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Abstract

Induction motor is a complex nonlinear structure where strong coupling ex-

ists between rotor flux and produced electromagnetic torque.So, different

decoupling techniques are applied to decouple the system which make the

control design easy.Moreover, the proposed model of the motor has nonlin-

earities and parametric uncertainties which make control more difficult.In

the thesis Multi-scalar variable model is used to decouple the complex motor

structure,which transform the system in two subsystems namely mechani-

cal and electromagnetic.As the presented system is nonlinear so a nonlinear

control scheme is better choice to control such system.In this research work

Backstepping controller of the system is proposed which gives better per-

formance than conventional techniques. All the simulations are done in the

MATLAB/SIMULINK. For mathematical analysis Laypunov theory is used

to prove the stability of the proposed control.Comparison of proposed con-

troller and conventional control techniques from literature is also done to

show the robustness of controller.

ii



Dedication

I dedicate my work to my family, in-laws, friends and my esteemed teachers.

iii



Certificate of Originality

I hereby declare that this submission is my own work and to the best of my

knowledge it contains no materials previously published or written by another

person, nor material which to a substantial extent has been accepted for the

award of any degree or diploma at NUST SEECS or at any other educational

institute, except where due acknowledgement has been made in the thesis.

Any contribution made to the research by others, with whom I have worked

at NUST SEECS or elsewhere, is explicitly acknowledged in the thesis.

I also declare that the intellectual content of this thesis is the product

of my own work, except for the assistance from others in the project’s de-

sign and conception or in style, presentation and linguistics which has been

acknowledged.

Author Name: Shanza Munir

Signature:

iv



Thesis Acceptance Certificate

Certified that final copy of MS/MPhil thesis written by Miss.Shanza

Munir, (Registration No 105771), of SEECS (School/College

/Institute) has been vetted by undersigned, found complete in all respects

as per NUST Statutes/Regulations, is free of plagiarism, errors and mistakes

and is accepted as partial fulfillment for award of MS/M Phil degree. It is

further certified that necessary amendments as pointed out by GEC members

of the scholar have also been incorporated in the said thesis.

Signature:

Name of Supervisor: Dr.Iftikhar Ahmad Rana

Date:

Signature (HOD):

Date:

Signature (Dean/Principal):

Date:

v



Acknowledgment

First and foremost I thank Allah Almighty for His countless blessings thought

out my life. He always gave me courage and strength in weakest times of my

life. He gave me knowledge to complete my research, all this was not possible

without His will.

Special thanks to my supervisor, Dr. Iftikhar Ahmed Rana, who always

believed in me and helped me throughout the work.

I also Thank my friends who supported me throughout the process. I will

always appreciate them for what they have done,Sadaf, Ezza and Sidra in

particular.

Special thanks to my loving parents and my beloved husband, whose

words of encouragement and push for a ring of tenacity in my ear.

vi



Table of Contents

1 Introduction 1

1.1 Background and Motivation . . . . . . . . . . . . . . . . . . . 4

1.2 Composition of Research Work . . . . . . . . . . . . . . . . . 5

2 Motor structure and operation 7

2.1 Structure: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Speed control to control the process: . . . . . . . . . . . . . . 10

2.4 Speed control techniques . . . . . . . . . . . . . . . . . . . . . 11

2.5 Variable speed control . . . . . . . . . . . . . . . . . . . . . . 12

3 Induction motor dynamic model 13

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.2 Mathematical Model . . . . . . . . . . . . . . . . . . . . . . . 14

3.3 Clark transformation . . . . . . . . . . . . . . . . . . . . . . . 17

4 Decoupling 22

4.1 Transformation in D-Q coordinates . . . . . . . . . . . . . . . 22

4.2 Transformation in X-Y coordinates . . . . . . . . . . . . . . . 25

4.2.1 Multi-scalar Induction motor model: . . . . . . . . . . 26

vii



TABLE OF CONTENTS viii

5 Conventional Techniques 30

5.1 Vector Control . . . . . . . . . . . . . . . . . . . . . . . . . . 30

5.2 Field Oriented control (FOC) . . . . . . . . . . . . . . . . . . 32

5.2.1 FOC Algorithm . . . . . . . . . . . . . . . . . . . . . . 32

5.2.2 Flux Estimator . . . . . . . . . . . . . . . . . . . . . . 32

5.2.3 System overview . . . . . . . . . . . . . . . . . . . . . 33

5.2.4 Simulink model of FOC . . . . . . . . . . . . . . . . . 34

5.3 Direct-Torque control (DTC) . . . . . . . . . . . . . . . . . . 34

5.3.1 DTC overview . . . . . . . . . . . . . . . . . . . . . . . 37

5.3.2 Simulink model of DTC . . . . . . . . . . . . . . . . . 38

6 Proposed control scheme 39

6.1 Back Stepping Control . . . . . . . . . . . . . . . . . . . . . . 39

6.1.1 Motor model . . . . . . . . . . . . . . . . . . . . . . . 39

6.1.2 Multi-scalar Model . . . . . . . . . . . . . . . . . . . . 40

6.1.3 Backstepping control . . . . . . . . . . . . . . . . . . . 41

6.1.4 Flux estimation . . . . . . . . . . . . . . . . . . . . . . 45

6.1.5 System parameters . . . . . . . . . . . . . . . . . . . . 46

6.1.6 Results: . . . . . . . . . . . . . . . . . . . . . . . . . . 47

7 Conclusions 50

7.1 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51



List of Figures

1.1 Control overview . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1 Induction Motor . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 A typical structure of induction motor . . . . . . . . . . . . . 9

2.3 Stator currents . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.4 Rotor rotation . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.1 Space vector representation . . . . . . . . . . . . . . . . . . . 15

3.2 Clark Transformation . . . . . . . . . . . . . . . . . . . . . . 17

3.3 Visual description of Clark transformation . . . . . . . . . . . 18

3.4 Induction motor block diagram representation in α − β coor-

dinates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.1 Induction motor’s vector diagram in stationary (α − β) and

rotating (d-q) coordinates . . . . . . . . . . . . . . . . . . . . 23

4.2 Induction motor block diagram in d-q coordinates . . . . . . . 24

5.1 Relationship between abc and d-q axes . . . . . . . . . . . . . 31

5.2 Decoupling between rotor flux and torque . . . . . . . . . . . 31

5.3 Block diagram representation of FOC [25] . . . . . . . . . . . 33

5.4 Simulink Diagram of FOC . . . . . . . . . . . . . . . . . . . . 34

5.5 Space vectors representation of inverter output voltage . . . . 35

ix



LIST OF FIGURES x

5.6 Stator flux trajectory formation by appropriate selection of

voltage vectors . . . . . . . . . . . . . . . . . . . . . . . . . . 36

5.7 Block diagram of Direct torque control . . . . . . . . . . . . . 37

5.8 Simulink diagram of Direct torque control . . . . . . . . . . . 38

6.1 Flux and voltage functions . . . . . . . . . . . . . . . . . . . . 47

6.2 Speed control of motor . . . . . . . . . . . . . . . . . . . . . . 47

6.3 Four states of motor . . . . . . . . . . . . . . . . . . . . . . . 48

6.4 Error in states . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

6.5 Rotating frame angle . . . . . . . . . . . . . . . . . . . . . . . 49



Chapter 1

Introduction

Motor works on the concept of electro-magnetic induction. when we put

a electric conductor into a rotating magnetic field electromotive forces are

induced across it, this phenomenon is known as electromagnetic induction.

Induction motor (IM), are being used in various industrial application

and domestic applications for decades. The reason for its extended use is

robustness, low cost and less maintenance. To meet different process needs

induction motor are used in many different configurations e.g. fixed speed

applications and variable speed applications.

Traditionally, DC motors were used for variable-speed applications as lin-

ear relationship exist between current and produced torque. However, DC

motor have disadvantages such as they are expensive and require high main-

tenance because of brushes and commutators moreover they cannot operate

in rough, grimy and explosive environment. AC motors don not have these

disadvantages. Therefore, in past few decade DC motors are being replaced

by AC motor.

Control of speed of induction motor is much more complicated than that

of a DC motor, as model dynamics are nonlinear multi-variable and strong

1



CHAPTER 1. INTRODUCTION 2

coupling exists between rotor flux and produced electromagnetic torque,

Moreover the states cannot be measured easily and can get affected by pa-

rameter variations and parametric uncertainties.

Most fundamental technique is called Field-oriented control (FOC) which

was initially given by F. Blaschke(1971-1973) [1] and K. Hasse(indirect FOC)

[2] these methods were appreciated for its simplicity and efficiency. In this

method motor coordinated are transformed in ti rotating coordinated which

are synchronized with rotor flux which fully decouple the model only for

constant flux, motor model is still non linear. FOC use classical PI control

scheme to control motor speed.

In the middle of 1980’s induction motor torque control strategies were

introduced by T. Noguchi and I. Takahashi which are called Direct-Torque

Control scheme (DTC) and Direct-self control scheme (DSC) [3], [4], [5],

these methods are alternative to classical vector control FOC. Since 1985

these methods are continuously improved and developed . In these method

the Linearization and decoupling of motor parameters is replaced by hys-

teresis controllers, which work by invert er ON-OFF operation. DTC main

features are good dynamic behavior and simplicity, but its has disadvantage

of variable switching frequency.

As induction motor is a nonlinear system so a nonlinear control must

be designed to improve the performance of controller in steady state as well

as during transients.In few decades, control innovation are being applied to

the system to improve its performance. One of those methods is Feedback-

Linearization Control scheme (FLC) which apply a nonlinear transformation

on motor state variables, in such a way that speed and produced flux by

motor are decoupled by the feedback application. [6] , [7].

Recently, Passivity based control method had been developed which is
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based on energy shaping and variation theory [8].In the passivity based

method the induction motor is expressed in the generalized coordinated in

the form of Euler-Lagrange equations.

The Fuzzy control technique can fairly regulate the speed at transients

and has advantage over conventional PI controller, but its not robust to para-

metric variations [9] [10]. Recently the nonlinear optimal control technique

has also been applied with success for motor control. [11]

For the control of speed of motor, sliding mode control scheme has gained

alot of popularity. It has the properties of quick dynamic response and

robustness to load disturbances. [12], [13] However, all these control strategies

has advantage over classical FOC technique but are not robust to model

uncertainties. In most of the scenario the exact model of the drive is not

available i.e. in large volume serial production, where the parameters of

motor can vary, or retrofits, where the equivalent motor circuit parameters

are unknown and cannot be measured.

Adaptive sliding mode control can only insure robustness within certain

bounds of uncertainties and also have the chattering problem. [14]

An alternative method for the control of speed of motor has been pro-

posed which is known as neural networks. [15], [16] It have the property to

approximate uncertainty and non-linearity by using training laws. It has

the the drawback that, long computations increase the complexity of the al-

gorithm, which limit the implementation of this technique in the industrial

applications. In addition to that the load torque is assumed to be zero in

this technique which lower its reliability. [17]

At the end of 1970’s control theory of predictive control was developed,

recently this technique has been introduce as an alternative of the speed

control of IM. The uncertain parameters can be estimated using observer.
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However, the stability of this scheme is cannot be guaranteed. [18], [19]

Recently the Backstepping control technique became very popular for

wide range of classes of nonlinear systems. Reason for its huge popularity

is its quality to ensure the global stability, also even when the parametric

uncertainties are present. The design scheme of the control depend on the

construction of Lyapnuov function, which make sure the stability of system.

[20], [21]

1.1 Background and Motivation

Speed control of induction motor is complex problem, as model dynamics

are nonlinear multi-variable and strong coupling exists between rotor flux

and produced electromagnetic torque, Moreover the states cannot be mea-

sured easily and can get affected by parameter variations and parametric

uncertainties.

As induction motor is a nonlinear system so a nonlinear control must

be designed to improve the performance of controller in steady state and

also in transients. In general vector control scheme is applied to formulate

a suitable control scheme and it combined with advance nonlinear control

techniques, But there are some vector control inconvenience in the resulting

global performance, moreover it makes the control law design much more

complex.

Backstepping control is an efficient nonlinear controller which can deal

effectively with parametric uncertainties and variations,external disturbances

,as well as misalignment of the flux vector, Moreover it can ensure global

stabilization of the system.

The Multi-scalar induction motor model is used in the place of conven-
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tional Vector control method, as its is an ideal way to reduce the mathemat-

ical complexity. By this the initial model of induction is transformed in to

two fully decoupled linear systems( mechanical system and electromagnetic

system). After that Backstepping controller can easily be applied.

Figure 1.1: Control overview

The main idea of this work is to show that backstepping nonlinear con-

troller for speed and produced rotor flux ,based on Multiscalar model, provide

an ideal way to reduce mathematical complexity of induction motor model

and can perfectly track the reference trajectory ,in addition to fully decou-

pling of the system, even at transients.

1.2 Composition of Research Work

Research work of this thesis is formulated as follows:

2nd Chapter: is Motor structure and operation.

3rd Chapter: is about induction motor dynamic model
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4th Chapter: Decoupling techniques.

5th Chapter: is about conventional control schemes.

6th Chapter: gives idea about proposed control scheme

7th Chapter: conclude the control concept and gives an idea about future

aspect of the work.



Chapter 2

Motor structure and operation

2.1 Structure:

An electric motor where the magnetic field produced on stator winding, pro-

duce the current in the rotor,required to produce required torque, by phenom-

ena of electromagnetic induction, is called an induction motor. Therefore, no

electrical connections are required between rotor and stator.Rotor of motor

can be of two types depending on it contraction, namely squirrel cage or

wounded. Induction motor usually run on 1-phase or 3-phase depending on

application but 2-phase motors can also exist. However, electric motors may

have various number of phases.

Just like other electric motor the IM also has two main parts namely

stator and rotor.Which are described as follows:

Stator: As appears from its name stationary part of IM is known as

stator. Stator wingdings are present on the stator which are supplied by 3-

phase voltage connect in delta or Wei connection.Winding is present in slots

through out stator,where magnetic field of stator have equal number of south

and north poles, this evenly distribute the field around the stator.

7
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Rotor: It is the rotating part of the motor.Rotor is connected to the

mechanical load through a shaft.

Figure 2.1: Induction Motor

Other important parts in addition to stator and rotor are:

1.Shaft of the motor is made up of steel, it is used to transfer produced

torque to the connected load.

2. Bearings provide support to the shaft.

3. A fan is needed for cooling in the motor, as heat produce during the

rotation, and can cause serious problem.

4. Terminal box is used to make external electric connections

5.Small distance, usually varies from 0.4mm to 4mm , is present between

rotor and stator, which is call air gap.
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Figure 2.2: A typical structure of induction motor

2.2 Operation

The stator of the IM has evenly spaced stamping for poles. Number of poles

can vary, as poles increase the motor speed become less and vice-versa. When

the voltage is supplied to the stator winding, a variable rotating magnetic

field is produced, because the poles keep shifting surrounding the stator.

Figure 2.3: Stator currents

The field produced by stator pass through the air-gap and thus from

the current in the stationary conductor of the rotor. By the principle of

electromagnetic induction, when we place a electric conductor in a rotating

magnetic field electromotive forces are induced across it, so forces are induced
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in the rotor conductor. As conductors are present in the stator magnetic filed,

this generates a mechanical push which acts on the rotor conductor.Torque

produced tries to bend the rotor in the direction of rotating field. As by

Lenz’s law produced currents tries to oppose the cause. As the relative speed

between stator magnetic filed and stationary conductor of rotor is causing

the currents, thus the currents cause the rotor to run in the same direction

as filed to reduce the relative speed.

Figure 2.4: Rotor rotation

2.3 Speed control to control the process:

For variable speed operation of induction motor different logarithms can be

applied but we require an algorithm with better settling time and stability.

To understand this lets consider the driving of car as a process. Driving

at constantly fast speed can be dangerous and can cause accident. On the

other other hand driving at the slow speed will take more time to reach the
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destination. So, by adjusting the speed according to the route will make

system reliable and will minimize the time to reach the location.

Adjustable speed provide benefits as follows.

1.Variable speed according to operation.

2.Accurate positioning made possible.

3.Torque control.

4.Compensate the process fluctuations.

5.Smooth operation.

2.4 Speed control techniques

The speed of motor and synchronous speed has the following mathematical

relation.

n = (1− s) ∗ ns (2.1)

Also,

ns = 120f/p (2.2)

This shows that there are two ways to control the speed, given as follows.

1.Synchronous speed control.

2.Slip control.

A detailed analysis suggests the following methods,

1. Changing the number of poles.

2. Voltage control of stator.

3. Frequency control of supply.

4. Eddy currents coupling.
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5. Resistance control of rotor.

6. Recovery of slip power.

2.5 Variable speed control

Motor speed can be controlled by controlling synchronous speed, which

can be done by varying supply frequency. Induced voltage in the stator

E1 ∝ ψf ,where ψ is the flux and f is the frequency of supply.

Terminal voltage V ∝ ψf , neglecting the voltage drop of stator.

As it is obvious that reducing the supply frequency , keeping the terminal

voltage constant, will cause an increase in the flux.This increase has following

disadvantages:

1. Evident increase in magnetizing current.

2. Line current and voltage distortion.

3. Stator copper loss and core loss increase.

4. Acoustic noise introduction.

So, The variable frequency control is carried out below the rated frequency

and at rated flux,by changing the terminal voltage in such a way that a

constant V/f ratio is maintained at rated value. In this manner the above

disadvantages can be avoided.



Chapter 3

Induction motor dynamic

model

3.1 Introduction

Induction motor mathematical model will be presented in this chapter. This

model is based on space vector notation.

This mathematical of 3-phase motor is described [22] by making the follow-

ing simplifying assumptions:

• 3-phase motor is considered to symmetrical.

• The higher harmonics of magnetomotive force (M.M.F) in the air gap and

spatial field distribution are disregarded, only fundamental harmonic is con-

sidered.

• A concentrated coil replaces the spatially distributed rotor and stator

wingdings.

• Magnetic saturation, iron losses, eddy currents and the anisotropy effects

are neglected.

• The reactance and resistance of the coil are taken constant.

13



CHAPTER 3. INDUCTION MOTOR DYNAMIC MODEL 14

• In most of the cases the current and voltages are considered to be sinusoidal,

especially while considering the steady state.

3.2 Mathematical Model

Taking in to consideration the previously described assumptions the instan-

taneous stator phase voltages can be written by following equations:

UA = IARS +
dψA
dt

(3.1)

UB = IBRS +
dψB
dt

(3.2)

UC = ICRS +
dψC
dt

(3.3)

Generally, the space vector method is used to describe the induction mo-

tor model, which have following advantages:

1. The number of dynamic equations are reduced.

2. Analysis at any supply voltage become possible.

3. Various rectangular coordinate system representation of system equation

can be obtained.

A symmetric three-phase system represented by phase quantities, such

as currents, voltages and flux linkages, in a neutral coordinate system can

be replaced by the currents, voltages and flux linkages resulting space vector

respectively. A space vector can be defined as:

~k = 2/3[~1.kA(t) + ~a.kB(t) + ~a2.kC(t)] (3.4)

where:

kA(t),kB(t),kC(t) are random phase quantities in natural coordinates system,

which satisfies the condition (kA(t) + kB(t) + kC(t) = 0).
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~1,~a, ~a2 are phase shifted complex unit vectors.

2/3 is normalization factor.

Figure 3.1: Space vector representation

Using the above space vector method motor equations can be written as:

Voltages equations:

~Us = ~IsRs +
d ~ψs
dt

(3.5)

~Ur = ~IrRr +
d ~ψr
dt

(3.6)

Flux-current equations:

~ψs = Ls~Is +Mejγm ~Ir (3.7)

~ψr = Lr~Ir +Mejγm ~Is (3.8)
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Few steps must be followed to obtain the complete set of electric motor

equations.First of all transform the equations (3.5-3.8) in to common rotating

coordinate system, then transform the rotor value in to stator side.

~UsK = ~IsKRs +
d ~ψsK
dt

+ jΩK
~ψsK (3.9)

~UrK = ~IrKRs +
d ~ψrK
dt

+ j(ΩK − pbΩm) ~ψrK (3.10)

~ψsK = Ls ~IsK + LM ~IrK (3.11)

~ψrK = Lr ~IrK + LM ~IsK (3.12)

These above equations are represented in the coordinate system K which

is rotating with angular speed ΩK .The dynamic rotor rotation can be ex-

pressed in equation as:

dΩm

dt
=

1

J
[Me −ML −BΩm] (3.13)

where,

Me is electromagnetic torque.

ML is load torque.

B is viscous constant.

(B=0),By neglecting the friction factor.

Electromagnetic torque Me can be expressed in the form of mathematical

equation as follows:

Me = −pb
ms

2
LMIm(~I∗s ~Ir) (3.14)

Me = pb
ms

2
Im( ~Ψ∗

s
~Is) (3.15)

Considering the above electromagnetic torque equation and by applying the

fact that rotor voltage of a cage motor is equals to zero, the complete set of
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motor equation are:

~UsK = ~IsKRs +
d ~ψsK
dt

+ jΩK
~ψsK (3.16)

0 = ~IrKRs +
d ~ψrK
dt

+ j(ΩK − pbΩm) ~ψrK (3.17)

~ψsK = Ls ~IsK + LM ~IrK (3.18)

~ψrK = Lr ~IrK + LM ~IsK (3.19)

dΩm

dt
=

1

J
[pb
ms

2
Im( ~Ψ∗

s
~Is)−ML] (3.20)

3.3 Clark transformation

Clark Transformation is also known as the alpha-beta (α, β, γ) transforma-

tion , in electrical engineering. This transformation simplifies the analysis

of three-phase systems as it convert it in to stationary coordinate system.

One of very important application of this transformation is the generation

reference signal for space vector modulation which control the three-phase

inverters.

Figure 3.2: Clark Transformation
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Figure 3.3: Visual description of Clark transformation

By space vector method motor equations can be represented in any coor-

dinate system for the purpose of analysis. Stationary coordinate α, β which

has zero angular speed (Ωk = 0) ,is aligned with stator. The space vectors

can be resolved in to its respectiveα and β components.

~UsK = Usα + jUsβ (3.21)

~IsK = Isα + jIsβ (3.22)

~IrK = Irα + jIrβ (3.23)

~ψsK = ψsα + jψsβ (3.24)

~ψrK = ψrα + jψrβ (3.25)

So, the motor equations in α, β coordinates are:

Usα = IsαRs +
dψsα
dt

(3.26)

Usβ = IsβRs +
dψsβ
dt

(3.27)
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0 = IrαRs +
dψrα
dt

+ pbΩmψrβ (3.28)

0 = IrβRs +
dψrβ
dt
− pbΩmψrα (3.29)

ψsα = LsIsα + LMIrα (3.30)

ψsβ = LsIsβ + LMIrβ (3.31)

ψrα = LrIrα + LMIsα (3.32)

ψrβ = LrIrβ + LMIsβ (3.33)

dΩm

dt
=

1

J
[pb
ms

2
(ΨsαIsβ −ΨsβIsα)−ML] (3.34)

The relationships between equations can be represented in the form of

block diagram. There is not just single block diagram representation of induc-

tion motor, the block diagram vary depending upon the different coordinate

systems and input signal. for instance let us consider the block diagram of

motor in α−β(stationary coordinate) and the input of the system are stator

voltages, the above equation can be mold like the following form:

dψsα
dt

= Usα − IsαRs (3.35)

dψsβ
dt

= Usβ − IsβRs (3.36)

dψrα
dt

= −IrαRs − pbΩmψrβ (3.37)

dψrβ
dt

= −IrβRs + pbΩmψrα (3.38)

Isα =
1

σLs
ψsα −

LM
σLsLr

ψrα (3.39)

Isβ =
1

σLs
ψsβ −

LM
σLsLr

ψrβ (3.40)

Irα =
1

σLr
ψrα −

LM
σLsLr

ψsα (3.41)
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Irβ =
1

σLr
ψrβ −

LM
σLsLr

ψsβ (3.42)

dΩm

dt
=

1

J
[pb
ms

2
(ΨsαIsβ −ΨsβIsα)−ML] (3.43)

Figure 3.4: Induction motor block diagram representation in α − β coordi-

nates
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As obvious from the above representation of induction motor that the

output signal flux, speed and torque depend upon both inputs so this rep-

resentation is not good enough to design the control structure, as system is

complicated from control point of view. Due to this reason different decou-

pling methods have be presented which decouple both torque and flux. This

is done by aligning the coordinates system stator or rotor flux vectors.



Chapter 4

Decoupling

4.1 Transformation in D-Q coordinates

To control the induction motor easily and to reduce the complexity of con-

trol, independent control of flux and torque should be implemented. This is

possible when the coordinated transformation is applied. A coordinate sys-

tem which is connected with rotor flux vector is called d-q system. It angular

speed is equal to rotor flux vector speed(Ωk = Ωsr). Which can be calculated

by formula:

Ωsr =
dγsr
dt

(4.1)

Voltage,flux and current vectors can be transformed in to rotating d-q coor-

dinates:

~UsK = Usd + jUsq (4.2)

~IsK = Isd + jIsq (4.3)

~IrK = Ird + jIrq (4.4)

~ψsK = Isd + jψsq (4.5)

~ψrK = Ird + jψrq (4.6)

22
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Figure 4.1: Induction motor’s vector diagram in stationary (α − β) and

rotating (d-q) coordinates

Usd = IsdRs +
dψsd
dt
− ΩsrΨsq (4.7)

Usq = IsqRs +
dψsq
dt

+ ΩsrΨsd (4.8)

0 = IrdRs +
dψr
dt

(4.9)

0 = IrqRs + (Ωsr − pbΩm)ψr (4.10)

ψsd = LsIsd + LMIrd (4.11)

ψsq = LsIsq + LMIrq (4.12)

ψrd = LrIrd + LMIsd (4.13)

ψrq = LrIrq + LMIsq (4.14)

dΩm

dt
=

1

J
[pb
ms

2

Lm
Lr

ΨrIsq −ML] (4.15)

Motor flux can be expressed in rotor flux and stator current q compo-

nent.Equations 4.9 and 4.13 can be transformed in to the following form:

dΩm

dt
= pb

ms

2

Lm
Lr

ΨrIsq (4.16)
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ψr
dt

=
LmRr

Lr
Isd −

Rr

Lr
ψr (4.17)

By using equation 4.16 and 4.17 the block diagram of motor in rotating

D-Q coordinates can be expressed as:

Figure 4.2: Induction motor block diagram in d-q coordinates

The above block diagram shows that the rotor flux and torque can be sep-

arately controlled by IsdandIsq respectively. The currents vectors from motor

are measured in stationary coordinatesα− β,so they must be transformed in

to d-q coordinates and then the flux and torque control will be applied. Sim-

ilarly, the reference voltages which are provided by will be in d-q coordinates

so they must be converted in to stationary α − β coordinates before giving

it to the motor. The transformations are carried out with the help of ro-

tor flux angle γsr. This decoupling technique is used in FOC. Depending

on the calculation of angle two different types of FOC can be implemented.
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Which are Direct-field-oriented control(D.F.O.C) and Indirect field oriented

control(I.F.O.C).

4.2 Transformation in X-Y coordinates

X-Y coordinate is quite similar to d-q coordinate except the fact that is not

alligened with rotor flux, it rotates with arbitrary angular speed Ωs and angle

of rotation can be calculated as:

θs =

∫
Ωs (4.18)

Voltage,flux and current vectors can be transformed in to rotating x-y coor-

dinates:

~UsK = Usx + jUsy (4.19)

~IsK = Isx + jIsy (4.20)

~IrK = Irx + jIry (4.21)

~ψsK = Isx + jψsy (4.22)

~ψrK = Irx + jψry (4.23)

So, the equation of induction motor can be written as:

Usx = IsxRs +
dψsx
dt
− Ωsψsy (4.24)

Usy = IsyRs +
dψsy
dt

+ ΩKψsx (4.25)

0 = IrxRs +
dψrx
dt
− (Ωs − Ωm)ψry (4.26)

0 = IryRs +
dψry
dt

+ (Ωs − Ωm)ψrx (4.27)

ψsx = LsIsx + LMIrx (4.28)



CHAPTER 4. DECOUPLING 26

ψsy = LsIsy + LMIry (4.29)

ψrx = LrIrx + LMIsx (4.30)

ψry = LrIry + LMIsy (4.31)

dΩm

dt
=

1

J
[pb
ms

2

Lm
Lr

(ψrxIsy − ψryIsx)−ML] (4.32)

The above model equations can be represented as differential equations of

rotor currents and stator flux in the x-y coordinate system which is rotating

with the angular speed of Ωs, these differential equations can be represented

as following:

dψrx
dt

= −Rrψrx
Lr

+
RrLmisx
Lr

+ (Ωs − Ωm)ψry (4.33)

dψry
dt

= −Rrψry
Lr

+
RrLmisy
Lr

− (Ωs − Ωm)ψrx (4.34)

disx
dt

= − 1

Td
isx +

RrLm
Lrωδ

ψrx + Ωsisy +
LmΩm

ωδ
ψry +

Lr
ωδ
usx (4.35)

disy
dt

= − 1

Td
isy +

RrLm
Lsωδ

ψsy − Ωsisx −
LmΩm

ωδ
ψrx +

Lr
ωδ
usy (4.36)

dΩm

dt
=

1

J
pb
Lm
Lr

(ψrxisy − ψryisx)−
pbTl
J

(4.37)

From the above model it is clear that the model is multi-variable nonlinear

system where coupling exists between x-y axis. It is very difficult to use this

complex model directly for the control design, therefore some transformation

is required to control such system.

4.2.1 Multi-scalar Induction motor model:

For the purpose of simplicity machine model can be described by four state

variables.These four multi-scalar variables in the terms of motor parameters
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can be described as: Rotor angular speed, scalar and vector product of rotor

flux vectors and stator currents and square of rotor flux. [20]- [22]

x11 = ωm (4.38)

x12 = ψrxisy − ψryisx (4.39)

x21 = ψ2
rx + ψ2

ry (4.40)

x22 = ψrxisx + ψryisy (4.41)

In the coordinate system, which is aligned with the stator current vector

in x-axis y-component (isy = 0). A first order delay is introduced in the stator

current value channel which has time constant Td, the differential equations

of the system changes to:

disx
dt

=
1

Td
(isx − Is∗) (4.42)

dψrx
dt

= −Rrψrx
Lr

+
RrLmisx
Lr

+ (Ωs − Ωm)ψry (4.43)

dψry
dt

= −Rrψry
Lr

− (Ωs − Ωm)ψrx (4.44)

dΩm

dt
=

1

J
p
Lm
Lr

(−ψryisx)−
pTl
J

(4.45)

According to the method proposed by Z. Krzeminski, the multi-scalar

model of the induction motor can be find out by taking the derivative of

new multi-scalar variables and incorporating the above mentioned differential

equations.
dx11
dt

=
pLm
JLr

x12 −
p

J
Tl (4.46)

dx12
dt

=
1

T
x12 + v1 (4.47)

dx21
dt

= −2Rr

Lr
x21 +

2RrLm
Lr

x22 (4.48)
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dx22
dt

= − 1

T
x22 +

RrLm
Lr

i2sx + v2‘ (4.49)

where;
1

T
=
Rr

Lr
+

1

Td
(4.50)

v1 = (Ωs − Ωm)x22 −
1

Td
ψryIs∗ (4.51)

v2‘ = (Ωs − Ωm)x12 +
1

Td
ψrxIs∗ (4.52)

v1andv2‘ are the input of the system and machine controlling quantities Ωs ∗

andIs∗ can be computed using these inputs. Now, the new model, contain

relatively simple non-linear differential equations.Using nonlinear feedback

the nonlinear term in the equation(4.49) can be compensated, which gives

the following expression:

v2 = v2‘−
RrLm
Lr

i2sx (4.53)

From the above system the stator current magnitude and slip frequency can

be represented as follows:

Is∗ = Td
ψrxv2 − ψryv1

ψ2
r

(4.54)

(Ωs − Ωm) =
ψrxv2 + ψryv1

i2sxψ
2
r

(4.55)

Also;

Is∗ =
x212 + x222

x21
(4.56)

These above transformations of the system convert the system in to two fully

decoupled linear subsystems namely mechanical and electromagnetic.Now

the control scheme can easily be applied on these subsystems.

Mechanical subsystem:

dx11
dt

=
pLm
JLr

x12 −
p

J
Tl (4.57)

dx12
dt

=
1

T
x12 + v1 (4.58)
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Electromagnetic subsystem:

dx21
dt

= −2Rr

Lr
x21 +

2RrLm
Lr

x22 (4.59)

dx22
dt

= − 1

T
x22 + v2 (4.60)
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Conventional Techniques

5.1 Vector Control

Vector control of induction motor entirely depend on frequency orientation.

This approach can simply implemented when the rotor flux is in direct-axes.

[23] This is carried out by transforming the current in to different axes. The

system can be transformed from rotating d-q axes to stationary axes using

the following equations,

isα = isdcos(θ)− iqssin(θ) (5.1)

isβ = isdsin(θ) + iqscos(θ) (5.2)

where the isαandisβ are the currents in stationary α− betaaxes. idsandiqs are

currents in rotating d-q axes, and θ is the rotor flux angle. To achieve the

good dynamic performance like that of separately excited DC motor the flux

is usually kept constant and torque is varied according to the speed.

30



CHAPTER 5. CONVENTIONAL TECHNIQUES 31

The three phase currents can be calculated using following equations:

ia = isβ; (5.3)

ib = isαsin(−120) + isβcos(−120); (5.4)

ic = isαsin(120) + isβcos(120); (5.5)

The relationship between abc and d-q axes is shown below:

Figure 5.1: Relationship between abc and d-q axes

Decoupling between rotor flux and torque is shown below:

Figure 5.2: Decoupling between rotor flux and torque
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5.2 Field Oriented control (FOC)

5.2.1 FOC Algorithm

The basic steps of FOC can be described by the following points:

1. Measure the stator currents ia,ib and ic form the motor. These currents

follow the equation (ia + ib + ic = 0)

2.Transform these three-phase currents in to two-axesα− β stationary coor-

dinate system. This transformation is known as Clark Transformation

3.Measure or estimate rotor flux vector.

4.Rotate α− β coordinate system in such a way that is align with rotor flux

vector.

5.Calculate angle of rotation on each iteration.

6.This rotation gives us the idandiq currents this transformation is known as

Park transformation.

7.Error is calculated using reference flux and estimated flux.

8.PI controller is applied on the error to generate the control current signal

id∗.

9.These id ∗andiq∗ are transformed in to three phase ia∗, ib ∗andic∗ currents.

10.Hysteresis competitor is used to compare ia, ib, icwithia∗, ib∗, ic∗ which

generate the gate signal for the inverter. [24]

5.2.2 Flux Estimator

Flux is estimated using motor equations

ψr =
Lmids
1 + Tr

(5.6)

where ,Tr is the time constant.
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5.2.3 System overview

The motor we want to control is connected with FOC block in a closed loop.

The currents from the motor goes to FOC block which generate gate pulses

for the inverter which control the motor

Figure 5.3: Block diagram representation of FOC [25]
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5.2.4 Simulink model of FOC

Figure 5.4: Simulink Diagram of FOC

5.3 Direct-Torque control (DTC)

As discussed above in the FOC for the fixed flux the torque can be controlled

by stator current component isq as presented by following equation:

Me = pb
ms

2

L−M
Lr

ψrIssin(δ) (5.7)

where: δ- is angle between stator current and rotor flux.
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The above equation can be transformed in to the following form:

Me = pb
ms

2

Lm
LrLs − L2

m

ψsψrsin(δψ) (5.8)

where; δψ is the angle between rotor and stator fluxes. It can be seen from the

formula that not only the magnitude of rotor and stator flux is important but

also the angle between these fluxes is very important. Angle δ is important

in FOC where as δψ is important in DTC.

By omitting motor voltage drop on stator resistance, equations for the

motor flux are:
~ψs
dt

= ~Us (5.9)

also;

~ψs =

∫ 0

t

~Usdt (5.10)

where;

~Uv =


2
3
Udce

j(v−1)π
3 , v=1...6.

0, v=0,7.

(5.11)

Possible inverter states can be represented by above eight voltage vec-

tors, there are six active vectors and two zero vectors as presented by below

diagram,

Figure 5.5: Space vectors representation of inverter output voltage
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In induction motor the stator flux can easily be changed immediately but

on the contrary the rotor flux moves slowly. In the Direct torque control the

angle between rotor and stator flux δψ is very important as it can be used

for variable torque operation.Also, the stator voltage can easily control the

stator flux. This shows that the by appropriate selection of voltage vectors

flux angle and torque can be changed.

Figure 5.6: Stator flux trajectory formation by appropriate selection of volt-

age vectors
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5.3.1 DTC overview

Take electromagnetic torque Mcand stator flux amplitude ψsc as reference

signals to the system. These references are compared with estimated values

of these two quantities. Errors are then fed to the hysteresis controller.

Digitized output with the position sector select the appropriate voltage vector

from the switching table. Pulses SA, SB, SC) are generated by the table to

control the inverter switching.

Figure 5.7: Block diagram of Direct torque control
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5.3.2 Simulink model of DTC

Figure 5.8: Simulink diagram of Direct torque control
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Proposed control scheme

6.1 Back Stepping Control

6.1.1 Motor model

The Induction motor model with uncertainties and inaccuracies from paper

”Adaptive Speed Control of Induction Motor Drive With Inaccurate Model”

[26]. This motor model in x − y coordinate system rotating with angular

speed ωs is given by following equations:

dψrx
dt

= l5isx − l4ψrx + (ωs − ωm)ψry + εψx (6.1)

dψry
dt

= l5isy − l4ψry − (ωs − ωm)ψrx + εψy (6.2)

disx
dt

= −l7isx + l4l6ψrx + ωsisy + l6ωmψry + l8vsx + εx (6.3)

disy
dt

= −l7isy + l4l6ψry − ωsisx − l6ωmψrx + l8vsy + εy (6.4)

dωm
dt

= l3(ψrxisy − ψryisx)− l1Tl + εω (6.5)

where;

l4 = Rr
Lr
, l5 = Rr

Lm
Lr
, l8 = Lr

ωδ
, l7 = 1

Td
, l6 = Lm

ωδ
, l3 = Lmp

JLr
, l1 = p

J
, ωδ = LsLr −

39
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L2
m Here, Td is stator delay, p is number of poles, J is rotor inertia , Rr, Rs

are rotor and stator resistances, Lr, Ls are rotor and stator inductance’s

,Lm is mutual inductance,Tl is load torque, and εx, εy, εψ, εω there are the

uncertainties in the parameters which includes flux vectors misalignment and

external non-linearities

6.1.2 Multi-scalar Model

As explained earlier in the section(4.2.1), multi-scalar model of the motor is

given by equations(4.38-4.41) by aligning the system with x-component of

stator current the y-component becomes zero, so equation take the following

form:

x11 = ωm (6.6)

x12 = −ψryisx (6.7)

x21 = ψ2
rx + ψ2

ry (6.8)

x22 = ψrxisx (6.9)

The first order delay in the stator current channel is represented as:

disx
dt

= l7(isx − Is∗) (6.10)

According to Z. Krzeminski the new model can be expressed by taking deriva-

tives of aboves multi-saclar states and putting the differential equations of

the system in it.So, equations formed by this technique are;

dx11
dt

= l3x12 − l1Tl + εω (6.11)

dx12
dt

= −(l7 − l4)x12 + v1 (6.12)

dx21
dt

= −2l4x21 + 2l5x22 + 2ψrxεωx + 2ψryεωy (6.13)
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dx22
dt

= −(l4 − L7) + l5i
2
sx + v2‘ (6.14)

where;

v1 = l7ψryIs ∗+(ωs − ωm)x22 − isxεωy (6.15)

v2‘ = −l7ψrxIs ∗+(ωs − ωm)x12 + isxεωx (6.16)

The non-linearities present in the equation(6.14) can be removed by applying

feedback control such that;

v2 = v2‘− l5isx2 (6.17)

The system can now be written as the combination of two subsystems namely

electromagnetic subsystem and mechanical subsystem;

Electromagnetic subsystem

dx11
dt

= l3x12 − l1Tl + εω (6.18)

dx12
dt

= −(l7 − l4)x12 + v1 (6.19)

Mechanical subsystem

dx21
dt

= −2l4x21 + 2l5x22 + 2ψrxεωx + 2ψryεωy (6.20)

dx22
dt

= −(l4 − L7) + v2‘ (6.21)

6.1.3 Backstepping control

From this simplified decoupled structure the traditional control scheme of

cascade PI controllers can be replaced by the backstepping control approach,

to control the angular speed and rotor flux. Reference signals of angular speed
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and flux are considered to be smooth and they have bounded continuous

second order derivatives.

In the backstepping control we use the idea of the virtual control which

decompose the complex system in to relatively smaller and simpler systems.In

backstepping scheme we divide the system in to single input-single output

problem which gives the reference signal for next step, at each step we have

a reference signal for the next step. Lyapnuov function ensures the stability

of the overall system.

Step 1

First of all we define the tracking errors for angular speedx11 = ωm and rotor

fluxx21 = ψ2
r as;

e1 = x∗11 − x11 (6.22)

e3 = x∗21 − x21 (6.23)

Equations for error dynamics can be written as:

ė1 = ˙x∗11 − l3x12 + l1Tl − εω (6.24)

ė3 = ˙x∗21 + 2l4x21 − 2l5x22 − 2ψrxεψx − 2ψryεψy (6.25)

step 2

We want these errors to converge to zero, this can be done by taking x12andx22

as virtual control and control errors e1, e3 by them. Take Layunov function:

V =
1

2
e21 +

1

2
e23 (6.26)

For stable system its derivative should be less than or equal to zero;

V̇ = e1ė1 + e3ė3 (6.27)
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V̇ = e1( ˙x∗11− l3x12 + l1Tl− εω) + e3( ˙x∗21 + 2l4x21− 2l5x22− 2ψrxεψx− 2ψryεωy)

(6.28)

V̇ = −K1e
2
1 −K3e

2
3 + e1(K1e1 + ˙x∗11 − l3x12 + l1Tl − εω)

+ e3(K3e3 + ˙x∗21 + 2l4x21 − 2l5x22 − 2ψrxεψx − 2ψryεωy)

Here; K1, K3 are positive constants, closed loop dynamics are defined by

them. From above equation virtual control to stabilize the system can be

chosen as;

x∗12 =
1

l3
(K1e1 + ˙x∗11 + l1Tl − εω) (6.29)

x∗22 =
1

2l5
(K3e3 + ˙x∗21 + 2l4x21 − 2ψrxεψx − 2ψryεψy) (6.30)

so our laypnuov function becomes;

V̇ = −K1e
2
1 −K3e

2
3 ≤ 0

The above defined virtual controls at as the reference signals for the next

step. now we want to control x12andx22 so for that define errorse2, e4;

step 3

e2 = x∗12 − x12

=
1

l3
(K1e1 + ˙x∗11 + l1Tl − εω)− x12

e4 = x∗12 − x12

=
1

2l5
(K3e3 + ˙x∗21 + 2l4x21 − 2ψrxεψx − 2ψryεψy)− x22

(6.31)

the error dynamics equation of e1, e3 can also be expressed as;

ė1 = e2l3 −K1e1

ė3 = 2l5e4 −K3e3

(6.32)
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Error dynamics of e2 and e4 can be computed by;

ė2 = φ1 − v1

ė4 = φ2 − v2
(6.33)

φ1, φ2 are known signals and can be expressed as follows;

φ1 =
1

l3
(K1(−K1e1 + e2l3)) +

1

l3
l1Ṫl + (l7 − l4)x12

φ2 =
K3

2l5
(−K3e3 + 2l5e4)−

2l24
l5
x21 + (3l4 − l7)x22

+
3l4
l5
ψrxεψx +

3l4
l5
ψryεψy − isxεψx − isyεψy

− (ωs − ωm)

l5
ψryεψx +

(ωs − ωm)

l5
ψrxεψy −

ε2ψx
l5
−
ε2ψy
l5

(6.34)

step 4

Now consider the extended lypnuov function for the whole system ;

Ve =
1

2
e21 +

1

2
e22 +

1

2
e23 +

1

2
e24 (6.35)

By taking derivative of the function;

V̇e = e1ė1 + e2ė2 + e3ė3 + e4ė4

= e1(−K1 + e2l3) + e2(φ1 − v1)+

e3(−K3e3 + 2l5e4) + e4(φ2 − v2)

= −K1e
2
1 −K2e

2
2 −K3e

2
3 −K4e

2
4+

e2(K2e2 + e1l3 + φ1 − v1) + e4(2l5e3 + φ2 − v2 +K4e4)

(6.36)

For negative laypnuov function control input can be given as;

v1 = K2e2 + e1l3 + φ1

v2 = K4e4 + 2e1l5 + φ2

(6.37)

This implies;

V̇e = −K1e
2
1 −K2e

2
2 −K3e

2
3 −K4e

2
4 ≤ 0 (6.38)
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6.1.4 Flux estimation

Implementation of this multi scalar model require the fluxes ψrx, ψry which

makes this complex. Different methods can be used to find state variables.

Observer of the system based on current or voltage model can be used with

simple power measurements estimation. Stator fluxes can be represented i

stationary frame as follows;

ψsα =

∫
(uα −Rsisα)dt

ψsβ =

∫
(usβ −Rsisβ)dt

(6.39)

Rotor fluxes can be given as;

ψrα =
Lr
Lm

(ψsα − σLsisα)

ψrβ =
Lr
Lm

(ψsβ − σLsisβ)

(6.40)

Rotor fluxes in stationary coordinate system can be easily estimated by using

stator currents;

ψ̃rα
dt

=
Rr

Lr
ψ̃rα − ωmψ̃rβ +

RrLm
Lr

isα

ψ̃rβ
dt

=
Rr

Lr
ψ̃rβ − ωmψ̃rα +

RrLm
Lr

isβ

(6.41)

Fluxes in stationary and rotating frames can be linked as;ψ̃rx
ψ̃ry

 =

 cos(θ∗s) sin(θ∗s)

−sin(θ∗s) cos(θ∗s)

ψ̃rα
ψ̃rβ

 (6.42)

where;

θ∗s =

∫
ω∗
sdt (6.43)
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6.1.5 System parameters

Table 6.1: Parameters and Their Values

Parameters Discription Values

Prated Rated Power 700 W

Pc Number of pole 2

Rs Stator resistance 0.6837 Ω

Rr Rotor resistance 0.451 Ω

Ls Stator inductance 4.128 mH

Lr Rotor inductance 4.125 mH

Lm Mutual inductance145.6 mH

J Rotor inertia 0.11 kgm2

vdc DC-link voltage 460 volts
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6.1.6 Results:

Figure 6.1: Flux and voltage functions

Figure 6.2: Speed control of motor
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Figure 6.3: Four states of motor

Figure 6.4: Error in states
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Figure 6.5: Rotating frame angle



Chapter 7

Conclusions

In the thesis above we are presenting the nonlinear Backstepping control

of 4-states non-linear induction motor model, which can deal with the ex-

ternal disturbances and model parametric uncertainty. Lyapunov function

theory knowledge provides us with mathematical analysis of this control and

it shows the global asymptotic stability of the system. Comparing the results

with classical techniques like Field oriented control and Direct torque control

shows that Backstepping controller gives much better tracking and stability

performance. All the above simulation’s analysis are done using MATLAB.

Numerical comparison of the performances of controllers are given in the

Table II . This table gives the overall view of performance of proposed and

classical techniques. It shows that the proposed controller has overall better

performance than other control techniques. Further more this can also be

seen in the graphical results.

50
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7.1 Future Work

In the above research work is can be seen that the proposed control scheme

for motor control gives much better results than classical one. Computational

cost is very important factor in control scheme practical implementation, so

keeping that in view our proposed scheme might be computationally costly.

So, in the future Backstepping and Sliding mode control combined can be

applied to the system which might give more better and computationally

effective results.



Bibliography

[1] F. Blaschke ”The principle of fields-orientation as applied to the

Transvector closed-loop control system for rotating-field machines” in

Siemens Reviev 34 , year 1972, pp. 217-220.

[2] K. Hasse, ”Drehzahlregelverfahren fur schnelle Umkehrantriebe

mit stromrichtergespeisten Asynchron-Kurzschlusslaufermotoren”, in

Regelungstechnik 20 , year 1972, pp. 60-66.

[3] U. Baader, M. Depenbrock, G. Gierse, ”Direct Self Control (DSC) of

Inverter-Fed-Inducktion Machine - A Basis for Speed Control Without

Speed Measurement”, IEEE Trans. of Industry Applications, Vol. 28,

No. 3 , May/June 1992, pp. 581-588.

[4] M. Depenbrock, ”Direct Self Control of Inverter-Fed Induction Ma-

chines”, IEEE Trans. on Power Electronics, Vol. PE-3, no.4 , Oct. 1988,

pp.420-429.

[5] M. Depenbrock, Direct self-control of the flux and rotary moment of a

rotary-field machine”, U.S. Patent 4, , Oct. 1988, pp.678,248.

[6] R. Marino, S. Peresada, P. Valigi ”Adaptive input-output linearizing

control of induction motors”, IEEE Transactions on Automatic Control,

Vol. 38, Issue: 2 , year 1993, pp. 208-221.

52



BIBLIOGRAPHY 53

[7] R. Marino, S. Peresada, P. Valigi ”Adaptive partial feedback lineariza-

tion of induction motors”, in Proc. of the 29th Conference on Decision

and Control, Honolulu, Hawaii ,year 1990, pp. 3313-3318.

[8] R. Ortega, A. Loria, P. J. Nicklasson, H. Sira-Ramirez, Passivity-based

Control of Euler-Lagrange Systems”, Springer Verlag, London, ,year

1998.

[9] X. D. Sun, K. H. Koh, B. G. Yu, and M. Matsui, “Fuzzy-logic-based

V/f control of an induction motor for a DC grid power-leveling system

using flywheel energy storage equipment,” IEEE Trans. Ind. Electron.,

vol. 56, no. 8, , Aug 2009, pp. 3161-3168.

[10] M. Suetake, I. N. D. Silva, and A. Goedtel ”Embedded DSP-based

compact fuzzy system and its application for induction-motor V/f speed

control,” IEEE Trans. Ind. Electron., vol. 58, no. 3, , March 2011, pp.

750-760.

[11] Y. S. Rao andM. C. Chandorkar, ,“Real-time electrical load emulator

using optimal feedback control technique,” IEEE Trans. Ind. Electron.,

vol. 57, no. 4, , April 2010, pp. 1217-1225.

[12] R. J. Wai and K. H. Su, “Adaptive enhanced fuzzy sliding-mode control

for electrical servo drive,” IEEE Trans. Ind. Electron., vol. 53, no. 2, ,

April 2006, pp. 569-580.

[13] C. Lascu and G. D. Andreescu, “Sliding-mode observer and improved

integrator with DC-offset compensation for flux estimation in sensorless

controlled induction motors,” IEEE Trans. Ind. Electron., vol. 53, no.

3, , June 2006, pp. 785-794.



BIBLIOGRAPHY 54

[14] S. D. Gennaro, J. R. Dominguez, and M. A. Meza, Sensorless high order

slidingmode control of inductionmotors with core loss,” IEEE Trans. Ind.

Electron., vol. 61, no. 6, , June 2014 pp. 2678-2689.

[15] R. J. Wai and C. C. Chu, “Robust Petri fuzzy-neural-network control

for linear induction motor drive,” IEEE Trans. Ind. Electron., vol. 54,

no. 1, , Feb.2007, pp. 177-189.

[16] F. F. M. El-Sousy, “Adaptive dynamic sliding-mode control system us-

ing recurrent RBFN for high-performance inductionmotor servo drive,”

IEEE Trans. Ind. Electron., vol. 9, no. 4 ,Nov. 2013, pp. 1922–1936.

[17] R. J.Wai, “Development of intelligent position control system using

optimal design technique,” IEEE Trans. Ind. Electron., vol. 50, no. 1,

,Feb 2013, pp. 218-231.

[18] E. Fuentes, D. Kalise, J. Rodriguez, and R. M. Kennel, “Cascade-

free predictive speed control for electrical drives,” IEEE Trans. Ind.

Electron., vol. 61, no. 5 ,May 2014, pp. 2176–2184.

[19] C. Lim, E. Levi,M. Jones, N. Abd Rahim, andW. Hew, “FCS-MPC

based current control of a five-phase induction motor and its comparison

with PI-PWM control,” IEEE Trans. Ind. Electron., vol. 61, no. 1 ,Jan.

2014, pp. 149-163.

[20] Abu-Rub H, Guzinski J, Krzeminski Z, Toliyat H. Speed observer system

for advanced sensor less control of induction motor. IEEE Trans Energy

Convers ,June 2003.

[21] Bogalecka E, Krzeminski Z. Control system of doubly fed induction

machine supplied by current controlled voltage source inverter. In: Int.

conference PCIM, Nurnberg, Germany ,year 1991.



BIBLIOGRAPHY 55

[22] M. P. Kazmierkowski, H. Tunia Automatic Control of Converter Fed

Drives”, ELSEVIER Amsterdam-London-New York-Tokyo ,year 1994.

[23] P. C. Sen Electric Motor Drives and Control: Past, Present and Future”,

IEEE Trans. on Industrial Electronics, Vol. 37, No. 6, ,December 1990.

[24] Sandeep Goyat 1, Rajesh Kr. Ahuja Speed control of Induction motor

using vector or Field oriented control,International Journal of Advances

in Engineering Technology ,July 2012.

[25] Hafeezul Haq, Mehedi Hasan Imran, H.Ibrahim Okumus, Moham-

mad Habibullah Speed Control of Induction Motor using FOC

Method,Hafeezul Haq et al. Int. Journal of Engineering Research and

Applications ISSN : 2248-9622, Vol. 5, Issue 3, ( Part -1) , pp.154-158

,March 2015.

[26] Jakub Talla , Viet Quoc Leu, Vaclav Smıdl , Member, IEEE, and Zdene

k Peroutka , Member, IEEE Adaptive Speed Control of Induction Mo-

tor Drive With Inaccurate Model,IEEE TRANSACTIONS ON INDUS-

TRIAL ELECTRONICS, VOL. 65, NO. 11, NOVEMBER 2018




