of the proposed system . . . . . . . . . . . . . . . . . . 9

2.1 Sliding mode control operating modes in the phase plane . . . . . . . 13

2.2 Speed estimation techniques of sensor less system . . . . . . . . . . . 19

3.1 Representation of thee phase quantities in ABC frame of reference . . 24

3.2 Representation of Transformation . . . . . . . . . . . . . . . . . . . . 26

3.3 Dynamic equivalent circuit of IM . . . . . . . . . . . . . . . . . . . . 27

3.4 Stator and rotor representation by equivalent dq winding currents . . 28

3.5 Voltage space vector locations corresponding to different switching states 32

3.6 Representation of reference vector with two basic vectors . . . . . . . 34

3.7 Switching pattern for SVPWM for sector 1 . . . . . . . . . . . . . . . 36

3.8 Space vector pulse width modulator . . . . . . . . . . . . . . . . . . . 37

3.9 Diagram of a three-phase inverter and its load . . . . . . . . . . . . . 38

3.10 Model of squirrel cage motor in stationary frame . . . . . . . . . . . . 40

3.11 Open loop simulations results . . . . . . . . . . . . . . . . . . . . . . 41

4.1 General block of input output feedback linearization . . . . . . . . . . 44

4.2 Input output feedback linearization of induction motor model . . . . 48

4.3 Structure of PID Speed controller . . . . . . . . . . . . . . . . . . . . 49

4.4 Open loop (a) and closed loop Root locus (b) of the speed loop . . . 50

IX



4.5 Load torque estimator . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.6 Block diagram of sliding mode rotor flux observer . . . . . . . . . . . 56

4.7 Structure of proposed Sliding mode MRAS estimator . . . . . . . . . 56

4.8 Signum, Saturation and Sigmoid functions . . . . . . . . . . . . . . . 60

5.1 Simulink Model of IOFL and Speed Controller . . . . . . . . . . . . . 62

5.2 Speed Response Using Signum . . . . . . . . . . . . . . . . . . . . . . 63

5.3 Control inputs for SMC and FOSMC . . . . . . . . . . . . . . . . . . 63

5.4 Noise on the controller side . . . . . . . . . . . . . . . . . . . . . . . . 64

5.5 Response of speed controllers for noise . . . . . . . . . . . . . . . . . 65

5.6 Speed responses for a constant speed at Normal condition . . . . . . . 66

5.7 Torque Responses under no load condition . . . . . . . . . . . . . . . 67

5.8 Alpha beta frame flux response . . . . . . . . . . . . . . . . . . . . . 67

5.9 Alpha beta Flux Trajectory . . . . . . . . . . . . . . . . . . . . . . . 68

5.10 Stator currents at no load . . . . . . . . . . . . . . . . . . . . . . . . 68

5.11 Response for a varying speed command at no load . . . . . . . . . . . 69

5.12 Response for varying flux reference . . . . . . . . . . . . . . . . . . . 70

5.13 Flux trajectory for three controllers . . . . . . . . . . . . . . . . . . . 70

5.14 Speed tracking performance (b) for applied load of (a) . . . . . . . . 71

5.15 Speed and flux estimation performance at unloaded condition . . . . 72

5.16 Speed estimation error (a) and Flux estimation error (b) . . . . . . . 73

5.17 Estimation for a varying speed and load . . . . . . . . . . . . . . . . 74

A.1 Open loop Simulink model of SCIM . . . . . . . . . . . . . . . . . . . 84

A.2 Inside view of IOFL Simulink model . . . . . . . . . . . . . . . . . . 84

A.3 Simulink block of SMO-MRAS Estimator . . . . . . . . . . . . . . . . 85

X



List of Abberivations

AC Alternating current

DC Direct Current

FOSMC Fractional order sliding mode control

IM Induction motor

IOFL Input output feedback linearization

KVL Kirchofs voltage law

MIMO Multiple input multiple output

MRAS Model reference adaptive system

PI Propotrional integral

PID Proportional integral and derivative

SMC Sliding mode control

SMO Sliding mode observer

SVPWM Space vector pulse width modulation

VSI Voltage source inverter

XI



List of Symbols

(α, β) Axes corresponding to the stator

(d, q) Axes corresponding to the rotating field

Vsa, Vsb, Vsc Three phase stator Voltages

Vra, Vrb, Vrc Three phase rotor Voltages

Vsd, Vsq Stator voltages in the frame d− q

Vsα, Vsβ Stator voltages in the frame α− β

isa, isb, isc Three phase stator currents

ira, irb, irc Three phase rotor Currents

isd, isq Stator Currents in the frame d− q

isα, isβ Stator currents in the frame α− β

λsa, λsb, λsc Three phase stator fluxes

λra, λrb, λrc Three phase rotor fluxes

λsd, λsq Stator flux in (d, q) coordinate system

λsα, λsβ Stator flux in (α, β) coordinate system

Rs, Rr Stator and rotor resistances

XII



Ls, Lr Stator and rotor resistances

Lm Mutual inductance between stator and rotor

fr Coefficient of friction

Jeq Equivalent Moment of inertia

ωm Electrical angular speed

ωmech Mechanical angular speed

fsa, fsb, fsc Quantities in a, b, c frames

Tem Electromagnetic Torque

Tl Load Torque

p Number of pole pairs

XIII



Chapter 1

Introduction

1.1 Background

Induction motors are the most prevalent motor in the industry today, which constitute

more than 85 % of all industrial machines [1]. DC motors were extensively used in

variable speed applications since their flux and torque are independently controlled

by the field and armature current. However, they since have mechanical commutator

and the brushes they are limited in applications which needs high speed, voltage

operating conditions. Induction motors are much more difficult to control but have

the following definite advantages [2]:

• have no commutator and brushes

• have no rotor windings in squirrel cage motors

• have a simple and rugged mechanical structure.

• can resist heavy overloading and.

• can produce higher torques with a lower weight, smaller size, and lower rotating

mass than DC motors

The aim of many researches nowadays is to achieve the same, or even superior,

performance on speed tracking and power efficiency which are obtained by more
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sophisticated and expensive, but less reliable, electric motors such as direct current

or permanent magnet ones by induction motors [3].

In earlier times, induction motors have been operated directly from the power grid

with a fixed frequency/speed. Later, with the emerging development of modern semi-

conductor technology and power electronic converters, it becomes easier to operate

these machines with adjustable frequency/speed by using power electronic converter

like the voltage source inverter (VSI) [4]. AC machine control in general can be cat-

egorized into scalar and vector control. Scalar control is the simplest scheme applied

to control the speed of IMs based on constant ratio of voltage and frequency using the

steady state equivalent circuit model of the machine. However, this method does not

dedicate for high performance applications due to its slow response and the existence

of coupling between torque and flux. To solve these problems, vector control can be

used. Vector control was invented at the beginning of 1970s. It can be used with both

induction and synchronous machines to transform the control of an AC machine in to

more likely to that of a separately excited DC motor. The vector control method has

also the advantage of fast torque response compared to other variable-speed control

technique. Vector control method has been commonly applied to drive the induction

motor accurately, and for the advantages of lower cost and smaller size [5, 6, 7].

Higher order models of AC machines, nonlinearities in model equations, uncer-

tainties in parameters and load disturbances are the main obstacles hindering the

development. The mathematical analysis of such items is rigorous. As shown in Fig-

ure 1.1, modern induction motor drive controller has sensor, controller, inverter, and

induction motor. From the blocks it can be seen that the overall technique of con-

trolling those machines involves understanding of three main electrical engineering

areas: control system, power electronics, and electrical machines [8].

2



Controller Inverter IM

Load

Commands
Voltage, Current

Sensor

Speed Sensor

Figure 1.1: Induction motor control

Developing a control algorithm for induction motors is however very complex for

many reasons. A challenging problem occurs due to the following three reason: It is

a highly nonlinear dynamic system, some electrical variables such as rotor flux and

currents are not easily measurable, and some physical parameters (rotor and stator

resistance) vary considerably with a significant impact on the system dynamics. It is

a MIMO control problem since there are two independent inputs and two outputs to

be controlled.

Controlling of induction motors have been mostly done by using field orientation,

assuming the rotor flux is entirely aligned on a specific axis and fixed at a constant

value. Even though this assumption can result in better decoupling of flux and

torque, it can’t guarantee for high performance control as it is difficult to get rotor

flux entirely aligned on an axis [7] and this technique is not robust for parameter

variation [2]. For this reason it is necessary to search for another controller suited

for this system. In recent years, the nonlinear systems control theory has raised a

very great interest. Among nonlinear controllers available in literature, input output

feedback linearization is applied to get a fully decoupled controller for the torque

and the flux dynamics and is found to have better tracking capability of electrical

drive controllers [9]. Feedback linearization transforms the original MIMO nonlinear

system in to a linear decoupled equivalent system as long as the matrix of decoupling

3



is non-singular. This latter acts an important role in the motor’s performance. In

addition, it also reduce the control algorithm complexity.

However, the major shortcoming associated with input output feedback lineariza-

tion is it needs all the states as feedback by measurement which results increase of

measurement sensors cost [10]. This shortcoming can be handled by using effective

state estimator. If rotor speed is not measured in order to reduce costs or due to sen-

sor failures and only stator currents and voltages are available from measurements,

the control problem is called sensorless speed control [3]. Among the estimation

techniques, Model Reference Adaptive System (MRAS) , rotor flux based one in

particular, is one of the most attractive adaptive control technique used for motor

control and state estimation application [11] because of its simplicity. Estimation

using MRAS is based on the comparison of the outputs of the two models. Then, the

calculated error is used to drive an adaptation mechanism that generates the desired

estimated quantity (Rotor speed in general cases).The performance of MRAS speed

estimation is highly dependent on the type of adaptation mechanism controller used.

Sliding mode control (SMC) is a well-known nonlinear variable structure control

technique that forces the system state trajectory to reach a predefined stable surface

(called the sliding surface) within a finite time and subsequently drives it to the origin

asymptotically along the surface. The dynamical behavior of the system when the

state trajectory is confined to the sliding surface is called the sliding mode. SMC is

a robust controller in the sense that during ideal sliding mode, the system dynamics

is independent of plant parameters and hence invariant to parametric uncertainty

[12, 13]. Chattering effect is a remarkable disadvantage of sliding mode controller

because of the presence of signum function. This problem can be solved by approxi-

mating it with some other contionous functions like saturation or sigmoid functions.

In recent past, several literature have shown that fractional order controllers can per-

form better than their integer order counter parts because of their adjustable orders

of derivative and integration which adds an additional degrees of freedom to the con-

trollers. FOSMC uses the concept of fractional calculus for developing a controller.

4



Fractional calculus deals with the generalized differentiation and integration for any

arbitrary non-integer order [14].

This thesis work focuses on sensorless control of squirrel cage induction motor

which is found to be highly nonlinear MIMO system by applying input output feed-

back linearization techniques to decouple rotor flux and developed electromagnetic

torque well. For the speed controlling loop fractional order sliding mode controller

(FOSMC) is applied to track the desired speed in a short period of time and with

minimized steady state error using fractional order sliding surfaces as is proposed in

[12, 14, 15, 16]. The general structure of the proposed closed loop system is depicted

as in Figure 1.2:

FOSMC

SVPWM

Voltage 

Calculator

SM-MRAS    

IOFL

r r e f

m ref

sV 

sV 

m est

1p



6p

d cV

d cV

si

sV

,
,

,
r

e
s

m
m

i
T




em refT

Figure 1.2: Block diagram of the proposed control structure
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1.2 Statement of the Problem

Vector control with fixed gain PI and PID controllers has been mostly applied to

achieve the controlling task of AC motors. This control mechanism is based on dq

frame model and orienting rotor flux entirely on an axis keeping its magnitude con-

stant which as a result linearizes the machine model partially and makes controlling

easier. But in practice it is difficult to get the rotor flux totally aligned on a fixed

axis and literatures show that vector controlling is prone to coupling at low speed

and parameter variations for this control scheme. Even though PID controllers are

the easiest controller, their performance is not reliable under uncertainties and load

disturbances.

Nonlinear controllers are now becoming the best choice of high performance drive

controlling application because of their fast tracking performance and robustness to

variations. For the speed controlling loop the commonly used PI characterized by

sever overshoots and higher sensitiveness to variations can be replaced by sliding

mode controller for fast tracking and enhance robustness to load variations. Recent

works proved that fractional order sliding mode controller (FOSMC) not only deal

with robustness to parameter variations but also track the desired trajectory faster

than conventional integer order SMC surfaces. The major drawback of using sliding

mode controllers is the chattering (undesirable oscillation) present due to utilization of

signum function. This problem of chattering phenomenon can be alleviated by using

smooth continuous approximation in place of the discontinuous function. On the

other hand, input output feedback linearization needs all states as feedback requiring

measurement sensors for each state. It is also impossible to measure even some states

of squirrel cage induction motor like rotor flux.

Even though it is possible to use high resolution speed encoders for speed measure-

ment, it increases the drive cost and makes the system prone to mechanical failure.

The above mentioned problems motivates replacement of those sensors with appro-

priate estimation algorithm that can extract speed from stator current and voltage

6



information. To solve this problem, speed has been estimated by various techniques.

The most commonly used estimator for high range rotor speed estimation is rotor

based flux MRAS. But, this estimator is still having problems estimating in low speed

regions. Literatures show that, better estimate of rotor speed can be obtained using

this estimator by improving the reference model and its adaptation mechanism.

1.3 Objectives

1.3.1 General Objectives

• To develop mathematical model of squirrel cage IM and sensorless fractional

order speed controller based on feedback linearization of induction motor using

space vector pulse width switching scheme for inverter switching and model

reference adaptive rotor flux observer based on sliding mode adaptation.

1.3.2 Specific Objectives

• To model the nonlinear dynamical behavior of squirrel cage induction motor

• To formulate sensorless speed estimation algorithm using sliding mode model

reference adaptive system.

• To apply fractional order sliding mode speed controller and feedback lineariza-

tion for better decoupling.

• To simulate the overall system using MATLAB/SIMULINK software.

1.4 Scope of the Work

The scope of this thesis is developing mathematical model of the motor and sensorless

speed control of squirrel cage induction motor using sliding mode control scheme and
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sliding mode model reference adaptive system for speed and flux estimation. Con-

trolling task is going to be done via input output feedback linearization for flux and

torque decoupling. Fractional order sliding mode controller is going to be applied by

selecting fractional order sliding surface. Derived mathematical designs are simulated

in MATLAB/SIMULINK environment and clarification with plain discussions will be

presented.

1.5 Methodology

The proposed sensorless fractional order sliding mode speed control of feedback lin-

earized induction motor is shown in figure 1.2. To arrive at the final goal of this work,

the following steps are followed:

From the beginning, the task is to start with modeling of squirrel cage induction

motor. At this stage, nonlinear MIMO dynamic equations representing the physical

system into a mathematical form is derived. After having the model the next attempt

is to control speed of induction motor using appropriate technique for the proposed

system. Literatures show that input output feedback linearization (IOFL) not only

handle problems of commonly used vector and direct torque controllers applied for

this motor but also results good tracking capability with best decoupling ability. At

this point IOFL for perfect decoupling of electromagnetic torque and rotor flux is

studied. This enables to control flux and torque separately. The remaining task is to

control the speed of Squirrel cage IM motor. In this thesis speed controlling is going

to be done by using a fractional order sliding mode controller (FOSMC) proved to

have best robustness and minimized chattering than conventional integer order sliding

mode controller (SMC). IOFL needs all the states to be feedback and this increases

the measurement sensors. For IOFL to remain still the best choice, the required

measurement sensors should be minimized by replacing it with an appropriate state

estimator.

The next task focuses on study of robust speed estimator (sliding mode MRAS)

8



that can eliminate the need of mechanical speed encoder and flux measurement sen-

sors. Here, improvement and stability of estimation will be gained by combining

the two observers. The inputs to estimator are stator currents and voltages. To re-

duce the measurement devices the proposed system uses an algorithm for calculation

of stator voltages using measured DC input voltage to the inverter and three basic

SVPWM switching pulses. Finally, clear analysis depending on MATLAB simulation

result will be given and checking of responses to different speed and references with

and without load disturbances is going to be done. Summarized representation of

methodology to be followed is presented in the flow chart below.

System 

specifications

Literature

survey

Problem 

definition

System design

concepts

Conceptual 
Mathematical model

Expected open

Loop response

Simulated open

Loop response
Agreement?

Design

Speed estimator

Estimated value

Tracks real value ?

Redesign 

estimator 

parameters

Design of

controllers
Desired response 

Gained ?

Redesign 

Controller 

parameters

Simulation of  overall

Closed loop system

No

Yes

Final analysis and

reporting

   No

               

                  

Yes

Yes

Figure 1.3: Methodology of the proposed system
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1.6 Contribution of Thesis

This thesis work is done considering nonlinear behavior of squirrel cage induction

motor with no need of complex transformation to partially linearize it using field

orientation and eliminating the need of speed, flux and stator voltage measurement

sensors.

Here are the main contributions of this thesis:

• Input output feedback linearization controller is obtained for fully decoupled

controlling of rotor flux and electromagnetic torque dynamic of induction motor,

based on FOSMC speed controller.

• Speed encoder which is the cause of frequent mechanical failures and maximizing

the drive cost and flux sensors are replaced by using SM-MRAS estimator and

stator voltage measurement is not required as it is calculated from SVPWM

pulse gates and DC input voltage of the inverter.

• Robustness to load torque disturbance is guaranteed and minimal chattering

controller is developed by using continuous approximation for sliding mode

controller.

1.7 Outline of the Thesis

The thesis is organized into six chapters including this introduction. The rest of the

thesis will be presented as follows.

Chapter 2:Literature Review

This chapter reviews some important concepts and previously accomplished works

related to this thesis.

Chapter 3:Model of Induction Motor and SVPWM

This chapter studied the model of induction motor. It briefly describes about induc-

tion motors and focuses on the modeling of this motor based on coordinate transfor-

mation and its SVPWM to drive the controlling inverter. Two types of models of

10



this motor namely model on the rotating frame and model on the stationary frame

are presented. This chapter also presents the open loop responses and discussions of

the modeled system at the end.

Chapter 4: Modeling of controller and estimator

In this chapter the application of SM-MRAS estimator and controllers of the pro-

posed system is addressed. Here detail derivations are presented based on input

output feedback linearization of rotor flux based sliding mode-model reference adap-

tive system. Speed controller and load torque estimator are also discussed.

Chapter 5: Simulation Results and Discussion

This chapter discussed on the overall simulation of the drive system on MATLAB/Simulink

including simulation results. Included in this chapter, simulation results based on dif-

ferent speed commands and load torque disturbance are discussed.

Chapter 6: Conclusion and Future Work

Draws the conclusion from the works done in this thesis and indicates further possible

improvements which can enhance the overall performance of this drive system.

11



Chapter 2

Literature Review

2.1 Introduction

Speed control of IMs, the squirrel cage in particular, has become a hot topic of

interest for the last few years. To achieve high-performance application control for

IMs, different books, articles and journals have been reported for modeling, analysis

and control of those machines in various ways.

2.2 Review of Sliding Mode Controller

2.2.1 Integer order sliding mode controller

Sliding mode controller is a specific type of variable structure control technique ap-

plied to achieve two objectives. Firstly, it drives the nonlinear plant’s state trajectory

on to a specified and user chosen surface in the state space which is called the slid-

ing surface. Secondly, it maintains the plants state trajectory on this surface for all

subsequent times [13].
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Figure 2.1: Sliding mode control operating modes in the phase plane

The trajectory in the phase plane consists the two important conditions of sliding

mode control.

Reaching mode: This is the mode during which the variable to be adjusted moves

at from any initial point in the phase plane, and tends towards the surface of switching

S
(
x,

.
x
)

= 0

Sliding mode: This is the mode during which the state variable has reached the

sliding surface and tends towards the origin of the phase plane. The dynamics of this

mode is characterized by the choice of sliding surface S
(
x,

.
x
)

2.2.2 Fractional Order Sliding Mode Controller

Before discussing FOSMC, a brief review of fractional calculus seems necessary. Frac-

tional calculus has been known since the development of integer order calculus. The

idea has begun by Leibniz’s question “Can the meaning of derivatives with integer

order dny(x)
dxn

be generalized to derivatives with non-integer orders?” by his letter to

L’Hospital in 1695 [17]. Mathematical definitions of fractional order integrals and
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derivatives have been addressed by different scholars. Fractional calculus is general-

ized by the operator aD
α
t where a and t denote the limits of the operation α denotes

the fractional order of integrator or differentiator. A generilized representation of

integration and derivation can be denoted as:

aD
α
t =


dα

dtα
for α > 0

1 for α = 0
t∫
a

(dτ)α for α < 0

(2.1)

2.2.3 Fractional operators, definitions and properties

There exists several definitions of fractional operator [18].

i Grunwald-Letnikov definition: One of the most frequently encountered defi-

nition is called Grunwald-Letnikov definition and is expressed as follows:

aD
α
t = lim

h→0
hα

n∑
j=0

(−1)j

 α

j

 f (t− jh) (2.2)

Where the binomial coefficients are α

0

 = 1,

 α

j

 =
α (α− 1) .... (α− j + 1)

j!
for j ≥ 1

and nh = t− a

ii Riemann-Liouville definition: Another most widely used definitions of frac-

tional order calculus is Riemann-Liouville definition with an integro-differential

expression. The definition for fractional order integral is:

aD
−α
t =

1

Γ (α)

t∫
a

(t− ξ)α−1f (ξ) d (ξ) (2.3)
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While the definition of fractional derivative is:

aD
α
t =

dγ

dt

[
aD
−(γ−α)
t

]
(2.4)

Where

Γ (x) =

∞∫
0

yx−1e−ydy

is the Gamma function and γ is an integer that satisfies γ − 1 < α ≤ γ.

iii caputo definition: Another definition of generalized fractional order derivative

and integral operator is Caputo’s definition. It is presented as follows.

aD
α
t f (t) =

1

Γ (n− α)

t∫
a

fn (τ)

(t− τ)(α+1−n)dt (2.5)

Where α ∈ R, n ∈ N and n− 1 < α ≤ n

Among these definitions discussed above, Grunwald definition is the most pop-

ular one and the work in [19] has led to a user friendly MATLAB/SIMULINK

toolbox called FOMCON. This thesis also uses this definition as Simulations of

the fractional order sliding mode control part are going to be verified with use of

this toolbox.

2.2.3.1 Properties of Fractional calculus operator

Fractional order operator has the following properties [20].

1. For α = n, where n is an integer, the operation aD
α
t f (t) gives the same result

as classical differentiation.

2. For α = 0 the operation aD
α
t f (t) is an identity operator.

0D
0
t f (t) = f (t) (2.6)
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3. Fractional differentiation and integration are linear operations.

aD
α
t (af (t) + bg (t)) = aaD

α
t f (t) + baD

α
t g (t) (2.7)

4. Semi-group property

aD
α
t

(
aD

β
t f (t)

)
= aD

α+β
t f (t) (2.8)

5. Fractional order derivative shows commutative property with integer order

derivatives.

dn

dtn
(aD

α
t f (t)) = aD

α
t

(
dn

dtn
f (t)

)
= aD

n+α
t f (t) (2.9)

2.2.4 Application of Fractional order Calculus in Sliding mode

control

Even though the concept of fractional calculus is older, it has been considered as a sole

mathematical problem. It was only in in the last two decades that its application

in the field of engineering came into practice in control applications. Exploration

of fractional order counterparts of the existing control algorithms became an area

of interest for control engineering practitioners due to the additional flexibility and

precision that it offers, owing to its adjustable order of derivative and integration.

As SMC is known for its robustness and is opted to control many real world sys-

tems, researchers are nowadays introducing fractional order calculus to get better

performance of this controller. The application of fractional order sliding surface is

implemented in [12] for magnetic levitation system and in [15] for position control

of permanent magnet synchronous motor. Results from these research works reveals

that FOSMC outperforms SMC in terms of tracking accuracy, speed of response, and

chattering. The aim of this thesis is thus to maintain the robustness property of SMC

16



controller and bring these improvements.

2.3 Related Works

In 2014 S. M. Gadoue, D. Giaouris, W. Finch [21] presented with Performance

Evaluation of a Sensor less Induction Motor Drive at Very Low and Zero Speed Us-

ing MRAS Speed Observer. This work aims to evaluate the performance of rotor

flux-based speed estimator at nearly zero speed during both loaded and unloaded

conditions. This paper also informs that Rotor flux based MRAS sped estimator has

comparatively better performance than other MRAS schemes especially in medium

and high-speed regions. This paper clearly justifies that the operation of sensorless

drives in general deteriorates in low speed region and becomes extremely unstable

during loaded operation. The major causes of this problem are signal acquisition er-

rors, Inverter non-linearity, Distortions in the flux angle, incorrect speed estimation,

pure integration problems, and Parameter variations. At low speeds, a steady state

error in the estimated speed is observed due to the stator resistance mismatches be-

tween motor model and estimator. In this work, the reference model is the commonly

used voltage model and adaptive model is taken as current model and the mechanism

used for adaptation is PI controller. To test the performance of this estimation rotor

flux MRAS scheme this paper applies a step change command of 20 to 0 RPM at 20%

load and from the responses observed this scheme fails to estimate lower speeds or

does not provide stable operation rather it gives larger oscillations. The results from

this paper indicates that even though MRAS has better performance in higher speed

regions it needs improvements to equip it to have a quality of better performance in

all operating speeds of the motor.

In 2014 M. Salima, T.Riad, B. Hocine [22] presented input output feedback

linearization technique aiming to improve the field oriented control scheme. Accord-

ing to this paper DC machines played an important role in the early days of high

performance electrical drive systems, since the magnetic flux and torque are easily
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controlled by the stator and rotor current, respectively. To bring a similar controlling

approach to induction motors vector control or field oriented control was introduced

by Balaschke in 1970s. But, this control technique has a great weakness since it needs

the exact knowledge of the machine model in (d, q) reference frame, a low robustness

against the parametric variations of the machine, and in addition with this mode of

control loss of decoupling occurs in low speed. To improve the weakness of field Ori-

ented Control, authors of this work applied a new controller based on the theory of

input output feedback linearization and presented clear comparative study between

vector control and the proposed linearization control technique in terms of their abil-

ity to handle load disturbances, speed tracking capability, sensitivity to variations in

the operating conditions. The concept of input output feedback linearization (IOFL)

was applied in a way to make the outputs yj follow a desired trajectory transforming

the algebraically nonlinear system dynamic into a linear one cancelling its nonlinear-

ities by using appropriate control laws using MIMO nonlinear model of squirrel cage

induction motor of the form:
ẋ = f (x) +

p∑
i=1

gi (x) .ui

yj = hj (x) 1 < j ≤ m

(2.10)

Where x ∈ Rn is the state vector, u ∈ Rp is control input vector, y ∈ Rm output

vector, f and g are smooth vector fields on Rn , and h is smooth vector field on Rm .

The basic modeling concept in IOFL is achieving decoupled dynamics and gener-

ate the original input based on nonlinear state feedback transformation by successive

derivation of outputs until at least one of the inputs appear in the result. To val-

idate the performance of the proposed controller and make comparison to the clas-

sical field oriented control, authors of this work provided a series of simulations in

MATLAB/SIMULINK environment. In the paper, it is concluded that input output

linearizing controller shows better performance than the field oriented controller in

speed tracking at high speed ranges under load torque disturbance and parameter
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variations.

In 2015 M. Zaky S. Khater, M. Yasin, H. Shokralla [23] presented on

review of different speed estimation schemes for sensor less induction motor drive.

The paper presents the currently available estimation techniques and presents their

corresponding merits and demerits as well as their feasibility for rotor speed estima-

tion. Currently available estimation techniques are compared according to some set

of criteria which allow assigning the merits that can be used to choose the proper

method depending on the specific application. According to this review paper, sen-

sorless speed-controlled drives are the choice of next generation drive system usually

by using terminal motor quantities stator voltages and currents and rarely injecting

signals to stator terminals.

Speed Estimators

Rotor Slot 

Harmonics

(RSH)

Direct 

Calculation 

Method

(DCM)

Machine Model 

Method

(MMM)

Frequency Signal 

Injection Method
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Adaptive 

System
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Kalman

Filter

(KF)

Adaptive 

Flux 

Observer

(AFO)

Artificial

Intelligence

Techniques

(AI)  

Sliding 

Mode 

Observers

(SMO)

Figure 2.2: Speed estimation techniques of sensor less system

Speed estimators can be categorized in to two main categories, non-model and

model based techniques. In the current time, model based techniques have attracted

most of researchers because of their simplicity. This paper informs the importance

of MRAS since it leads to relatively easy-to-implement systems with high speed of

adaptation for a wide range of applications. Authors of this paper presented clear

comparison between different speed estimation methods according to the set of cri-
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Table 2.1: Comparison of different speed estimation methods

Method

Criteria
SSE DB LSO PS NS C CT

RSH 2 3 1 1 4 5 3
FSI 2 2 1 1 4 5 3

MMM

DCM 2 3 4 4 4 2 2
MRAS 2 3 4 3 4 2 3
KF 2 2 2 2 1 5 5
AFO 2 1 3 3 2 2 2
AI 1 1 2 1 2 3 4
SMO 1 1 2 1 2 2 2

teria which has been chosen to assign the merits for each presented speed estimation

technique as summarized shortly in Table 2.1. In the table, criteria used to compare

different speed estimators are steady state error (SSE), dynamic behavior (DB), low

speed operation (LSO), parameter sensitivity (PS), and noise sensitivity (NS).

1, 2, 3, 4, 5 are weighted to mean Excellent, very good, good, satisfactory, and

weak respectively or 1 means best behavior while 5 means poorest behavior. From

the table, low speed estimation problems encountered in many speed estimation tech-

niques can be solved by using the two non-model based methods, rotor slot harmonics

or fast signal injection methods but, they are found to be complexity of implemen-

tation and prone to noise and have less popularity now a days. Kalman filter can

be used for less noise sensitivity but it is also complex and takes longer computation

time. In addition linearity plays an important role in its derivation and performance

of KF hence it is not mostly recommended to use for nonlinear systems. This paper

informs the importance of MRAS since it leads to relatively easy-to-implement sys-

tems with high speed of adaptation for a wide range of applications. From Table 2.1,

it can be concluded that SMO offers good behavior with respect to all proposed set of

criteria. Therefore easy-to-implement and wide range speed estimation capability of

MRAS can be enhanced further by incorporating it with SMO which have the most

promising responses in terms of steady state error, dynamic behavior and parameter

sensitivity.
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In 2017 N. Bouarroudj, D. Boukhetala, F. Boudjema [16] presented Sliding

mode controller based on fractional order calculus for a class of nonlinear systems.

This work addresses the concepts of both conventional integer order sliding mode

controller (SMC) and fractional order sliding mode controller (FOSMC). According

to this paper advantages such as robustness to parameter variations and external

disturbances makes sliding mode control an effective tool in various applications. The

first step in sliding mode controller modeling is selecting the desired sliding surface

that models the desired closed loop performance in the state space model. The second

step is driving an equivalent control law such that the system state trajectories are

forced towards the sliding surface and slide along it to the desired attitude.

FOSMC basically augments the concept of sliding mode controller (SMC) by in-

corporating fractional order dynamics in to it. In the paper, simulation results were

provided for the case of controlling an inverted pendulum system. The effectiveness

and robustness of the proposed controller were demonstrated by comparing its per-

formance with the one of the conventional sliding mode controller, which is based

on integer order derivatives. At the end this paper concluded that FOSMC gives

the best control specifications compared with the conventional one based on integer

order.
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Chapter 3

Model of Induction Motor and

SVPWM

3.1 Introduction

AC machines are known by their complex windings and geometries, to lend them-

selves to an analysis taking into account their exact configurations. It is required

to develop a model whose behavior is as close as possible to the real model. The

modeling of electrical machines is an important stage for the observation and the

analysis of different evolutions of its electromechanical quantities on the one hand

and on the other hand, for the elaboration of their control mechanism. Different pa-

pers have been published to address the model of an induction motor. Papers [23, 24]

presents dynamic model of induction motor in dq reference frame for controller mod-

eling. References [3, 6] indicates that modeling of AC motors in rotating reference

frame even though simplifies developing of controller in field oriented control it needs

more transformations and makes the system slower. The proposed system will use

the model of the motor in stationary reference frame and directly apply nonlinear

controllers without the need of complex transformations.

To obtain the model of a system, three tasks must be accomplished

• Choose the system.
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• Determine its parameters.

• Finally check its validity using simulations.

An induction motor is a singly exited AC machine in the sense that it is supplied

from a single AC source. Its stator winding is directly connected to the AC source

while the rotor winding receives energy from the stator by means of induction. The

mechanical construction of this motor is different from synchronous motor since there

is no supply to the rotor. Based on their rotor construction, induction motors can

be classified in to: wound rotor type and the other is squirrel cage type. Of the two

types of induction motors, cage type is the most widely used because of its simplest

construction, high reliability, and low maintenance frequency [25]. They have a wide

variety of applications such as blowers, conveyor, cranes, refrigerators, traction and

many other industrial applications, because of their high robustness and reliability.

In this thesis, the squirrel cage type induction motors are considered.

In this chapter, brief introduction about squirrel cage induction motors is given.

Further, the mathematical formulation of the motor in two phase stationary frames

is presented. The modeled motor is then validated in MATLAB/SIMULINK.

3.2 Modeling of Squirrel Cage Induction Motor

An asynchronous machine is an AC machine whose rotor speed and the rotating mag-

netic field speed are not equal. The rotor is always delayed with respect to the speed

of the stator field. The asynchronous machine is called induction machine because

the energy transferred from the stator to the rotor or vice versa is by electromag-

netic induction. The asynchronous machine comprises a fixed part called stator and

a rotating part called rotor. It comprises a three-phase winding stator whose mag-

netic axes are 120 degrees out of phase. The rotor structure can be realized either

by a three-phase system with wound rotor or squirrel cage [25]. The schematic rep-

resentation of the asynchronous machine in the reference (a, b, c) is given in figure 3.1.
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Figure 3.1: Representation of thee phase quantities in ABC frame of reference

In the context by using the following simplifying assumptions:

• The air gap is uniform

• Operation is in the unsaturated region

• Hysteresis, eddy currents and skin effect are neglected

• The winding is symmetrically distributed to give sinusoidal MMF.

The equations of the machine are written as follows [6]:

At the stator: 
Vsa

Vsb

Vsc

 = Rs


isa

isb

isc

+
d

dt


λsa

λsb

λsc

 (3.1)
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At the rotor: 
Vra

Vrb

Vrc

 = Rr


ira

irb

irc

+
d

dt


λra

λrb

λrc

 (3.2)

3.2.1 Clark and Park Transformation

These transformations transform the three phase variables (voltages, currents, and

flux) from fixed reference frame (stationary frame) to a rotating frame (synchronous

frame) defined by the Clarke and Park transformations. They are used to reduce

the complex nature of the differential equations describing AC machines by elimi-

nating time-varying terms [6, 7]. The transformation from a three-phase stationary

frame to a two-phase direct-quadrature (d, q) frame is done by Park transforma-

tion. This transformation can be decomposed in two transformations. The first one

transforms stationary three-phase system variables (a,b,c) to a stationary two-phase

system (α, β) which is known as Clarke transformations. The second one transforms

those fixed two-phase variables to a rotating two-phase frame (d,q,0). A general rep-

resentation of the Park transformation is represented diagramatically in Figure 3.2:
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The park transformation is done by:


fα

fβ

f0

 =

√
2

3


1 −1

2
−1

2

0
√
3
2
−
√
3
2

1
2

1
2

1
2



fa

fb

fc

 (3.3)

The Clark transformation is done by:

 fd

fq

 =

 cos θda sin θda

− sin θda cos θda


 fα

fβ

 (3.4)

The reverse process can be done by using the concept of inversion of matrices.
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3.2.2 Induction Machine Model in Rotating Reference Frame

The equivalent circuit of the motor in rotating reference frame can be represented as

in figure 3.3.
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Figure 3.3: Dynamic equivalent circuit of IM

Applying KVL to the stator and rotor side:

Vrq = Rrirq +
dλrq
dt

+ ωdAλrd (3.5)

Vsq = Rsisq +
dλsq
dt

+ ωdaλsd (3.6)

Vrd = Rrird +
dλrd
dt
− ωdAλrq (3.7)

Vrq = Rrirq +
dλrq
dt

+ ωdAλrd (3.8)

ωda =
dθda
dt

(3.9)

ωdA =
dθdA
dt

(3.10)
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As shown in figure 3.4 there are four set of dq windings. The flux linking in any

winding is due to the current flowing through it and the current flowing to the other

winding on the same axis. This implies that there is no mutual coupling between d

and q windings.
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Figure 3.4: Stator and rotor representation by equivalent dq winding currents

Those fluxes can then be expressed as:

λsd = Lsisd + Lmird (3.11)

λsq = Lsisq + Lmirq (3.12)

λrd = Lrird + Lmisd (3.13)

λrq = Lrirq + Lmisq (3.14)
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Solving for ird and irq

ird =
1

Lr
λrd −

Lm
Lr

isd (3.15)

irq =
1

Lr
λrq −

Lm
Lr

isq (3.16)

dλrd
dt

=
1

Tr
λrd −

Lm
Tr
isd + ωdAλrq (3.17)

dλrq
dt

=
1

Tr
λrq −

Lm
Tr
isq − ωdAλrd (3.18)

Now simplifying the above expressions can result rotor flux as a function of stator

flux and stator current and on the other hand stator flux in terms of rotor flux and

stator current as:

~λr =
Lr~λs − LsLrσ

−→
is

Lm
(3.19)

~λs =
Lm~λr + LsLrσ

−→
is

Lr
(3.20)



disd
dt

= 1
σLs

(
−
(
Rs + L2

m

LrTr

)
isd + ωdaσLsisq + Lm

LrTr
λrd + Lm

Lr
ωmλrq + Vsd

)
disq
dt

= 1
σLs

(
−ωdaσLsisd −

(
Rs + L2

m

LrTr

)
isq − Lm

Lr
ωmλrd + Lm

LrTr
λrq + Vsq

)
dλrd
dt

= Lm
Lr
isd − 1

Tr
λrd + ωdAλrq

dλrq
dt

= Lm
Lr
isq − ωdAλrd − 1

Tr
λrq

(3.21)

Where σ = 1− L2
m

LsLr
, τr = Rr

Lr
, ωm = ωda − ωdA, ωm = p

2
ωmech

The non-linearity of the model is introduced mainly by the product of angular velocity

of the rotor with the components of the flux as well as by the expression of the

electromagnetic torque. A much more complete model also takes into account the

variations of rotor (stator) resistance and load torque.

3.2.3 Induction Machine Model in Stationary Reference Frame

The second model of the machine is expressed in the reference (α β) frame related to

the stator. This model is obtained using the concept of (d q)→ (α β) transformation

and assuming ωda = 0 in the model equation 3.21 [3]. In these conditions the model
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will be written as: 

disα
dt

= −γisα + αβλrα + βωmλrβ + Vsα
σ

disβ
dt

= −γisβ − βωmλrα + αβλrβ +
Vsβ
σ

dλrα
dt

= αLmisα − αλrα − ωmλrβ
dλrβ
dt

= αLmisβ + ωmλrα − αλrβ

(3.22)

Developed electromagnetic torque

Tem = p (λsαisβ − λsβisα) =
pLm
Lr

(λrαisβ − λrβisα) (3.23)

Speed can also be computed using the following dynamics

Jeq
dωmech
dt

= Tem − TL − frωmech (3.24)

ωmech =
2

P
ωm (3.25)

dωm
dt

=
p

Jeq
(Tem − TL)− fr

Jeq
ωm (3.26)

Now using the following notations:

µ = p2Lm
JeqLr

σ = Ls

(
1− L2

m

LsLr

)
β = Lm

σLr
kl = p

Jeq

α = Rr
Lr

ρ = µ
kl

γ = Rs
σ

+ αβLm kf = fr
Jeq

The model derived above can be generalized as follows:



disα
dt

= −γisα + αβλrα + βωmλrβ + Vsα
σ

disβ
dt

= −γisβ − βωmλrα + αβλrβ +
Vsβ
σ

dλrα
dt

= αLmisα − αλrα − ωmλrβ
dλrβ
dt

= αLmisβ + ωmλrα − αλrβ
dωm
dt

= µ (λrαisβ − λrβisα)− klTl − kfωm

(3.27)
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To test validation of the above designed model, parameters of the machine are es-

sential. Among the various techniques applied to get the parameters of squirrel cage

induction motor performing no-load and locked rotor test are most commonly used.

A step by step parameter determination of three phase squirrel cage induction motor

using experimental designs of no-load test and locked rotor test is presented in [26].

A 3− φ , 2 pole, 50 Hz, 1.5 Kw, 230/400 V, 1400 rpm squirrel cage induction motor

with parameters determined in [26] presented in table A.1 is used in this thesis to

test the validation of all the models.

3.3 Space Vector Pulse Width Modulation (SVPWM)

Inverter

To control induction motor drive, it is the most popular way to power the motor with

VSI driven by SVPWM. The concept of the SVPWM relies on the representation of

the inverter output as space vectors or space phasors. Space vector representation

of the output voltages of the inverter is realized for the implementation of SVPWM.

Space vector simultaneously represents three-phase quantities as one rotating vector,

hence each phase is not considered separately. As its name implies, SVPWM uses

the concept of space vector and its geometrical characteristics to derive the on-off

time duration of each switch. The objective of the SVPWM control of the inverter

switches is to synthesize the desired reference stator voltage space vector in an opti-

mum manner with the following objectives [27]:

• A constant switching frequency fs

• Smallest instantaneous deviation from its reference value

• Maximum utilization of the available dc-bus voltages

• Lowest ripple in the motor current, and

• Minimum switching loss in the inverter.
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To implement SVPWM for the two-level VSI it is usually convenient to follow the

following procedures [28].

Step1: Find the reference voltage and its angle

A reference voltage vector
−→
V sref that rotates with angular speed ωda in the α, β plane

represents three sinusoidal waveforms in the abc coordinate system.

Space vector is defined as follows in positive sequence as:

Fs =
2

3

(
fa + fbe

j 2π
3 + fce

j 4π
3

)
(3.28)





Sec 2tor

Sec 1tor

refVSec 3tor

Sec 5tor
Sec 6tor

1(001)V

3(011)V2 (010)V

6 (110)V

4 (100)V
5 (101)V

0 7(000), (111)V VSec 4tor

Figure 3.5: Voltage space vector locations corresponding to different switching states

For two-level inverter, the switching vectors are divided into six sectors form-

ing diagram of a hexagon each one can be extended by 600. Space vector voltage

expression for each sector can be summarized in the Tabel 3.1
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Table 3.1: Space vector for a three-phase voltage source inverter

Switching
states

Vector notation
Voltage space
vectorExpression

000
−→
V0 0

001
−→
V1

2
3
Vdce

j0

010
−→
V2

2
3
Vdce

j 2π
3

011
−→
V3

2
3
Vdce

j π
3

100
−→
V4

2
3
Vdce

j 4π
3

101
−→
V5

2
3
Vdce

j 5π
3

100
−→
V6

2
3
Vdce

j π
3

111
−→
V7 0

Figure 3.6 represents basic vectors in one sector from which the reference voltage

and its angle as can be obtained follows:

|Vsref | =
√
Vsα

2 + Vsβ
2 (3.29)

α = t a n−1
(
Vsβ
Vsα

)
(3.30)

Where α is in
[
−1800, 1800

]
Step 2: Sector identification

After determining the angle, the next step is to locate it in one of the six sectors.
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Table 3.2: Sector determination

Sector Degree included

1 00 ≤ α < 600

2 600 ≤ α < 1200

3 1200 ≤ α < 1800

4 −1800 < α < −1200

5 −1200 ≤ α < −600

6 −600 ≤ α < 00

Step 3: Dwell time calculation

In this step, the time of application of different space vectors are calculated using

“equal volt-second principle”. According to this principle, the product of the refer-

ence voltage and the sampling/switching time Ts must be equal to the product of the

applied voltage vectors and their time of applications.

V1

V3

Vsβ 

Vsα 

Vsref

             (tb/Ts)V3
α 

         (ta/Ts)V1

Figure 3.6: Representation of reference vector with two basic vectors

The switching patterns showing the leg voltages in one switching period is depicted

in figure 3.7 for sector one. The following analysis will focus on determination of

average voltage vector in sector 1 and a generalized discussion will be made to all
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sectors. In sector 1 from geometry of figure 3.6 the reference voltage vector can be

synthesized by using vectors
−→
V 1 ,

−→
V 2 and

−→
V 0 (zero vector), applied for time ta , tb

and t0 respectively. Hence, using the equal volt-second principle, for sector1:

Ts
−→
V a
s = ta

−→
V1 + tb

−→
V3 + t0

−→
V0 (3.31)

where ta + tb + t0 = Ts Substituting the values for
−→
V1 ,
−→
V2 and

−→
V0 from table 3.2:

Ts |Vsref | ejα = ta
2

3
Vdce

j0 + tb
2

3
Vdce

j π
3 + t0.0 (3.32)

Ts (Vsα + jVsβ) =
2

3
taVdc +

2

3
tbVdcc o s(

π

3
) + j

2

3
tbVdc s i n(

π

3
) (3.33)

Ts (Vsα + jVsβ) =
2

3
taVdc +

2

3
tbVdcc o s(

π

3
) + j

2

3
tbVdc s i n(

π

3
) (3.34)

Equating the real and imaginary parts:

tb =

√
3TsVsβ
Vdc

, ta =

√
3Ts

2Vdc

(√
3Vsα − Vsβ

)
, t0 = Ts − ta − tb (3.35)

Following the same procedures for all sectors, obtained results are presented in table

3.3

Table 3.3: Dwell time for each sector

Sector α ta tb

1 00 ≤ α < 600
√
3Ts

2Vdc

(√
3Vsα − Vsβ

) √
3Ts
Vdc

Vsβ

2
600 ≤ α < 1200 −

√
3Ts

2Vdc

(√
3Vsα − Vsβ

) √
3Ts

2Vdc

(√
3Vsα + Vsβ

)
3

1200 ≤ α < 1800
√
3Ts
Vdc

Vsβ −
√
3Ts

2Vdc

(√
3Vsα + Vsβ

)
4 −1800 < α < −1200 −

√
3Ts
Vdc

Vsβ −
√
3Ts

2Vdc

(√
3Vsα − Vsβ

)
5 −1200 < α < −600 −

√
3Ts

2Vdc

(√
3Vsα + Vsβ

) √
3Ts

2Vdc

(√
3Vsα − Vsβ

)
6 −600 ≤ α < 00

√
3Ts

2Vdc

(√
3Vsα + Vsβ

)
−
√
3Ts
Vdc

Vsβ
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Step 4: Switching Time Duty Cycle

In order to obtain constant switching frequency and optimal harmonic reduction from

SVPWM, the average voltage vector should be synthesized by means of the two basic

nonzero voltage vectors that form the sector (in which the average voltage vector

to be synthesized lies) and both the zero voltage vectors, such that each transition

causes change of only one switch status in order to minimize the inverter switching

loss.

           T0/4                          ta/2           tb/2        t0/2        tb/2 ta/2   t0/4

      Ts

0

0

0
0

 0

0

V0    V1    V3 V7 V3       V1    V0

Tc

   Tb

   Ta
    

1

1

1

Figure 3.7: Switching pattern for SVPWM for sector 1

Following the same pattern as in figure 3.7 for each sector one can draw an

ON/OFF waveform of each phase in each sector. Each switch has its own switching

information depending on the location of the reference vector. For Sector 1 for ex-

ample, the switch Ta is ON for t0/4, Tb is ON for Tbon = tb/2 + Taon , and Tc is ON

for ta/2 + tb/2 + t0/4. Now summarized duty cycles for each sector is presented in

table 3.4 below by denoting:

Taon = t0/4, Tbon = tb/2 + Taon, Tcon = ta/2 + Tbon
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Table 3.4: Switching duty times for each sector

Sector

Switch Duty cycle
1

2 3 4 5 6

Ta Tda Taon Tbon Tcon Tcon Tbon Taon

Tb
Tdb

Tbon Taon Taon Tbon Tcon Tcon

Tc Tdc Tcon Tcon Tbon Taon Taon Tbon

Step 5: PWM generation

For the switch to know when it should be switched ON at these specific times requires

a timer that can give this information. This can be done by modulating those duty cy-

cles with something like a ramp or a repeated sequence having the frequency equal to

switching frequency of the devices. Figure 3.8 presents the steps followed in SVPWM.

Dwell time

Calculator

Sector 

Calculator

Duty cycle

calculator

PWM

Generator

Gate

sV 

sV 

at

bt

ct

S

daT

dbT

dcT

S

Figure 3.8: Space vector pulse width modulator

Finally, those pulse gates obtained from the SVPWM is used to control the two-

level inverter of figure below.
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aT aT aT

aT bT cT

a

b

c

Induction motor

Figure 3.9: Diagram of a three-phase inverter and its load

The output of each phase leg is Vao , Vbo and Vco for phase A, B and C respectively.

Next, equations for phase voltages Van , Vbn and Vcn which are going to be fed to the

motor as is explained in [29].

Line voltages


Vab = Vb0 − Va0

Vbc = Vc0 − Vb0

Vca = Va0 − Vc0

(3.36)

Phase Voltages


Van = 2

3
Va0 − 1

3
Vb0 − 1

3
Vc0 = 1

3
(Vca − Vab)

Vbn = 2
3
Vb0 − 1

3
Va0 − 1

3
Vc0 = 1

3
(Vab − Vbc)

Vcn = 2
3
Vc0 − 1

3
Va0 − 1

3
Vb0 = 1

3
(Vbc − Vca)

(3.37)

The output voltage from the voltage source inverter can be predicted from its DC

input and three SVPWM signals using the following formulas.

−→
V a
s =

2

3
Vdc

(
pae

jπ0 + pbe
j 2
3
π + pce

j 4
3
π
)

(3.38)
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Computing the real part for each voltage component as:


Va = 2

3
Re
{−→
V a
s < 00

}
Vb = 2

3
Re
{−→
V a
s < −2π

3

}
Vc = 2

3
Re
{−→
V a
s < 2π

3

} (3.39)

Simplifying Equation 3.39 for Va , Vb and Vc the following can be obtained:


Va = Vdc

3
(2pa − pb − pc)

Vb = Vdc
3

(2pb − pa − pc)

Vc = Vdc
3

(2pc − pb − pa)

(3.40)

3.4 Open Loop Simulation of IM Model

To test whether the derived model is correct or not simulation of motor model using

MATLAB/SIMULINK environment and compared results to the expected conceptual

results from journals and books to assure if the correct model is obtained. By using

motor parameters from table A.1, numerical simulations of a three-phase Squirrel cage

motor fed directly by a standard source of RMS value 220V and frequency 50Hz can

be studied to know the open loop responses. In the simulation, plots presented in the

first step, no load operation of the machine is numerically simulated using MATLAB

2017B and generated plots are presented in figure 3.11. Examination of curves in 3.11e

shows that at the first moments of startup, stator current has successive oscillations,

and quickly disappear in steady state to give rise to a sinusoidal shape of constant

amplitude. The rotor flux trajectories in (α β) plane is also presented in 3.11i for

no load case and in 3.11j for loaded case. As can be seen from 3.11c, the speed

increase is almost linear at the starting and then stabilizes in steady state at the

speed close to that of synchronous speed. It can also be observed that the rotor

flux circular trajectory seems to follow a random path in unloaded condition. In the

second step, a disturbance of the load torque presented in figure 3.11b is introduced

to the motor shaft and simulation results for rotor speed in 3.11d, stator currents in
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3.11f, rotor flux in 3.11h and developed electromagnetic torque are presented. When

load is applied, the electromagnetic torque reaches its reference value to compensate

for this load with an almost instantaneous response before stabilizing at the applied

load torque value with some oscillations during instantaneous changes of load torque.

A permanent decrease of the speed appears until applied load is removed, this is

due to the fact that there is no controller that can counter act for this unexpected

disturbance. The stator currents change permanently according to the load applied

to the motor shaft. The rotor flux circular trajectory as can be observed follows a

more random path than the unloaded trajectory.

Figure 3.10: Model of squirrel cage motor in stationary frame
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Figure 3.11: Open loop simulations results
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Chapter 4

Modeling of Controller and

Estimator

The application of vector control allows an effective decoupling between the flux

of the induction machine and its electromagnetic torque. However, load variation or

parameter variations lead to loss of decoupling. To overcome these difficulties, several

control strategies are proposed in literatures among the control strategies offering high

dynamic performance, there is the non-linear control, called control by input-output

linearization [30]. The purpose of this technique is to compensate for nonlinearities

present in the machine and, therefore, ensure a perfect decoupling between flux and

torque. The following section focusses on the application of nonlinear controller to

squirrel cage induction machine supposing that all states are measurable and model

of nonlinear IOFL is developed.

4.1 The concept of IOFL

Feedback linearization is an approach to nonlinear control system which has attracted

a great deal of research interest in recent years. Feedback linearization techniques

can be viewed as ways of transforming original system models into equivalent models

of a simpler form.
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Let us consider the nonlinear system whose general representation is given as [31, 32]:

 ẋ = f (x) + g (x)u

y = h(x)
(4.1)

Taking the first derivative of y the following can be obtained:

.
y =

∂h (x)

∂x

.
x =

∂h (x)

∂x
[f (x) + g (x)u] = Lfh (x) + Lgh (x)u (4.2)

If Lgh (x) = 0, differentiating is continued until the inputs appear in the rth derivative

of output. Generalized expression is then:

yr = Lrfh(x) + LgL
r−1
f h (x)u (4.3)

Where the following are notations used in this context

Lfh (x) = ∂h
∂xf(x) L2

fh (x) =
∂(Lfh)
∂x f(x)

Lgh (x) = ∂h
∂xg(x) L0

fh (x) = h (x)

LgLfh (x) =
∂(Lfh)
∂x g(x) Lk

fh (x) = LfL
k−1
f h (x) =

∂(Lk−1
f h)

∂x f(x)

When u does not appear in y,
.
y, ..., yr−1 and appears in equation of yr with

a non-zero coefficient, the system is input output feedback linearizable and state

feedback control is:

u =
1

LgL
r−1
f h (x)

[v − Lrfh (x)] (4.4)

Where v = yr and r is called the relative degree of the system. To ensure perfect

tracking and to get the required behavior, auxiliary inputs can be defined as:

Vi = yriiref − k1e− k2e
′ − ...− krer−1, Where e = yi − yiref (4.5)
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In the above equation kr is a positive coefficient that should be chosen to guarantee

the system convergence.

  ( )x f x g x u 
y

 1

1
r

g fL xL h( )r

fL h x





x

v u

Figure 4.1: General block of input output feedback linearization

Similar procedure can be followed for MIMO systems like induction motor model

with little modification. Extending derivation for a system having input and outputs

of the form: 
.
x = f (x) +

m∑
i=1

gi (x)ui

yi = hi (x) , where 0 < i ≤ m

(4.6)

Differentiating each output as it was done previously for SISO systems the control

law for MIMO system can be obtained as:

u = C−1





v1

.

.

vm


−



Lr1f h1 (x)

.

.

Lrmf hm (x)




(4.7)
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where C =



Lg11L
r1−1
f h1 .

.

.

Lg11L
rm−1
f hm

.

.

.

. Lg1mL
r−1
f h1

.

.

.

.

.

Lg1mL
rm−1
f hm


4.2 Model of IOFL for induction motor

The input-output linearization control is based on the model of induction machine in

(α, β) reference frame fixed to stator. Using the above concepts to induction motor

system by rearranging the model presented in equation 3.27 to take a form of equation

4.1.

f(x) =



−γisα + αβλrα + βωmλrβ

−γisβ − βωmλrα + αβλrβ

αLmisα − αλrα − ωmλrβ

αLmisβ + ωmλrα − αλrβ

µ (λrαisβ − λrβisα)− klTl − kfωm


,

 y1

y2

 =

 Tem

λ2rα + λ2rβ



x = [isα isβ λsα λsβ ωm]T

u = [Vsα Vsβ]T

g(x) =

 1
σ

0 0 0 0

0 1
σ

0 0 0


T

Now proceeding successive derivation of outputs leads to the following:

y1 = Tem = ρ (λrαisβ − λrβisα) (4.8)

y′1 = Lfh(x) = ρ(λ′rαisβ + λrαi
′
sβ − λ′rβisα + λrβi

′
sα) (4.9)

y′1 = Lfh1(x) = ρ (α + γ) (isαλsβ − isβλsα)− ρωm (isαλsα + isβλsβ)

−ρβωm
(
λ2rα + λ2rβ

)
− ρ

σ
λrβVsα + ρ

σ
λrαVsβ

(4.10)

y′2 = Lfh2(x) = 2λrαλ
′
rα + 2λrβλ

′
rβ (4.11)

y′2 = Lfh2(x) = 2αLm (isαλrα + isβλrβ)− 2α
(
λ2rα + λ2rβ

)
(4.12)
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y′′2 = L2
fh2(x) = 2αLm

(
i′sαλrα + isαλ

′
rα + i′sβλrβ + isβλ

′
rβ

)
−4α

(
λrαλ

′
rα + λrβλ

′
rβ

) (4.13)

y′′2 = L2
fh2(x) = −2αLm(γ + 3α) (isαλrα + isβλrβ)− 2αLmωm (isαλrβ − isβλrα)

+2α2(2 + βLm)
(
λ2rα + λ2rβ

)
+ 2(αLm)2

(
i2sα + i2sβ

)
+2αLm

σ
λrαVsα + 2αLm

σ
λrβVsβ

(4.14)

From the above derivatives it can be seen that relative degrees of torque and flux

squared are r1 = 1 and r2 = 2 respectively. Then the sum of the relative degrees of

speed and flux is less than degree of the system r = 5 implying that some change of

variables are required [32].

After understanding those concepts and having the outputs to be controlled Tem and

λ2rα + λ2rβ, follows defining change of coordinates to assist the lie derivatives as:



y1 = h1(x) = Tem = ρ (λrαisβ − λrβisα)

y2 = h2(x) = λ2rα + λ2rβ

y3 = Lfh2(x) = 2αLm (isαλrα + isβλrβ)− 2α
(
λ2rα + λ2rβ

)
y4 = tan−1(

λrβ
λrα

)

y5 = h3(x) = ωm

(4.15)

Usually the choice of the variable y4 is arbitrary, this variable represents the position

of the rotor flux [30]. Using inverse transformation IM model states in new coordinate

can be obtained as:

ωm = y5 , λrα =
√
y2 c o s ( y4) , λrβ =

√
y2 s i n ( y4)

isα =
1
√
y2

[
c o s y4
2αLm

(y3 + 2αy2)−
s i n y4
ρ

y1

]
, isβ =

1
√
y2

[
s i n y4
2αLm

(y3 + 2αy2) +
c o s y4
ρ

y1

]
After this change of variables, and using the induction motor states in the new coor-

dinates a control law describing linear relationship between inputs and outputs can
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be obtained as the following:

 y1
′

y2
′′

 =

 Lfh1

L2
fh2

+

 Lg11h1 Lg12h1

Lg21Lfh2 Lg22Lfh2

u (4.16)

Where Lg12h1 = ρ
σ
λrα , Lg11h1 = − ρ

σ
λrβ , Lg12h1 = ρ

σ
λrα , Lg22Lfh2 = 2αLm

σ
λrβ

Lfh1 = ρ (α + γ) (isαλsβ − isβλsα)− ρωm (isαλsα + isβλsβ)− ρβωm
(
λ2rα + λ2rβ

)
L2
fh2 = −2αLm(γ + 3α) (isαλrα + isβλrβ)− 2αLmωm (isαλrβ − isβλrα)

+2α2(2 + βLm)
(
λ2rα + λ2rβ

)
+ 2(αLm)2

(
i2sα + i2sβ

)
 y′1

y′
′
2

 =

 vα

vβ

 = V = F (x) + C(x)u (4.17)

C(x) =

 − ρ
σ
λrβ

ρ
σ
λrα

2αLm
σ
λrα

2αLm
σ
λrβ

 (4.18)

C(x) is the decoupling matrix whose determinant can be computed as:

det[C(x)] = −2αρLm
σ2

[λ2rα + λ2rβ] (4.19)

Note that the decoupling matrix is not singular except at the starting point. This

problem can be avoided by choosing nonzero initial conditions when observing of

rotor flux.

It can be written in general form:

u = C−1(x)[V − F (x)] (4.20)

Where C−1(x) = 1
det[C(x)]

 2αLm
σ
λrβ

ρ
σ
λrα

2αLm
σ
λrα − ρ

σ
λrβ



47



sV 

sV 

v

v

2

2fL h

, , , ,s s r r mi i       
1

C x










r 
r

1fL h

Figure 4.2: Input output feedback linearization of induction motor model

The state feedback defined by the above equation decouples and linearizes the sys-

tem. Therefore, the system closed loop is equivalent to two chains of two independent

integrators:

V =

 vα

vβ

 =

 .
y1
..
y2

 (4.21)

The vector V represents an external set point of the linearized system. To ensure

perfect tracking and to get the required behavior, auxiliary inputs can be defined as:

Setting yr = [ Tem λ2r ]T as a reference trajectory, the command can be calculated

from the following way:

 vα = −ka1(Tem − Temref ) + T ′emref

vβ = −kb1(λ2r − λ2ref )− kb2(λ2
′
r − λ2

′

ref ) + λ2
′ ′

r

(4.22)

This choice leads to the dynamics:


.
e1 +ka1e1 = 0

..
e2 +kb2

.
e2 +kb1e2 = 0

(4.23)

Where the tracking errors are defined as e1 = Tem − Temref , e2 = λ2r − λ2ref
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The dynamics above will be stable if the polynomials of characteristics equation in

e1 and e2 have their roots on the left hand side of the complex plane. Under these

conditions, it is possible to bring the actual speed to the reference speed and the

flux standard to reference flux with imposed dynamics. The control law gains should

be chosen to satisfy Lyapunov stability’s condition. For this thesis the values of se-

lected gains resulting better tracking response are ka1 = kb1 = 8∗104 and kb2 = 4∗103

4.3 Model of speed controller

4.3.1 PID speed controller

1

eq rJ s f

lT

em re fTm re f
emT








i
p d

k
k k s

s
 

Figure 4.3: Structure of PID Speed controller

Earlier, model of nonlinear controller to independently control electromagnetic torque

and flux based on the external references using IOFL is discussed. Flux reference is

set by the user but torque reference is obtained from speed controller block. Speed

has been controlled using PID controller which is the most popular controller in elec-

trical drives. But, the type of speed controller used really matters.
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The governing differential equation for the mechanical system of the motor is ex-

pressed as:

dωmech
dt

=
1

Jeq
(Tem − TL)− fr

Jeq
ωmech (4.24)

For the system described by the above dynamics popular PID controller of the form:

C (eωm) = kpeωm +
ki
s
eωm + kdseωm (4.25)

is applied. The gains of PID controllers should be tuned using appropriate tuning

mechanism. In this thesis, it is tuned using root locus tuning method as it is clearly

discussed in [33] for comparison purpose to the proposed controller.
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Figure 4.4: Open loop (a) and closed loop Root locus (b) of the speed loop

The gains of PID speed controllers obtained from this root locus technique and

applied for simulation sections later are kp = 0.924, ki = 8.4 and kd = 0.0084.

4.3.2 Sliding Mode Controllers

Sliding mode controller is a well-known controller recognized as a powerful tool to

robustly control systems with uncertainties. It does not require exact model of the

system since it is robust against parameter uncertainty, external disturbance and

modeling error. Application of this controller aims to steer the system state trajec-

tory onto a particular surface in the state space. Sliding mode controller modeling
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approach has two parts, the first part involves selection of reaching phase while the

second one is concerned about selection of the control law. The application of SMC

is briefly presented below.

Sωm = eωm + λ1

∫
eωmdt (4.26)

Where eωm = ωmref − ωmech is the tuning error signal

Having the derivative of this sliding surface and using equation 4.24 for the speed

dynamics, the following can be obtained:

S
′
ωm = e

′
ωm + λ1eωm

= λ1eωm + ω
′

mref − ω
′

mech = λ1eωm + ω
′

mref − 1
Jeq
Tem + 1

Jeq
TL + fr

Jeq
ωmech

(4.27)

From this and using exponential reaching law the control law can be derived as:

S
′

ωm = −krSωm −Kssign(Sωm) (4.28)

Where

sign(Sωm) =


1 Sωm > 0

0 Sωm = 0

−1 Sωm < 0

(4.29)

λ1eωm + ω
′

mref − 1
Jeq
Tem + 1

Jeq
TL + fr

Jeq
ωmech = −krSωm −Kssign(Sωm)

⇒ Tem = Jeq

(
λ1eωm + ω

′

mref + 1
Jeq
TL + fr

Jeq
ωmech + krSωm +Kssign(Sωm)

)
(4.30)

The general representation of sliding mode control is:

u = ueq + udis (4.31)

51



4.3.3 Fractional order sliding mode speed controller

In recent decades fractional order calculus is becoming a very interesting topic for

system modeling and controller development. Using the sliding surface used above

but now with a fractional order integrator the control law can be modeled as follows.

Sωm = eωm + λ10D
−α
t eωm

where eωm = ωmref − ωmech and 0 < α < 1
(4.32)

α is the fractional order of integration

Taking the time derivatives of the above mathematical representations:

S
′
ωm = e

′
ωm + λ10D

1−α
t eωm

=
(
ω

′

mref − 1
Jeq
Tem + 1

Jeq
TL + fr

Jeq
ωmech

)
+ λ1D

1−α
t eωm

(4.33)

Using exponential reaching law

S
′

ωm = −krSωm −Kssign(Sωm) (4.34)

The control law can then be computed as:

Tem = Jeq

(
ω

′

mref +
1

Jeq
TL +

fr
Jeq

ωmech + λ1D
1−α
t eωm + krSωm +Kssign(Sωm)

)
(4.35)

4.3.3.1 Stability Analysis of FOSMC

For stability to be guaranteed the lyapunove candidate function should be negative

definite

V =
1

2
Sωm

2 (4.36)

V
′
= SωmS

′
ωm

= Sωm

(
ω

′

mref − 1
Jeq
Tem + 1

Jeq
TL + fr

Jeq
ωmech + λ1D

1−α
t eωm + 1

Jeq
TL

)
(4.37)

52



V
′
= Sωm

(
−krSωm −Kssign(Sωm) +

1

Jeq
TL

)
(4.38)

This implies that the above equation should be negative for stability and the gains

should be selected in a way to guarantee the condition.

− krSωm2 −Ks |Sωm|+
1

Jeq
SωmTL < 0 (4.39)

In this thesis the gains for SMC and FOSMC are in order to satisfy lyapunove stability

condition. Generally in exponential reaching the value of Ks should be large enough

to bring trajectories with less steady state error. Here Ks = 2 ∗ 103, kr = 5 and

λ1 = 0.5 for both SMC and FOSMC. The fractional order integrator α = 0.2 for

FOSMC control law.

4.4 Load Torque observer

In sliding mode controllers above one can notice that the TL term present in the con-

trol law expression. But, this mechanical shaft load disturbance is unknown term or

it is difficult to determine its value using measurement techniques. This necessitates

the formulation of load torque observer that can extract its value from estimates of

flux and current values. In this thesis the method used to get load torque estimate

of permanent magnet synchronous motor in [34] is applied.

Expression for estimated load torque is:

T̂L = kp1 (ω̂m − ωm) + ki1

∫
(ω̂m − ωm) dt (4.40)

Where

ω̂m =
1

jeqs+ fr

(
Tem − T̂L

)
(4.41)
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Figure 4.5: Load torque estimator

4.5 Model of Speed Estimator

Input output feedback linearization used above even though gives better results it

assumes that all the states are measurable. But, it is difficult to measure some

electrical variables for example rotor flux. And also it is better to use estimation

algorithm in place of real sensor to measure states in terms of cost minimization of

installing the drive system. There for in the following sections, modelling of robust

estimation techniques to extract the states of induction motor (rotor flux and speed)

more similar to the real measuring device will be discussed. Finally, the validity of

choice of the observer will be verified by simulation.

4.5.1 Sliding Mode Rotor Flux Observer

In what follows, sliding-mode observer for the estimation of the rotor flux is studied.

Rotor flux is observed through current observer [35]. First, previously derived model

of the squirrel cage induction machine expressed in a stationary reference (αβ) is

reinterpreted for simplification. Then structure of sliding mode current observer is

introduced and then, based on the convergence of this observer, rotor flux will be

determined. From the model of IM in (αβ) frame the following representations of
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stator current and rotor flux dynamics are obtained:

 disα
dt

disβ
dt

 = β


 α ωm

−ωm α


 λrα

λrβ

− αLm
 isα

isβ


− Rs

σ

 isα

isβ

+ 1
σ

 Vsα

Vsβ

 dλrα
dt

dλrβ
dt

 = −


 α ωm

−ωm α


 λrα

λrβ

− αLm
 isα

isβ




(4.42)

Terms inside curved bracket are found exactly the same in current and flux dynamics

and can be replaced by the same sliding function U . The function U is defined by

the following matrix:

U =

 Usα

Usβ

 =

 −ki1sign(Si1)

−ki2sign(Si2)

 , where
Si1 = îsα − isα

Si2 = îsβ − isβ
(4.43)

Hence observer expression is:

 disα
dt

disβ
dt

 = β

 Usα

Usβ

− Rs
σ

 isα

isβ

+ 1
σ

 Vsα

Vsβ

 dλrα
dt

dλrβ
dt

 = −

 Usα

Usβ


(4.44)

The gains of sliding mode terms above should be selected to steer the estimated rotor

flux trajectories to the desired or actual value. here they are selected as ki1=ki2 =

6 ∗ 103.

4.5.2 Combined SM-MRAS Speed Estimator

Now having SMO as a reference model, MRAS observer can be modeled using the

following induction motor model equations as an adaptive model with ωm being
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Figure 4.6: Block diagram of sliding mode rotor flux observer

adaptive quantity.


dλrαA
dt

= αLmisα − αλrαA − ωmλrβA
dλrβA
dt

= αLmisβ + ωmλrαA − αλrβA
(4.45)

The notation A in the subscripts is to mean adaptive

Reference Model

Adaptive Model

Error Generation

Adaptation Mechanism

 sV

si 

1r 

2r 

e

mest

Figure 4.7: Structure of proposed Sliding mode MRAS estimator
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4.5.2.1 Adaptation Mechanism

The adaptation mechanism can now be formulated using the following approach.

Observers from current model (adaptive) and voltage model (reference model) can

be combined and the error signal can be generated. The accuracy of MRAS estimator

is highly dependent on the type of adaptation mechanism used. In this thesis sliding

mode adaptation mechanism is applied in place of PI regulators used in [36] which can

enhance robustness of the system since it have better tracking performance. Defining

speed tuning error signal as [30]:

eω = λrβSλrαA − λrαSλrβA (4.46)

The speed-estimation adaptation law for SM scheme is derived based on Lyapunov

theory to ensure stability and fast error dynamics. Defining the speed tuning signal

in equation 4.46 and choosing a sliding surface as is explained in [21]:

Seω = eω + λ

∫ t

0

eωdt for λ > 0 (4.47)

When the system reaches sliding surface, it gives:

ṡeω = ėω + λeω = 0 (4.48)

e
′

ω = λ
′

rβSλrαA + λ
′

rαAλrβS − λ
′

rαSλrβA − λ
′

rβAλrαS (4.49)

e
′
ω = λ

′

rβSλrαA + λrβS(αLmisα − αλrαA − ωmλrβA) − λ′
rαSMλrβA

−λrαSM(αLmisβ + ωmλrαA − αλrβA)
(4.50)

e
′

ω =

 λ
′

rβSMλrαA − λ
′
rαSλrβA + αLm(isαλrβS

−isβλrαS) + α(λrβAλrαS − λrαADλrβS)


︸ ︷︷ ︸

f1

− (λrαAλrαS + λrβAλrβS)ω̂m︸ ︷︷ ︸
f2

(4.51)

57



e
′

ω = f1 − f2ω̂m (4.52)

From Lyapunov candidate function

V =
1

2
S2

V
′
= SS

′
Should be negative definite for stability

SeωS
′

eω = Seω(f1 − f2ω̂m + λeω) < 0 (4.53)

This can be attained if

f1 − f2ω̂m + λeω


< 0 for Seω > 0

= 0 for Seω = 0

> 0 for Seω < 0

(4.54)

This can intern be achieved by using the following algorithms

ω̂m = ueq + usω (4.55)

ueq =
f1 + λeω

f2
and usω = k1sign(Seω) (4.56)

The presence of f2 in the denominator of may cause problems around zero. This

problem can be overcome by magnetizing of the machine before starting up or by

adding small value to it as is applied in this thesis.

Substituting equation 4.46 and 4.52 to equation 4.48 and doing some simplification

the following can be obtained:

.

V = Seω
.

Seω = Seω

(
f1 − f2

(
f1+λeω
f2

+ k1sign (Seω) + λeω

))
= −k1f2 (Seωsign (Seω))

(4.57)

As long as k1 is positive in the expression 4.57 is negative, which is the requirement
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for Lyapunove candidate function negative definite, and stability to be guaranteed.

It is the hitting control gain which can make derivative of the candidate Lyapunov

function negative definite and it should be large enough to overcome the effect of

external disturbances. Here the gains are k1 = 4 ∗ 104 and λ = 0.5.

4.6 Chattering Minimization in SMC

Although to account for the presence of modeling imprecision and of disturbances

the control law has to be discontinuous across the sliding surface s(t), switching is

not instantaneous and value of s(t) is not known with infinite precision. This leads

to oscillations in the state vector at finite frequency, referred to as chattering. It re-

sults in high heat losses in electrical power circuits, high wear of moving mechanical

parts such as actuators and low control accuracy. Therefore, sliding mode controllers

given so far will have chattering near sliding surface due to the presence of signum

function. For the controller to perform properly this chattering phenomenon must

be eliminated. This can be achieved by smoothing out the control discontinuity in a

thin boundary layer neighboring the switching surface. This approximation can be

implemented by using the quasi-sliding mode, using saturation or sigmoid function

in place of signum function [13, 16, 30].

sign(s) =


−1 if s < 0

0 if s = 0

1 if s > 0

, sat(s) =


−1 if s < −ε
s
ε
if |s| = ε

1 if s > ε

, sigm(s) =

(
2

1 + e−γs

)
−1

Where, ε is a small positive number defining the boundary layer of saturation

function and γ is also a small positive number adjusting the slope of sigmoid function.
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Figure 4.8: Signum, Saturation and Sigmoid functions

This work does minimization of chattering by using sigmoid approximation and

the effect is discussed by using clear simulation waveforms in section 5.3.1.
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Chapter 5

Simulation Result and Discussion

5.1 Introduction

Computer modeling and simulation is the usual way of studying the behavior of

proposed real-life systems and to decide whether new control algorithms are valid in

order to avoid mistakes early in simulations before actual hardware implementation.

Among various simulation software packages, SIMULINK is one of the most common

and powerful technique for simulating dynamical systems due to its graphical interface

and simplicity. SIMULINK uses MATLAB as a tool for mathematical purposes which

further enhance modeling process. In the following sections, analysis of different

analytical considerations of the proposed control scheme in previous sections are

verified by simulations.

5.2 Simulink Model of Feedback Linearized Induc-

tion Motor Control Using FOSMC and Sliding

Mode-MRAS Estimator

A complete SIMULINK diagram of proposed system is shown in figure 5.1 below.

The induction motor used is the squirrel cage induction motor with the parameters
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presented in table A.1. Here PID, SMC FOSMC speed controller with SVPWM and

SM-MRAS estimator is simulated. Those controllers are tested for speed and rotor

flux tracking performance and for robustness to load torque disturbance under differ-

ent operating conditions and then from the results obtained comparison of controller

is performed. The induction motor stator is powered by SVPWM controlled VSI and

speed is controlled by fractional order sliding mode controller with input output feed-

back linearization which enables independent control of rotor flux and torque. The

output of IOFL are SVPWM reference signals used generate gate signals of inverter

switches to supply the induction motor so that it can run with the required speed

command.

Figure 5.1: Simulink Model of IOFL and Speed Controller

5.3 Simulation Results

To test the behavior of squirrel cage induction machine with nonlinear control, three

simulation tests are performed. In the first test, behavior of the machine during

unloaded start, then introducing a load torque of 10 Nm with indicated profiles is

studied with simulations.
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5.3.1 Chattering Effect of sliding mode controller in the speed

loop

Chattering is undesirable oscillations resulting from ideal infinite frequency control

signal.
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Figure 5.2: Speed Response Using Signum
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Figure 5.3: Control inputs for SMC and FOSMC

Waveforms in Figure 5.2 (left top) are obtained using sign(Sω) function and wave-

forms for SMC and Figure 5.2 (right top) obtained by using sign(Sω) function for
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FOSMC. From the plots we can easily observe that application of sign(Sω) leads

excessive oscillation in the output and chattering effect in the control input which

is undesirable for induction motor drive system. Figure 5.3 illustrates the control

output (Tem) obtained from SMC in Figure 5.3a and FOSMC in Figure 5.3b by using

sign(Sω) for the speed control loop. From the plots it can be shown that FOSMC

have minimized chattering amplitude than that of integer order SMC. Even though

chattering is reduced by utilizing FOSMC it still presents. By approximating the sign

function this chattering effect can be avoided. Simulation plots in the coming sections

are obtained by utilizing continuous sigmoid function instead of sign function.

5.3.2 Response of Controllers for Noise

Figure 5.4: Noise on the controller side

Figure 5.4 shows the applied noise added up with the controller output or electro-

magnetic torque reference. The effect of this noise is observed for PID, SMC, and

FOSMC.
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Figure 5.5: Response of speed controllers for noise

Responses of controllers for PID, SMC, and FOSMC for the indicated noise of

Figure 5.5a in the controller are given in plots Figure 5.5b, Figure 5.5c and Figure

5.5d respectively. From these response plots it can be observed that PID controller

having worse irregularities or sever oscillations in the output while SMC and FOSMC

shows more robustness for such a noise.
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5.3.3 Operation at a constant speed
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Figure 5.6: Speed responses for a constant speed at Normal condition

Figure 5.6 presents responses of PID, SMC and proposed FOSMC. Here the reference

speed is set at 120 rad/s e c and rotor flux magnitude is kept at 3 Wb. Behaviors of

each controller are noticed at no load condition simulating it for 3 seconds in response

to these reference commands. As it can be inferred from the plots all controllers track

the reference command signal at steady state. But, the way that they reach this

steady state value is different. Even though, PID controller have less steady state

error it shows sever overshoot of 9.5211% at starting up while SMC and FOSMC

waveforms shows overshoots of 0.4753% and 0.3674% respectively. Even though PID

controller have faster rise time of 0.0209 seconds, it settles to the final desired value

slowly with settling time of 0.2417 seconds. FOSMC rises and settles faster, with

a rise time of 0.0235 second and settling time of 0.0405 seconds, than integer order

SMC having a rise time of 0.0434 seconds and settling time of 0.0627 seconds.
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Figure 5.7: Torque Responses under no load condition

Figure 5.7 presents the simulated result for developed electromagnetic torque.

Simulation has been carried out again for 3 secs and obtained results of the three con-

trollers were presented with their corresponding zoom view around zero in (1.4→ 1.5)

second time range. It can be noticed that SMC and FOSMC shows better perfor-

mance in terms of torque ripple minimization.
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Figure 5.8: Alpha beta frame flux response
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Figure 5.9: Alpha beta Flux Trajectory

Figures 5.8 presents rotor flux in (α, β) axis component and their corresponding

circular trajectory were also presented in figure 5.9. These plots show no signifi-

cant difference in the responses showing that good performance of IOFL used. But,

FOSMC have better responses offering well defined circular trajectory than SMC and

PID.

Figure 5.10: Stator currents at no load
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5.3.4 Operation at varying speed reference
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Figure 5.11: Response for a varying speed command at no load

Figure 5.11 above presents speed response for a command profile set at 120 rad/s e c

for (0 → 1 ) seconds, 0 rad/s ec seconds for (1 → 2 ) seconds and 140 rad/s ec for

(2 → 3) seconds. Response plots clearly show that both SMC and FOSMC results

better responses than PID controllers as it is characterized by higher overshoots

during starting and at instants when speed change takes place. FOSMC follows this

changing reference command faster than its equivalent integer order SMC. Another

important quality of these controllers that can be examined from the zoomed view

presented above for (1.45→ 1.55) seconds is zero speed operation. In this operation

time FOSMC shows superior performance by having minimum steady state error. It

can be inferred that FOSMC shows better dynamical responses even at low speed

operations or particularly zero speed operation.
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5.3.5 Operation at varying flux reference
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Figure 5.12: Response for varying flux reference

Figure 5.13: Flux trajectory for three controllers

Figure 5.13 presents frame rotor flux trajectory for the varying reference flux magni-

tude presented in figure 5.12. As it can be noticed from those plots best tracking of

varying flux is obtained using this controller. Here it is justified how to control the

rotor flux using the actual nonlinear model with no need of orientation concept to

linearize the nonlinear behavior of squirrel cage induction motor.
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5.3.6 Operation at load disturbed condition
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Figure 5.14: Speed tracking performance (b) for applied load of (a)

Simulation results in figure 5.14b show that speed droppings and over speeds are sever

in PID controllers due to the introduction of load disturbance of profile presented

in figure 5.14a. Zoomed views in this plot also reveals that SMC’s result higher

deviations than FOSMC during the introduction of FOSMC. To clearly compare

robustness of those controllers for load torque disturbance, speed drops at the instant

when a load torque is applied at 0.75 second can be quantified as 5.5982% using PID
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speed controllers, 1.388% when SMC is used and 1.1757% when FOSMC is applied.

5.4 Simulation of sliding mode MRAS Estimator

To highlight the performance and robustness of the proposed algorithm for rotor

flux and rotor speed estimation, a variety of cases have been simulated and will be

presented later. The static and dynamic performance of the rotor flux observer are

analyzed from the simulation of the following modes of operation:

• No-load operation

• Variation of the load torque and

• Low speed operation

No-load Operation
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Figure 5.15: Speed and flux estimation performance at unloaded condition

72



Figure 5.15 illustrates the response of the actual speed in 5.15a with their zoom

in 5.15c and the estimated rotor flux magnitude in 5.15b and their zoom in 5.15d

using IOFL and FOSMC for closed loop speed compensation. Figure 5.16 below

shows estimation error of speed and flux in 5.16a and 5.16b respectively. It can be

seen that the estimator gives a minimized speed and flux estimation error. Mean

absolute percentage error is 0.1767% for speed estimation and 0.2584% for rotor

flux estimation. As can be seen in Figure, it is important to note that the system

demonstrates good estimation capability under fairly good operating conditions.
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Figure 5.16: Speed estimation error (a) and Flux estimation error (b)

73



5.4.1 Estimation performance for a varying speed and Load
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Figure 5.17: Estimation for a varying speed and load

Observing Figure 5.17 speed estimation performance for loaded case with constant

reference in 5.17a and varying reference in 5.17b. Estimated speed almost follows

actual speed trajectory even during the introduction of load torque and varying com-

mands set with a mean absolute percentage estimation error of 0.1772%. From the

varying speed reference responses presented before, estimation performance under

low speed operation particularly zero speed operation can be noticed. Here esti-

mated speed tracks the actual speed even in zero speed range of operation as can be

inferred from the zoomed views around zero.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

In this thesis work sensor less control of squirrel cage induction motor from its non-

linear model is developed it is used in the entire development considerations of this

thesis. Closer look of the model shows the squirrel cage induction motor is a nonlinear

multi-variable, strongly coupled system.

The second part of this work then focuses on the modeling of proposed controller

and observer. Input output feedback linearization technique which is proved by many

literature for providing improved responses for nonlinear systems is applied for squir-

rel cage induction motor system and promising decoupled control of rotor flux and

torque is obtained. Torque and flux are independently controlled using IOFL and dif-

ferent speed controller are used to generate electromagnetic torque reference. Aiming

that to improve the performance of the machine, namely tracking of reference tra-

jectories and disturbance rejection three controllers namely PID, SMC, and FOSMC

are applied for the speed loop. Generally, the application of fractional order sliding

mode controller with input output feedback linearization results better performance

considering the following:

• Minimized overshoot, faster settling to the required command, less torque rip-

ples, best low speed operation tracking quality. FOSMC shows superior perfor-
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mance for those qualities by having least overshoot of 0.3674%, fastest settling

time of 0.0405 seconds, and least speed drop of 1.1757% for the application of

10 Nm.

• Performance comparison from simulation results reveal that under load torque

disturbance IOFL with FOSMC shows less speed drop. Hence it can be con-

cluded that IOFL-FOSMC have best robustness quality.

It is observed that input output feedback linearization by its own could not guarantee

for high performance application of the drive as it requires all the states to be accessed

by measurements. To tackle this problem and benefit more from nonlinear controller

this thesis developed an estimation algorithm that can extract inaccessible states

(rotor fluxes) and states requiring costly installation (speed) by having only stator

current information. Sliding mode model reference adaptive system estimator is found

more suitable for estimation of speed for high performance applications. Its detailed

formulation is studied and simulation results section show that the applied sliding

mode model reference adaptive system estimator gives good estimate of rotor flux

and speed with mean absolute percentage error of 0.2584% and 0.1767% respectively.

6.2 Future Work

Application of the techniques applied in this work on the induction ma-

chine for generator operation: As induction generators are commonly used sort

of machines used for generation of electricity in areas like wind power and hydro

power generation systems it would be very important to apply this technique for

those machines too.

Efficiency Optimization: One of the strengths of this thesis work is getting

interesting rotor flux trajectory tracking performance. Hence optimal rotor flux ref-

erence can be generated for optimization of motor efficiency. Future improvement of

this work can be made with the application of intelligent optimization techniques for
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efficiency maximization of this motor.

Practical realization with FPGA: Nowadays, FPGAs are becoming popular

processors having fast processing speed and computational efficiency. Hence the

algorithms developed in this thesis could be realized with those processor families for

its betterment.
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Appendix A

Appendix 1

A.1 Parameters

Table A.1: Parameters used in simulations

Symbol Value

Induction motor [26]

Stator Resistance Rs 4.6 Ω
Rotor Resistance Rr 4.35 Ω
Stator inductance Ls 0.3382 H
Rotor inductance Lr 0.3382 H
Mutual inductance Lm 0.3210 H
Pole pairs p 2
Coefficient of friction fr 0.001 Nm. s.rad−1

Moment of inertia Jeq 0.004 Kgm2

Estimator

Reference Model
ki1 6000
ki2 6000

Adaptation
λ 0.5
k1 4000
k 5

Controller

IOFL
ka1 80000
kb1, kb2 40000, 80000

SMC
λ1 0.5
Kr 5
Ks 2000

FOSMC

λ1 0.5
Kr 5
Ks 2000
α 0.2

PID
kp 0.924
ki 8.4
kd 0.0084
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A.2 Motor Open loop model

Figure A.1 is the model of of squirrel cage induction motor constructed SIMULINK

Figure A.1: Open loop Simulink model of SCIM

A.3 Inside View of IOFL block

Figure A.2: Inside view of IOFL Simulink model
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A.4 SMO-MRAS Estimator

Figure A.3: Simulink block of SMO-MRAS Estimator

A.5 SVPWM code

%Sector ==================================

function Scr = S(Valpha ,Vbeta)

alpha=atan2(Vbeta ,Valpha)*180/pi;

if alpha >=0&& alpha <60

Scr =1;

elseif alpha >=60&& alpha <120

Scr =2;

elseif alpha >=120&& alpha <180

Scr =3;

elseif alpha >= -180&& alpha <-120

Scr =4;

elseif alpha >= -120&& alpha <-60

Scr =5;

else
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Scr =6;

end

%Dwell time calculator =========================

function [ta,tb,t0]=T(Valpha ,Vbeta ,Scr)

X=sqrt (3)*Ts/Vdc*Vbeta;

Y=sqrt (3)*Ts/2/Vdc*(sqrt (3)*Valpha+Vbeta);

Z=sqrt (3)*Ts/2/Vdc*(-sqrt (3)*Valpha+Vbeta);

if Scr ==1

ta=-Z;tb=X;

elseif Scr ==2

ta=Z;tb=Y;

elseif Scr ==3

ta=X;tb=-Y;

elseif Scr ==4

ta=-X;tb=Z;

elseif Scr ==5

ta=-Y;tb=-Z;

else

ta=Y;tb=-X;

end

%Duty cycle calculator ======================

function [Tda ,Tdb ,Tdc]=D(ta,tb ,t0,Scr)

Taon =0.25* t0;

Tbon=Taon+ta/2;

Tcon=Tbon+tb/2;

if Scr ==1

Tda=Taon;Tdb=Tbon;Tdc=Tcon;
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elseif Scr ==2

Tda=Tbon;Tdb=Taon;Tdc=Tcon;

elseif Scr ==3

Tda=Tcon;Tdb=Taon;Tdc=Tbon;

elseif Scr ==4

Tda=Tcon;Tdb=Tbon;Tdc=Taon;

elseif Scr ==5

Tda=Tbon;Tdb=Tcon;Tdc=Taon;

else

Tda=Taon;Tdb=Tcon;Tdc=Tbon;

end

%=========================================
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