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Abstract

ADVANCED CONTROL OF INDUCTION MOTORS

by

Wei ZHANG

The current industrial standard for the control of the induction motor is the so-

called vector control (VC) or field-orientated control (FOC) which transforms

and controls the induction motor as a direct current (DC) motor. Besides its

many advantages, such as fast and decoupled dynamics of speed and flux, it is

well known that VC depends on the detailed system model and is very sensitive

to parameter uncertainties and external disturbance (load torque). To clarify

further the VC is a only a partial feedback linearising control which can achieve

the decoupling of speed and flux asymptotically. The coupling still exists when

flux is not kept in constant, i.e. when flux is weakened in order to operate the

motor at a higher speed and keep the input voltage within saturation limits,

or when flux is adjusted to maximize power efficiency of the motor with light

load.

The thesis will summarise research of advanced control approaches of induc-

tion motors in Chapter One. The Chapter Two starts on building a fifth-order

nonlinear dynamic model of an induction motor and then recalls the principal

of traditional VC of induction motors.

The differential-geometric technique based nonlinear control has developed

for induction motors, which can convert some intractable nonlinear problems

into simpler problems by familiar linear system methods. The partial decoupled

dynamic of the conventional VC has been investigated via feedback linearisa-

tion control (FLC) at first. Then input-output linearisation control is applied

to design a fully decoupled control of the dynamics of speed and flux.
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To remove the weak robustness and the requirement of an accurate model

of the VC and FLC, a novel nonlinear adaptive control of induction motor is

designed based on feedback linearisation control and perturbation estimation.

The induction motor will be represented as a two coupled interconnected sub-

systems: rotor speed subsystem and rotor flux subsystem, respectively. System

perturbation terms are defined to include the lumped term of system nonlinear-

ities, uncertainties, and interactions between subsystems and are represented

as a fictitious state in the state equations. Then perturbations are estimated

by designing perturbation observers and the estimated perturbations are em-

ployed to cancel the real system perturbations, assumed all internal states are

measured. The designed nonlinear adaptive control doesn’t require the accu-

rate model of the induction motor and has a simpler algorithm. It can fully

decouple the regulation of rotor speed and rotor flux and handle time-varying

uncertainties. The parameter estimations based on nonlinear adaptive control-

s can only deal with unknown constant parameters and are not suitable for

handling fast time-varying and functional uncertainties.

Nonlinear adaptive control based on output measurements is addressed in

Chapter Five, assuming that the rotor speed and the stator volatge/currents are

measurable. A sliding mode rotor flux observer has been designed based on the

stator voltage and current. Moreover, two third-order state and perturbation

observers are designed to estimate the unmeasured states and perturbation,

based on the rotor speed and the estimated rotor flux. Simulation studies

have been carried out for verifying the effectiveness of the proposed advanced

controllers and compared with the conventional VC and model based FLC.

v



Contents

List of Figures ix

List of Tables xii

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Induction Motor Control . . . . . . . . . . . . . . . . . . . . . . 4

1.2.1 Scalar Control: V/F . . . . . . . . . . . . . . . . . . . . 5
1.2.2 Vector Control . . . . . . . . . . . . . . . . . . . . . . . 6
1.2.3 Advanced Control of Induction Motors . . . . . . . . . . 9

1.3 Motivations and Objectives . . . . . . . . . . . . . . . . . . . . 16
1.4 Major Contributions . . . . . . . . . . . . . . . . . . . . . . . . 19
1.5 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2 Modelling and Vector Control of the Three-phase Induction
Motor 22
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.2 Model of Induction Motor . . . . . . . . . . . . . . . . . . . . . 24

2.2.1 Coordinate Transformations . . . . . . . . . . . . . . . . 24
2.2.2 Stationary Reference Frame . . . . . . . . . . . . . . . . 27
2.2.3 Synchronously Rotating Reference Frame . . . . . . . . . 28

2.3 Vector Control of Induction Machine . . . . . . . . . . . . . . . 30
2.3.1 Direct Vector Control . . . . . . . . . . . . . . . . . . . . 31
2.3.2 Indirect Vector Control (Current Method) . . . . . . . . 39

2.4 Simulation and Analysis . . . . . . . . . . . . . . . . . . . . . . 42
2.4.1 Operating Characteristics . . . . . . . . . . . . . . . . . 43
2.4.2 Vector Control . . . . . . . . . . . . . . . . . . . . . . . 45

2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3 Feedback Linearisation Control of Induction Motor 47
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.2 Feedback Linearisation Control Method of Induction Motor . . . 49

vi



3.2.1 Single Input Single Output System . . . . . . . . . . . . 49
3.2.2 Multi Input Multi Output Systems . . . . . . . . . . . . 57

3.3 Modeling of Induction Motor . . . . . . . . . . . . . . . . . . . . 59
3.4 Interpreting Vector Control as Partial Feedback Linearisation

Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.5 Input-Output Feedback Linearization Control of Induction Motor 66
3.6 Simulation and Analysis . . . . . . . . . . . . . . . . . . . . . . 70

3.6.1 Decoupled Dynamics Without External Disturbances . . 71
3.6.2 Performance Under Unknown Load Torque . . . . . . . . 72

3.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4 Nonlinear Adaptive Control of Induction Motor: State Feed-
back 80
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.2 Nonlinear State Feedback Adaptive Control Methodology . . . . 82

4.2.1 Definition of Perturbation . . . . . . . . . . . . . . . . . 83
4.2.2 High Gain Perturbation Observer (HGPO) . . . . . . . . 86
4.2.3 Nonlinear Adaptive Control Law . . . . . . . . . . . . . 89

4.3 Nonlinear State Feedback Adaptive Controller of Induction Motor 90
4.3.1 Input/Output Representation and Perturbation Definition 90
4.3.2 Input/Output Linearising Control . . . . . . . . . . . . . 93
4.3.3 State Feedback with High Gain Perturbation Observer . 93

4.4 Simulation and Analysis . . . . . . . . . . . . . . . . . . . . . . 97
4.4.1 State Feedback with HGPO . . . . . . . . . . . . . . . . 98

4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5 Nonlinear Adaptive Control of Induction Motor: Output Feed-
back 102
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
5.2 Nonlinear Output Feedback Adaptive Control Methodology . . . 103

5.2.1 High Gain State and Perturbation Observer (HGSPO) . 103
5.2.2 Closed-Loop Stability Analysis . . . . . . . . . . . . . . 105

5.3 Output Feedback Based on Nonlinear Adaptive Control for In-
duction Motor via High Gain State and Perturbation Observer . 107
5.3.1 Design of Output Feedback Based on Nonlinear Adaptive

Control for Induction Motor . . . . . . . . . . . . . . . 107
5.4 Output Feedback with Sliding Mode Flux Observer . . . . . . . 109
5.5 Simulation and Analysis . . . . . . . . . . . . . . . . . . . . . . 114

5.5.1 Output Feedback with HGSPO . . . . . . . . . . . . . . 114
5.5.2 Measurement Noise . . . . . . . . . . . . . . . . . . . . . 120
5.5.3 Output Feedback with HGSPO and Sliding Mode Flux

Observer . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
5.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

vii



6 Conclusion and Future Work 133
6.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
6.2 Recommendations for Future Work . . . . . . . . . . . . . . . . 135

Bibliography 137

viii



List of Figures

2.1 as-bs-cs to ds-qs axes transformation in stationary reference
frame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.2 Transformation from ds−qs stationary reference frame to de−qe
synchronously rotating reference frame . . . . . . . . . . . . . . 27

2.3 Dynamic de − qe equivalent circuits of machine . . . . . . . . . 29
2.4 Transformation of rotor flux from dqs stationary frame to dqe

rotating frame . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.5 Direct vector control of a current-regulated PWM inverter for

induction motor [124] . . . . . . . . . . . . . . . . . . . . . . . . 35
2.6 Direct vector control of a voltage-regulated PWM inverter for

induction motor [124] . . . . . . . . . . . . . . . . . . . . . . . . 38
2.7 The fundamental principle of indirect vector control diagram . 39
2.8 Indirect vector control of a current regulated PWM inverter for

induction motor [124] . . . . . . . . . . . . . . . . . . . . . . . . 42
2.9 No-load startup and transient response of voltage and speed . . 44
2.10 No-load startup and step load response of current, torque and Ψr 44
2.11 Startup and loading transients with vector control . . . . . . . 45
2.12 Response to changes in reference speed with no-load . . . . . . 46

3.1 Diagram of the induction motor by using feedback linearisation
controller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.2 Speed regulation response without load by using FOC . . . . . 72
3.3 Speed regulation response without load by using IOLC . . . . . 73
3.4 Flux response by using FOC . . . . . . . . . . . . . . . . . . . 74
3.5 Flux response by using IOLC . . . . . . . . . . . . . . . . . . . 74
3.6 Control output of field-oriented control . . . . . . . . . . . . . . 75
3.7 Control output of input-output linearisation control . . . . . . 75
3.8 Unknown load torque from 10s . . . . . . . . . . . . . . . . . . 76
3.9 Speed response of FOC under load variation . . . . . . . . . . . 76
3.10 Speed response of IOLC under load variation . . . . . . . . . . . 77
3.11 Flux response with load torque by using FOC . . . . . . . . . . 77
3.12 Flux response with load torque by using IOLC . . . . . . . . . . 78

ix



3.13 Input voltage signals ua & ub of FOC with load torque . . . . . 78
3.14 Input voltage signals ua & ub of IOLC with load torque . . . . . 79

4.1 Diagram of the proposed state feedback nonlinear adaptive con-
trol of induction motor . . . . . . . . . . . . . . . . . . . . . . . 95

4.2 Detailed diagram of the state feedback nonlinear adaptive con-
troller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.3 Time varying parameters with rotor resistance (Rr(t)) and load
torque (TL(t)) - HGPO . . . . . . . . . . . . . . . . . . . . . . 97

4.4 Track speed response (ω) of state feedback - HGPO . . . . . . 98
4.5 Track flux amplitude response (ϕ) of state feedback - HGPO . . 99
4.6 Estimate of defined perturbation (Ψ1) - HGPO . . . . . . . . . 100
4.7 Estimate of defined perturbation (Ψ2) - HGPO . . . . . . . . . 101
4.8 Input voltage control signals of ua and ub -HGPO- . . . . . . . 101

5.1 Diagram of proposed output feedback nonlinear adaptive control
of induction motor by using sliding mode rotor flux observer . . 109

5.2 Detailed diagram of output feedback nonlinear adaptive controller110
5.3 Time varying parameters with rotor resistance (Rr(t)) and load

torque (TL(t)) - HGSPO with noise and sliding mode flux ob-
server . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.4 Track speed response (ω) of output feedback control - HGSPO 116
5.5 Track flux amplitude response (ϕ) of output feedback control -

HGSPO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
5.6 Estimate of defined perturbation (Ψ1) - HGSPO . . . . . . . . 117
5.7 Estimate of defined perturbation (Ψ2) - HGSPO . . . . . . . . 117
5.8 Input voltage control signals of ua and ub - HGSPO . . . . . . . 118
5.9 Responses of observer estimation error for rotor speed (z11) -

HGSPO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
5.10 Responses of observer estimation error for the derivative of rotor

speed (z12) - HGSPO . . . . . . . . . . . . . . . . . . . . . . . 119
5.11 Responses of observer estimation error for rotor flux (z21) -

HGSPO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
5.12 Responses of observer estimation error for the derivative of rotor

flux (z22) - HGSPO . . . . . . . . . . . . . . . . . . . . . . . . 120
5.13 Track speed response (ω) of output feedback control with noise 121
5.14 Track flux amplitude response (ϕ) of output feedback control

with noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
5.15 Estimation error response of rotor speed (z11) by using designed

observer - HGSPO with noise . . . . . . . . . . . . . . . . . . . 123
5.16 Estimation error response of the derivative of rotor speed (z12)

by using designed observer - HGSPO with noise . . . . . . . . . 123

x



5.17 Estimation error response of flux (z21) by using designed observ-
er - HGSPO with noise . . . . . . . . . . . . . . . . . . . . . . 124

5.18 Estimation error response of the derivative of flux (z22) - HGSPO
with noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.19 Estimate of defined perturbation (Ψ1) - HGSPO with noise . . 125
5.20 Estimate of defined perturbation (Ψ2) - HGSPO with noise . . 125
5.21 Input voltage control signals of ua and ub - HGSPO with noise 126
5.22 Track speed response (ω) of output feedback control with flux

observer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
5.23 Track flux amplitude response (ϕ) of output feedback control

with flux observer . . . . . . . . . . . . . . . . . . . . . . . . . 127
5.24 Estimate of defined perturbation (Ψ1) - HGSPO with flux ob-

server . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
5.25 Estimate of defined perturbation (Ψ2) - HGSPO with flux ob-

server . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
5.26 Input voltage control signals of ua and ub - HGSPO with flux

observer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
5.27 Estimated value and error of rotor flux (ψra) . . . . . . . . . . . 129
5.28 Estimated value and error of rotor flux (ψrb) . . . . . . . . . . . 129
5.29 Estimation error response of rotor speed (z11) by using proposed

observer - HGSPO with flux observer . . . . . . . . . . . . . . . 130
5.30 Estimation error response for the derivative of rotor speed (z12)

by using proposed observer - HGSPO with flux observer . . . . 130
5.31 Estimation error response of flux (z21) by using proposed ob-

server - HGSPO with flux observer . . . . . . . . . . . . . . . . 131
5.32 Estimation error response for the derivative of flux (z22) by using

proposed observer - HGSPO with flux observer . . . . . . . . . 132

xi



List of Tables

2.1 Parameters of Induction Motor by using vector control . . . . . 43

3.1 Parameter of Induction Motor . . . . . . . . . . . . . . . . . . . 71

5.1 State Variable Parameters of the Fifth-Order Induction Motor
Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

xii



Chapter 1

Introduction

1.1 Background

Induction motors (IM) are widely used in industrial applications, such as el-

evators, industrial equipment and transport, because they are amongst the

simplest construction, high reliability and least expensive high performance

motors [1]. Induction motors are a quite important section of the electric load

in all power system as they consume approximately 60% of the total electrical

energy use around the world. For example, in South Africa (SA), the industrial

and mining parts are the largest consumers of electricity. Motorized system-

s in these parts generate up to 60% of the total electricity consumption and

about 57% of SA’s peak power demand [3]. More than half of the total elec-

trical energy is converted into mechanical energy by electric motors, at least

90% of industrial drive systems use induction motors. A lot of motors are

uncontrolled. However, adjustable speed induction motor drives from power

electronic converters are steadily increasing each year. It is estimated more

than fifty billion dollars could be saved yearly by using induction motors with

speed control.

An induction motor is motor which alternating current is supplied to the
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1.1 Background 2

stator directly and to the rotor by induction or transformer action from the

stator [2]. The stator or stationary portion of an induction motor consists

of a frame that packaged a magnetically active, the individual coils of this

electrical winding are random-wound for smaller motors and form-wound for

larger motors. The rotor or secondary part of an induction motor is made

up of a shaft-mounted, magnetically active rotor winding. The rotor winding

of an induction machine may be one of two types: wound-rotor or squirrel-

cage. A wound rotor winding for an induction motor is similar in form to

the stator winding. Typically, the winding is wye-connected with the three-

phase line leads connected to rotor-mounted slip rings. Wound-rotor winding

induction machines are relatively uncommon, they are only in a limited number

of specialised applications, including wind power generation. On the other

hand, the induction motor has a squirrel-cage rotor with a winding consisting

of copper bars embedded in the rotor slots and shorted at both ends by copper

end rings.

Most used induction machines have an induction motor with a squirrel-

cage. This type of induction motor has the advantage of high power to weight

ratio, lower inertia, cheap, available at all power ratings, and do not require

too much maintenance. The DC motors and the synchronous motors require

two excitation connections (doubly excited), but the induction motor has only

one excitation connection (single excited) [1]. Currents that flow in the second

winding of the induction motor are established by the process of magnetic in-

duction through coupling with the singly excited winding, The name induction

motor is derived from here. In induction machines, rotor currents are induced

in the rotor winding by a combination of the stator currents and the motion

of the rotor relative to the stator.

In the squirrel-cage induction motor, the rotor is inaccessible. So there is

no moving contacts, like the commutator and brushes in DC machines. By

using this arrangement it can increase reliability of induction motors greatly,

Advanced Control of Induction Motors Wei Zhang



1.1 Background 3

and eliminates the danger of sparking, It also enables the safe use of squirrel-

cage machines in harsh environments. This rotor can run at high speeds and

withstand heavy mechanical and electrical overloads. The other type, called

wound-rotor induction motors, are rarer and used in special applications. An

advantage of the wound-rotor involves the accessibility of the rotor winding.

The wound-rotor motors is more expensive and less reliable than the squirrel-

cage induction motors. Recently, the wound-rotor motors became popular in

the wind power generation sector as they provide a solution to the variable

speed operation of wind turbines. They are known as a doubly fed induction

generator (DFIG). The accessibility of the rotor winding allows the usage of

a power electronic converter at the rotor side to control the output power of

the DFIG. This requires one-third of the power compared to a full-rate power

electronic converter connected directly to the stator side.

Even though operating principles of induction motors have not changed,

significant technological progress has been made over the years. In compari-

son with their previous construction, today’s motors are now lighter, smaller,

more reliable and more efficient. In applications where the power requirement

is small and suited to single-phase distribution, the induction motor is avail-

able in single-phase versions. A lot of domestic appliances such as washing

machines, dryers, fans, and air conditioning units use single-phase induction

motors. However, industrial applications use the three-phase induction motor

in integral-horsepower ratings with typical voltage ratings, for example, the

ranging of United States is from 230 to 4160 V [1].

In the previous years, DC drives are traditionally considered as the prefer-

able choice for high dynamic applications due to relatively simple control.

Nowadays, with the use of advanced microprocessors and power electronics,

an induction motor with control system, such as vector control (VC), has been

applied to many high dynamic and large size applications to replace the DC

motors.

Advanced Control of Induction Motors Wei Zhang



1.2 Induction Motor Control 4

However, due to its complex algorithm, the use of powerful microcomput-

ers or dSpace hardware (DSP) is mandatory. This limits its applications to

small and medium sized range motors due to its high cost, such as household

appliances as refrigerators and washing machine as the market is very cost

sensitive, due to pump and fans. Domestic refrigeration accounts for around

14% of the total UK electricity demand. UK households use one and a half

billion pounds on electricity every year to cool or freeze food and drinks. Cur-

rently, refrigerators use the less efficient compressors based on constant speed

drives. The more efficient, variable-speed vector controlled induction motor

based compressors have so far achieved poor usage due to the price difference.

One possible solution is to design an advanced high efficient motor using new

material and techniques. This would include the use of permanent magnet ma-

terial and a direct-drive linear motor compressor. However, despite the antici-

pated improvements in performance, the high cost sensitivity in the domestic

refrigerator market remains a barrier to further development and commercial

up-take of this technology. The improvement of the induction motor through

the design of new control algorithms could be one solution for replacing the

constant speed induction motor compressors in domestic refrigerators.

1.2 Induction Motor Control

The control system is an important part in a motor and drive system. However,

the control system doesn’t provide the required power for the load, they can

regulate the dynamic performance of position and speed/torque of the induc-

tion motor. The control and estimation of induction motor drives constitute

a large subject, it has attracted much attention in the last few decades, and

the technology has further advanced in recent years. In References [4][5], they

have provided an overview of the latest developments in control techniques for

the induction motor. Those control methods can be summarised as three cate-

Advanced Control of Induction Motors Wei Zhang



1.2 Induction Motor Control 5

gories: scalar control (contact Voltage/Frequency ratio control), vector control

and other advanced control methods.

1.2.1 Scalar Control: V/F

Scalar control is an open loop volts/Hz control of an induction motor which

uses a feed forward approach to maintain the stator flux linkage constant up

to rated speed [6]. It is the most popular method of constant speed operation

of the induction motor because of its simplicity. As the name indicates, scalar

control is due to control of the magnitude or frequency of the stator voltage

feed to the induction motor only, while ignoring the coupling effect in the

machine. With this type of control, the motor is fed with variable frequency

voltage that is generated by the pulse-width modulation (PWM) controlled

inverter. The V/Hz ratio is maintained constant in order to obtain the constant

flux over the entire operating range. Generally speaking, the speed of an AC

motor depends on the frequency of stator voltage and the developed torque

is related to the stator voltage/current magnitude. So in the scalar-controlled

drive systems, only the magnitudes of the input variables (frequency and stator

voltage/current) are controlled [12].

The stator voltage of a machine can be controlled by controlling the flux,

and frequency or slip can be controlled by controlling the torque. Note that flux

and torque are also functions of voltage and frequency. Scalar-controlled drives

are widely used for motors operating at low performance applications,such as

compressors, fans, grinders, and adjustable speed pumps. In general, drives

with this control method do not require any feedback devices. Thus this type

of control only requires a little knowledge of the motor, and offers a low-cost,

easily implemented solution.

The stability of an open loop induction machine drive has been discussed in

[7]. [8] has taken a look at fault tolerant operation of scalar and vector methods.

Advanced Control of Induction Motors Wei Zhang



1.2 Induction Motor Control 6

[9] also proposed energy saving strategies for scalar control. An improvement

of open loop volts/Hz control is the closed-loop speed control based on slip

regulation, in which the speed control loop uses the speed regulation error to

generate the slip command via a PI controller and limiter. The slip is added to

the feedback speed signal in order to generate the frequency command, as the

frequency command generates the voltage command through volts/Hz function

generator. This incorporates the low-frequency stator drop compensation. As

discussed above, the scalar control method needs to keep a constant ratio

of V/Hz so as to maintain a constant stator flux linkage. This approach is

problematic, due to low-speed operation, because of the voltage drop at the

stator resistance. A necessary slip is needed to produce the torque. Thus some

advanced methods which involve decoupling the control components, have been

proposed in [10][11]. The volts/Hz control also has another drawback caused

by the flux drift, as the result of torque sensitivity against the slip will vary. In

addition, when the line voltage varies, the volts/Hz ratio would be incorrect.

1.2.2 Vector Control

Scalar control is simple to implement, but the inherent coupling effect gives

a sluggish response and the system becomes instable due to internal coupled

dynamic. To sort these problems out, VC can be used. The VC was invented at

the beginning of 1970s [22]. It can be used with both induction and synchronous

machines to transform the control of an AC machine into that of a separate

excited DC motor. The vector control method has the advantage of fast torque

response compared to other variable-speed control technique.

Vector control is an idea of regarding the machine torque as the product

of two space vectors, the stator current vector and the rotor flux field vector.

The controllers try to maintain a ninety degree phase angle between the two

space vectors to achieve the maximum torque. The torque is proportional to

Advanced Control of Induction Motors Wei Zhang



1.2 Induction Motor Control 7

the cross product of stator current and rotor flux (is × Ψr). Consequently,

the decoupled control of torque and flux field excitation is quite similar to the

DC motor control. This control is also known as the “field-oriented control”,

“flux oriented control”, or the “indirect torque control” [12]. Eventually, the

induction motor drive can achieve a four-quadrant operation with fast torque

response and good performance. In order to implement vector control, it re-

quires information regarding magnitude and position of rotor flux vector. This

control action happens in a field-coordinate system by using the rotating rotor

flux vector as a reference frame for stator currents and stator voltages.

The indirect vector control (IVC) without flux measurement was proposed

by K. Hasse in 1968 [25]. By 1971, direct vector control (DVC) used direct flux

measurement, to find the actual magnitude and position of the rotor flux, as

developed by F. Blaschke (who worked for Siemens) [24]. These two methods

are different essentially by how the unit vector (cos θe and sin θe) is generated

for the location of space vector [17][19]. It should be mentioned here that the

orientation of ids with the stator flux ψs, rotor flux ψr and air gap flux ψm, are

used with the VC [21].

Vector control theories have been advanced in recent years to solve the cou-

pling problem in AC machines. The theories of vector control are dependent

on the synchronously rotating d-q model [22] of the machine. Variables appear

as the DC quantities are in a steady-state condition. In this model, the d-q

component of the stator current are mutually decoupled. It can be controlled

similarly to the flux component and torque components of the currents. In

comparison with DVC and IVC, both control methods require complex coor-

dinate transformation, complicated vector signal sensing the phase conversion,

as well as signal processing. In the former method, the flux can be considered

undesirable, and it is difficult to implement the control due to harmonics. In

the latter method, the precision position encoder on the machine is not always

desirable. The proposed control scheme, named scalar decoupled control of
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induction motor [23], is expected to give a better performance than the con-

ventional vector control methods. It describes a scalar control approach for

an induction motor which is supplemented by a decoupled function to achieve

static and dynamic decoupling at all conditions.

Direct Vector Control and Indirect Vector Control

There are two general approaches of vector control. One called direct or feed-

back control method, which was invented by Blaschke [24]. The other method

called indirect or feed forward control, which was invented by Hasse [25]. The

two methods are different by how the unit vector is generated for the control.

The original approach of DVC included the flux measurement coils to ac-

complish the flux orientation. However, this will increase the hardware cost and

the measurement is also not accurate. Therefore, this approach is not a good

control technique in practice. The current DVCs usually use flux observer-

s to estimate the flux vector in order to replace the flux measurement. For

the direct vector control, the vector control parameters i∗ds and i
∗
qs used in the

synchronous rotating frame, are transferred to the stationary frame, with the

help of unit vector (cos θe and sin θe), generated from rotor flux vector signals.

The rotor flux signals Ψs
dr and Ψs

qr are generated from the machine terminal

voltages and currents. A current ids on d
e-axis and current iqs on q

e-axis have

been given, at this condition, Ψqr = 0, Ψdr = Ψ̂r. The corresponding torque

expression is given by Te = KtΨ̂riqs, It is simple to control as demonstrated

by the DC machine. The torque component of current i∗qs is generated from

the speed control loop, when the iqs polarity is reversed by the speed loop, the

current position also reverses, and gives a negative torque. To sum up, the

generation of the unit vector signal from the feedback flux vectors becomes the

“direct vector control.”

The indirect vector control method is essentially the same as the direct
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vector control, except the unit vector signals (cos θe and sin θe) are generated

in feed forward manner. The direct vector control is not a good control tech-

nique in practice. Consequently, the indirect vector control is more popular in

industrial applications. In this method, the flux angle is not measured directly.

However, it is estimated from the equivalent circuit model, from measurements

of rotor speed, stator current and the voltage. The IVC provides asymptotic

regulation of the rotor speed and flux modulus around constant references and

does not need rotor flux sensor or estimators, as established in example [28].

A drawback of this method is that it relies on the assumption that the stator

currents are available as control inputs. [35] represents an improved indirect

vector controller for the induction motor. In this paper, the standard indirect

field-oriented controller (IFOC) scheme is modified to achieve global exponen-

tial rotor velocity/rotor flux tracking. The modifications to the IFOC scheme

involve the injection of additional nonlinear terms into the current control input

and the so-called desired rotor flux angle dynamics.

Although VC is simple and better for high performance drive application,

resulting in better speed and position control even at low speeds. However,

there are still some disadvantages by using this approach. The major one

is that the vector control is very sensitive to the rotor resistances which are

changed during the operation of the motor and is estimated online [36].

1.2.3 Advanced Control of Induction Motors

The control of induction motors have been used as a test benchmark for non-

linear control design. This is because the induction motor is a complicated

nonlinear dynamic system with some unmeasured variables [37]. This involves

the equivalent rotor currents or fluxes, time-changing parameters (stator and

rotor resistances) and external disturbances (load torque).

By the mid 1980s, numerous engineering researchers worked on how to
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improve the basic method of VC. Few years later, M. Depenbrock presented

the Direct Self Control (DSC) [38]. A new technique for the torque control of

induction motors was also presented by I. Takahashi and T. Noguchi [62], called

the direct torque control (DTC) [40]. By using DSC or DTC, it is possible to

get a good dynamic control of the torque without any mechanical transducers

on the machine shaft.

In comparison with FOC, DTC does not require any current regulator and

PWM signal generator. Despite its simplicity, the DTC allows a good torque

control in steady-state. Its major problem is to quantify how good torque

control is with respect to VC, and the controller is aware of these parameters.

On the other hand, the DTC finds it difficult to control the torque and flux at

very low speed. Moreover, it has a high noise level during the low speed. [41]

has given a fair comparison between both techniques (FOC and DTC). The

other papers [42]-[52] introduced in previous years, confirmed research had been

undertaken to solve the above mentioned problems by using the DTC method.

The control and estimation of AC drives in general are considered more

complex than those of DC drives, and high performances are demanded if this

complexity increases. The main reasons for this complexity are the need for

variable-frequency, the complex dynamics of AC machines, machine parameter

variations, and the difficulties of processing feedback signals in the presence of

harmonics.

Feedback Linearisation Control

In the last two decades, it has witnessed a lot of progress in the design and

application of feedback control of nonlinear systems [53]-[56]. The feedback

linearisation control (FLC) method based on differential geometry has been

proved to be an effective means of design and analysis of nonlinear control

systems as was the case for the Laplace transform, complex variable theory and
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linear algebra in relation to linear systems, as described in the comprehensive

book of ‘Isidori’ [53] and references therein.

Feedback linearisation is an approach for nonlinear control design [31][32].

The central idea of the approach is to algebraically transform a nonlinear

system dynamics into a fully or partly linear system, so that linear control

techniques can be applied. Speed control of an induction motor using dynamic

feedback linearisation was first considered in [57]. This methodology helps con-

vert many previously intractable nonlinear problems into much more simpler

problems solvable by familiar linear system methods. It consists of two kinds

of approaches: input-state linearisation, developed by Gardner and Shadwick

[60], where the full state equation is linearised and input-output linearisation

[61], where the linearising of the input-output map from input to output is

emphasised even if the state equation is only partially linearised [55]. A quite

effective way to obtain the decoupling of flux and speed dynamics is the input-

output linearising controller [63][51]. As the algorithm is very effective and

reduces computational requirements.

During the 1970s and 1980s, feedback linearisation was a major topic of

research [64]. In spite of many successful application every year, feedback lin-

earisation has a few of drawbacks which hinder its use. One of them is that

it is vulnerable to handle the presence of parameter uncertainty or external

disturbances. This is because its effectiveness depends on an accurate system

model to cancel the system nonlinearity. However, it is unrealistic to assume

the perfect knowledge of system nonlinearities or that an exact mathematical

representation of them is available due to exist model approximation, impreci-

sion or uncertainty. Another drawback is complexity of the resulting nonlinear

control law as it can not been implemented easily in practice. In fact, such a

complex nonlinear controller may not always behave better than a simple linear

controller. In recent years, the problem of controlling uncertain nonlinear dy-

namical systems has been a topic of considerable interest. Many works in this
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field have been undertaken by employing robust or adaptive control method.

We will review these results below.

Nonlinear Adaptive Control

Adaptive control is another important approach to deal with uncertain and/or

time-varying systems [44]-[47]. One of the reasons for the rapid growth and

continuing popularity of the adaptive control is its clearly defined goals to

control the plants with known structure, but unknown parameters or slowly

time-varying parameters effect this [20]. Adaptive control has been most suc-

cessful for the plant models in which the unknown parameters appear linearly.

Systematic theories have been developed for the adaptive control of linear sys-

tems. The existing adaptive control techniques can also treat important classes

of nonlinear systems with measurable states and linearly parameterizable dy-

namics [55].

Interests in adaptive control of nonlinear systems were stimulated by ma-

jor advances in the differential-geometric theory of nonlinear feedback control

in the mid 1980s. Nonlinear adaptive control is a research area that has been

rapidly growing in the 1990s. A nonlinear state feedback control method shows

the nonlinear motor dynamics can be linearized and decoupled by means of

feedback-linearisation techniques [27]. The book by Kristić [65] gives a com-

plete and pedagogical presentation of nonlinear adaptive control. A passivity-

based approach is proposed for induction motor control [66]. This method

uses energy dissipation property of the system to solve the advanced control

problem. However, the motor parameters are assumed to be known. Recent

developments in this area can be found in [67][68]. Further, more research

has been proposed in the area of back-stepping based on Lyapunov’s theory,

see [65]. During each step, a Lyapunov Methodology identifies a stabilisation

function for every virtual control and an associated Lyapunov Function that
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is inductively increased to form a global Lyapunov Function for the complete

system. The first adaptive back-stepping design was developed in [69]. Its

over-parameterisation was removed by the tuning functions design [72]. Note

that the back-stepping technique has been applied to the induction motor [65].

Assuming once again that the physical parameters are well known, the control

law provides the global asymptotic stability of the system.

Amongst the early estimation based results are Sastry and Isidori [73],

Pomet and Praly [74], etc. One of the first output-feedback design was proposed

by Marino and Tomei for induction motor [75][76]. Kanellakopoulos, Kokotović

and Morse [77] presented a solution to the partial state feedback problem. A

tracking design where the regressor depends only on reference signals was given

in [78]. Khalil [79] and Janković developed semi-global output feedback designs

for a class which includes some systems not transformable into the output

feedback form.

In adaptive output feedback control schemes, it is based on flux observers

[18] and also can deal with additional parametric uncertainty (especially in

rotor resistance) as represented in [80]-[83]. More recent efforts have focused

on the speed-sensorless approaches. The load torque can be assumed be known,

but the rotor speed is not available for the feedback, more examples can be

found in [84][85]. By 2009, another new output feedback control scheme for the

voltage-fed model of induction motor was developed [86]. This method uses

measurements of stator current and rotor speed to achieve global asymptotic

convergence of rotor speed and flux magnitude to achieve desired time-varying

references. This proposed approach is based on the methodology in reference

[87].

Observer-based methods [88]-[92] have offered a good performance in a large

speed range. Observation algorithms are making use of the analytical model

of the machine and allow the estimation of the rotor speed and flux from

the motor terminal quantities (voltages/currents). In the last few decades,
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research has been completed aimed at eliminating the speed sensor, such as

developing speed-sensorless control methods [93]. In the adaptive observers,

the speed or other unknown parameters are estimated by additional equations

dependent on the adaptive control theory [94][88]. During these proposals,

the sliding-mode observer represents an attractive choice due to robustness to

disturbances, and system noise, as well as parameter deviations [95][92]. In

2000, [96] presented an adaptive speed-sensorless field-oriented control of an

induction motor. It is based on a sliding-mode observer. The observer detects

the rotor flux components in a two-phase stationary reference frame, using

motor voltage equations. The speed of the motor is estimated by a further

relation obtained by a Lyapunov function.

Note that most of the nonlinear adaptive work are dealing with unknown

constant parameters of nonlinear systems [71]. This adaptive control paradigm

is not suitable for handling fast time-varying and functional uncertainties. It

is known that problems may arise from the influence of unknown disturbances

and time-varying parameters. During the last twenty years, the sliding-mode

control (SMC) [39] has gained wide attention because of its simple design, fast

dynamic response, easy implementation and robustness to parameters varia-

tions and load disturbances [58][59]. This control method has been applied to

the position and velocity control of induction motor drives [97]-[100]. Sliding

mode control ideas [98], have been investigated for induction motor control, due

to the fact that enforcing a sliding mode leads to a low sensitivity with respect

to a type of disturbances and plant parameter variations. This methodology is

described by [98] with regards to the design on a nonlinear switching manifold.

In Reference [99], the authors proposed a sliding mode rotor flux observer with

a non-linear sliding mode controller. In 1996, another new SMC method was

proposed in [100] for induction motor speed control based on the model in the

rotating reference frame with the vector of stator current. In 2001, a novel

inner-loop sliding-mode current control scheme was proposed by L.G. Shiau
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[101]. It is dependent on a nonlinear mathematical model of induction motor

position drives. The parameters of the position and speed controllers are con-

sidered in the inner-loop sliding-mode current control. The overall system has

exhibited robust stability and robust performance, despite the presence of mo-

tor parameters or load disturbances. [16] has been developed for the control

of induction motor to achieve rotor angular speed and rotor flux amplitude

tracking objectives by using the cascade sliding mode control method.

Classical control systems such as proportion-integration (PI) control is used

together with vector control methods for the speed control of induction motor.

However, the main disadvantages of the linear control approach are the sensi-

tivity in performance to system parameters variations. In addition, inadequate

rejection of external perturbations may change the load. To sort out these

problems, variable-structure control based methods, like sliding-mode control

[98], fuzzy logic based control (FLBC) [102][103], have been applied industrial-

ly to control of electrical drive system. There are some advantages using SMC,

it has been shown to be an effective way for controlling electric systems. Its

high-gain feedback control input can cancel nonlinearities, uncertainty param-

eters, and external disturbances due to its robust control. The experimental

results that were obtained from implementing SMC on a DSP hardware plat-

form, have shown the robust performance of this method [104]. In addition,

a real-time comparison of ‘vector control’, ‘feedback linearisation control’, and

the ‘sliding-mode-based technique’ has been undertaken in [105]. This paper

has shown that in terms of rotor resistance variation, running at low speed,

the sliding mode controller gave the best results. In [106], the backstepping

approach was shown that it is an elegant method for the design of nonlinear

sliding manifolds.

On the other hand, in comparison with permanent magnetic synchronous

motors, induction motors are not able to be fully linearised [51]. To improve the

methods mentioned, full linearising state feedback control based on differential
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geometric theory has been proposed, and more details can be found in [107]-

[110]. In order to improve this technique, the paper of [51] has been published.

It added to the control algorithm on an adaptive law to estimate the rotor

resistance and the load torque that are both assumed to be constant.

Robust control based on the estimation of perturbations from states deriva-

tive has been an interesting topic in the control of nonlinear systems with un-

modelled dynamics, such as time-delay control [111][112] , sliding mode control

with perturbation estimation [113][116] and robust adaptive control via per-

turbation observer [117]-[119]. Disturbance auto-rejection control proposed a

similar idea based on nonlinear disturbance observer and has been applied to

induction motor control [120]. However, the proposed nonlinear extended-state

observer makes the stability analysis of the whole control /observer system is

very difficult. In fact, linear observer or sliding mode observer can provide

nearly similar performance as that of the nonlinear observer used in [119], but

their structure is much simpler. This has been demonstrated by applications

of robust adaptive control via perturbation observer and their applications for

synchronous generator control and power electronics in power system [117]-

[119].

1.3 Motivations and Objectives

The current industrial standard for control of induction motor is the so-called

VC or FOC which transforms the control of the induction motor to that of a

DC motor. However, the control of induction motor is more complex than DC

motor. A challenging problem occurs due to the following three reasons: it is

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

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

(rotor and stator resistance) vary considerably with a significant impact on the

system dynamics.
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VC is an example of an application before theory innovation. It was pro-

posed in the 1970s. However, the stability issues were only established by the

1990s. Besides its many advantages, such as high dynamic and decoupled con-

trol of the speed and the flux, it is well known that VC depends on the detailed

system model and is very sensitive to parameter uncertainties (stator and rotor

parameters) and external disturbance (load torque). However, the rotor and

stator resistance of a running motor will vary by up to 50% from their nominal

values. The load torque is typically unknown and in some applications changes

continuously, such as hybrid vehicle. It has already been clarified that VC has

a partial feedback linearising control which establishes the decoupling of speed

and flux asymptotically. The coupling still exists when flux is not kept be con-

stant, i.e. when the flux is weakened to operate the motor at a higher speed

and avoid the input voltage exceeding their limits, or when the flux is adjusted

to maximise power efficiency of the motor running under light load condition.

The overall goal of this thesis is to develop an advanced controller for induc-

tion motors, based on nonlinear adaptive control method involving an input-

output linearisation control and perturbation estimation and compensation, to

improve the dynamic performance of the induction motor. To improve the VC,

the input-output linearisation control (IOLC) will be investigated. Note that

both VC and IOLC need all the parameters, and nonlinear dynamics of the

system to be known exactly. All of them have relatively complicated nonlinear

calculations in control algorithm. In order to develop the robustness of VC and

IOLC, nonlinear adaptive input/output linearizing control of induction motor

was introduced.

The induction motor has been represented as a two coupled interconnect-

ed subsystems, involving a rotor speed subsystem and a rotor flux subsystem.

System perturbation terms are defined to include the lumped term of system

nonlinearities, uncertainties, and interactions between subsystems, and rep-

resented as a fictitious state in the state equations. The perturbations are
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estimated by designing perturbation observers and employed to cancel real

system perturbations. The designed robust adaptive control doesn’t require

the accurate model of induction motor and has a simpler algorithm. It can

fully decouple the regulation of rotor speed and rotor flux and can handle

time-varying uncertainties. A fourth order model based flux observer is used

to estimate the rotor flux.

The goal is to be achieved by realising the following objectives.

• modeling of a three-phase induction motor using controllers design and

verification, including a stationary reference frame and synchronous ro-

tating reference frame model. The basic concept of VC will be fully

investigated as well, for comparison studies of the new control methods

proposed;

• investigate the asymptotical regulation characteristic obtained by VC

and design a fully decoupled controller for induction motor via feedback

linearisation control theory;

• nonlinear adaptive control of induction motor based on state feedback and

compensating perturbation obtained from with high gain perturbation

observer will be investigated. The objective of this research work is to

eliminate the requirement of detailed system model, and to improve the

robustness against parameter uncertainties and unknown dynamic; and

• augmenting a sliding mode flux observer and assuming only the rotor

speed is measured. Output feedback based on nonlinear adaptive control

(NAC) is developed by designing two state and perturbation observers

for the induction motor.
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1.4 Major Contributions

The thesis reports the research work undertaken based on the review of current

techniques for control of induction motor. The nonlinear adaptive control of

nonlinear systems via state and perturbation observer has been studied for

control of induction motor. Two types of controllers: state feedback nonlinear

adaptive control and output feedback nonlinear control, have been investigated

to obtain the estimate of states and perturbation.

The following results have been obtained:

• a fully decoupled nonlinear controller has been obtained for the regulation

of speed and flux dynamic of induction motor, based on the input-output

linearization control. The asymptotical regulation characteristic obtained

by the conventional vector control has been analysed;

• nonlinear adaptive control via high gain perturbation observer has been

developed for induction motor. The designed controller adopts the real-

time estimates of perturbation to yield the adaptive control law. The

real time estimate of system perturbation, which include nonlinearities,

time-varying parameters and external disturbances, is a function estima-

tion rather than a parameters estimation as in most nonlinear adaptive

control. A simple adaptive control law is obtained. The system nonlin-

earities are included in the perturbation as an accurate system model is

not required for the controller; and

• a sliding mode flux observer is designed for estimating the rotor flux.

Assuming only speed as a measurement. This is based on the estimate

of the rotor flux. Two state and perturbation observers are designed for

estimating the other states and perturbation terms. Output feedback

based upon nonlinear adaptive control via high gain state and perturba-

tion observers have been studied for the induction motor.
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1.5 Thesis Outline

The thesis is organized as follows.

Chapter 2: Modelling and Field-oriented Control of Three-phase Induc-

tion Motor

In this chapter, the model of three-phase induction machine has been in-

vestigated. The essential concepts of dynamical systems are given as well.

Modeling of induction motors are developed based on two types of reference

frames: stationary reference frame and synchronously rotating reference frame.

Different types of VC, including DVC and IVC were discussed based on the

method to obtain the rotor flux vector. Finally, the simulation results and

analysis are given to demonstrate the operation dynamic of induction motor.

Chapter 3: Feedback Linearisation Control of Induction Motor

This chapter investigate control of induction motor via FLC. It represents

a fully decoupled control of speed and flux dynamics by using FLC. The basic

idea of the FLC technique are reviewed for single-input single-output (SISO)

system and multi-input multi-output (MIMO) system respectively. The FLC

technique is used to explain the asymptotical regulation characteristic of the

speed and the flux dynamics achieved by conventional FOC. One type of FLC

approach, called Input Output Linearisation Control (IOLC), is applied to

design a fully decoupled controller for the speed and the flux dynamics. Sim-

ulation studies verify the effectiveness of the proposed IOLC, via comparison

with the field-oriented control approach.

Chapter 4: Nonlinear Adaptive Control of Induction Motor: State Feed-

back

This chapter has investigated and discussed a novel robust adaptive control

approaches of induction motors, based on perturbation estimation and input-

output linearisation. Estimates of perturbation are employed to achieve robust

and adaptive FLC. The detailed model of the induction motor is not required
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and a simple control law is obtained. The simulation results have shown a

better performance obtained by the proposed algorithm against uncertainties

and time-varying unknown load torque disturbances, than the classical VC and

FLC based on the accurate system model.

Chapter 5: Nonlinear Adaptive Control of Induction Motor: Output Feed-

back

This chapter has investigated an output feedback nonlinear adaptive control

for induction motor. A sliding mode flux observer is designed for estimation of

the rotor flux variables. A state and perturbation observer is designed for the

flux subsystem to obtain the correspondent state variables and perturbation.

Moreover, assuming only the rotor speed is measured, a state and perturba-

tion observer is designed for estimating the derivative of the speed and the

correspondent perturbation. Based on the estimated states and perturbation

terms, output feedback NACs are designed for the speed and flux subsystems.

The stability of the overall closed-loop system are investigated to include the

flux observer, state and perturbation observer, NAC, and the induction motor.

Simulation results verify the effectiveness of the proposed NACs.

Chapter 6: Conclusions

The thesis has concluded with a summary of the results and several sug-

gestions for future work. The suggestions for future work will highlight the

unsolved problems that remain.
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Chapter 2

Modelling and Vector Control of

the Three-phase Induction

Motor

This chapter establishes the dynamic model of induction motor and investi-

gates the basic principle of FOC of induction motor. Starting from the basic

three-phase dynamic equations of the stator and rotor windings, coordination

transformations from the original three-phase equations to stationary reference

frame and synchronously rotating reference frame are discussed. An analysis

of the FOC of induction motors are highlighted including the DVC and the

IVC. The simulation results have been presented to show the characteristics of

the three-phase induction motor and the dynamic response of FOC.

2.1 Introduction

AC machines are complicated systems which have multivariable, strong cou-

pling, nonlinear, and time-variable characteristics. AC machines can be clas-

sified as induction machines, in conjunction with synchronous machines. A-

22
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mongst all types of AC machines, the induction machine, especially the squirrel

cage type machine, is most commonly used in industry. AC machines with a

constant frequency sinusoidal power supply have been used in constant speed

applications, whilst DC machines were preferred for variable speed drives.

One of the most fundamental principles of induction machines is the cre-

ation of a rotating and sinusoidally distributed magnetic field in the air gap.

Three-phase induction machines are operating below synchronous speed when

motoring and above synchronous speed when generating. The electrical ma-

chine converts electrical energy into mechanical energy, and vice versa. They

are rugged and require very little maintenance. However, their speeds are not

as easily controlled as with DC motors, as they draw on large starting cur-

rents. If the rotor is initially stationary, the interaction of air gap flux and

rotor magnetic motive force (mmf) produces torque. When the rotor rotation

is at speed, ωr is equal to synchronous speed ωe, the rotor doesn’t have any

induction, and torque cannot be produced. At any other speed ωr, the speed

differential ωe−ωr, called slip speed ωsl, induces rotor current and then torque

is developed.

For power system studies, induction machine loads are often simulated on

a system’s synchronously rotating reference frame. For transient studies of

adjustable speed drives, it is usually more convenient to simulate an induction

machine and its converter on a stationary reference frame. Thus, this section

presents a model of induction motor on a stationary and rotating reference

frame. The mathematical model of induction machine is a high-order, strong

coupling, multi-variable nonlinear system.

For a long time, DC motors dominated the major place in variable speed

applications. Its flux and torque can be controlled easily by the field and arma-

ture currents. However, DC motors have certain disadvantages, which are due

to the existence of the commutator and the brushes. They also have limited

applications under high-speed conditions. AC motors have a simple mechanical
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structure than DC motors and a cost advantage. AC machines are normally

used as the constant speed machines due to their complex operating principle

of rotating magnetic field. However, its easy-changing parameters, for instance

rotor resistance, make it unsuitable for high performance applications. Both

the machine designers and control engineers expect to combine the character

of easy adjustable-speed control for DC machines with the simple mechanical

structure for AC machines. VC can meet this requirement and the rapid de-

velopment of the power electronics technology and microprocessor has turned

this into a reality.

2.2 Model of Induction Motor

In this section, the control of induction motor will be briefly recalled by using

Reference [22].

2.2.1 Coordinate Transformations

The control of vector transformation involves a three-phase stationary to two-

phase stationary, two-phase stationary to two-phase rotating, and vice versa.

The induction machine needs to be simplified through coordinate transforma-

tion. The voltage equations of stator and rotor circuits are:

vas = iasRs +
dΨas

dt

vbs = ibsRs +
dΨbs

dt

vcs = icsRs +
dΨcs

dt

var = iarRr +
dΨar

dt

vbr = ibrRr +
dΨbr

dt

vcr = icrRr +
dΨcr

dt

(2.2.1)

where vas, vbs, vcs are stator voltages, var, vbr, vcr are rotor voltages. For the

transient studies of drives, it’s usually more convenient to model and simulate
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an induction machine and its converter on a stationary reference frame. A

Figure 2.1: as-bs-cs to ds-qs axes transformation in stationary reference frame

three-phase machine can be represented by an equivalent two-phase machine,

where the subscript s in the ds−qs corresponds to stator direct and quadrature

axes, and the subscript r in dr−qr represents rotor direct and quadrature axes.

Consider a symmetrical three-phase induction machine with stationary as-bs-

cs axes at 2π/3 angle apart. The objective is to transform the three-phase

stationary reference frame a-b-c variables into two-phase stationary reference

frame ds− qs variables, where the superscript s represents the stationary refer-

ence frame, and then transform them to the synchronously rotating reference

frame de − qe, where the superscript e represents the rotating reference frame,

and vice versa. As shown in Figure 2.1, the transformation from (as-bs-cs) ⇒
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(ds − qs) is shown in form (2.2.3). The three-phase matrix form is:
vas

vbs

vcs

 =


cos θ sin θ 1

cos(θ − 120◦) sin(θ − 120◦) 1

cos(θ + 120◦) sin(θ + 120◦) 1



vsqs

vsds

vsos

 (2.2.2)

From equation (2.2.2), the inverse relation can be rewritten as:
vsqs

vsds

vsos

 =
2

3


cos θ cos(θ − 120◦) cos(θ + 120◦)

sin θ sin(θ − 120◦) sin(θ + 120◦)

1
2

1
2

1
2



vas

vbs

vcs

 (2.2.3)

where vsos is the zero sequence component. Other variables such as current and

flux linkages can be transferred by using the similar equations. The angle θ

can be set as zero (θ = 0), which means that qs-axis is aligned with as-axis.

The transformation relations can be simplified as:

vas = vsqs (2.2.4)

vbs = −1

2
vsqs −

√
3

2
vsds (2.2.5)

vcs = −1

2
vsqs +

√
3

2
vsds (2.2.6)

From the equations (2.2.3), the voltages on stationary d− q axis can be repre-

sented as:

vsds = − 1√
3
vbs +

1√
3
vcs (2.2.7)

vsqs = vas =
2

3
vas −

1

3
vbs −

1

3
vcs (2.2.8)

As shown in Figure 2.2, transformation model from two-phase stationary refer-

ence frame ds−qs to two-phase synchronously rotating reference frame de−qe,

which rotates at synchronous speed ωe with initial angle θe = ωet. Based on

Figure 2.2, voltage equations can be converted from ds − qs to de − qe as:

veds = vsqs sin θe + vsds cos θe

veqs = vsqs cos θe − vsds sin θe
(2.2.9)
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Figure 2.2: Transformation from ds − qs stationary reference frame to de − qe

synchronously rotating reference frame

and the inverse transformation from the rotating reference frame to a stationary

reference frame as:

vsds = −veqs sin θe + veds cos θe

vsqs = veqs cos θe + veds sin θe
(2.2.10)

Note that the vector magnitudes of Vm in the stationary reference frame and

the rotating reference frame are equal, that is:

Vm = |V̄ | =
√
(vsds)

2 + (vsqs)
2 =

√
(veds)

2 + (veqs)
2 (2.2.11)

2.2.2 Stationary Reference Frame

The dynamic machine model in the stationary frame can be derived simply

by substituting ωe = 0. The corresponding stationary frame equations of a
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symmetrical induction machine are given below, including stator and rotor

voltages, torque equations:

vsds = Rsi
s
ds +

d

dt
Ψs
ds (2.2.12)

vsqs = Rsi
s
qs +

d

dt
Ψs
qs (2.2.13)

vsdr = 0 = Rri
s
dr +

d

dt
Ψs
dr + ωrΨ

s
qr (2.2.14)

vsqr = 0 = Rri
s
qr +

d

dt
Ψs
qr − ωrΨ

s
dr (2.2.15)

where Ψs
ds and Ψs

qs are the stator flux linkages; Ψs
dr and Ψs

qr are the rotor flux

linkages. The torque equations can also be written with the corresponding

variables in stationary frame as:

Tem =
3

2

P

2
(Ψs

dri
s
qr −Ψs

qri
s
dr) (2.2.16)

Tem =
3

2

P

2
(Ψs

dsi
s
qs −Ψs

qsi
s
ds) (2.2.17)

Tem =
3

2

P

2
Lm(i

s
dri

s
qs − isqri

s
ds) (2.2.18)

2.2.3 Synchronously Rotating Reference Frame

For a two-phase d− q axes model, it is needed to represent both stator ds− qs

and rotor dr−qr circuits and their variables in a synchronously rotating frame.

The stator voltage equations in the stationary reference frame given in (2.2.12)

and (2.2.13) can be converted to the de − qe rotating reference frame as:

veds = Rsi
e
ds +

d

dt
Ψe
ds − ωeΨ

e
qs (2.2.19)

veqs = Rsi
e
qs +

d

dt
Ψe
qs + ωeΨ

e
ds (2.2.20)

Note that all the variables are in the rotating reference frame. The last term of

above two equations (ωeΨ
e
qs and ωeΨ

e
ds) can be defined as speed emf because

of the rotation of the axes. When ωe = 0 is used, the above two equations

change to the stationary reference frame.
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If the rotor is not moving, that means ωr = 0. The rotor equation will be

similar to the stator equations in the rotating reference frame, that is:

vedr = Rri
e
dr +

d

dt
Ψe
dr − ωeΨ

e
qr (2.2.21)

veqr = Rri
e
qr +

d

dt
Ψe
qr + ωeΨ

e
dr (2.2.22)

Note that all variables and parameters are referred to as the stator side. When

the rotor actually moves at speed ωr, the d-axis fixed on the rotor moves at a

speed ωe − ωr, relative to the synchronously rotating reference frame. Thus,

the rotor equations should be modified as:

vedr = Rri
e
dr +

d

dt
Ψe
dr − (ωe − ωr)Ψ

e
qr (2.2.23)

veqr = Rri
e
qr +

d

dt
Ψe
qr + (ωe − ωr)Ψ

e
dr (2.2.24)

Figure 2.3: Dynamic de − qe equivalent circuits of machine

The dynamic model represented in equivalent circuit de − qe is shown in

Figure 2.3. All flux linkage expressions used above can be written in terms of
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currents as the following equations:

Ψe
ds = Llsi

e
ds + Lm(i

e
ds + iedr) (2.2.25)

Ψe
dr = Llri

e
dr + Lm(i

e
ds + iedr) (2.2.26)

Ψe
dm = Lm(i

e
ds + iedr) (2.2.27)

Ψe
qs = Llsi

e
qs + Lm(i

e
qs + ieqr) (2.2.28)

Ψe
qr = Llri

e
qr + Lm(i

e
qs + ieqr) (2.2.29)

Ψe
qm = Lm(i

e
qs + ieqr) (2.2.30)

The motion equation related to speed ωr and the torques is given by:

Tem = TL + J
dωm
dt

= TL +
2

P
J
dωr
dt

(2.2.31)

where TL is load torque, J is rotor inertia, and ωm is mechanical speed. Resolv-

ing the variables into de− qe components, the torque expression can be derived

as:

Tem =
3

2

P

2
(Ψe

dsi
e
qs −Ψe

qsi
e
ds) (2.2.32)

Tem =
3

2

P

2
Lm(i

e
qsi

e
dr − iedsi

e
qr) (2.2.33)

Tem =
3

2

P

2
(Ψe

dri
e
qr −Ψe

qri
e
dr) (2.2.34)

2.3 Vector Control of Induction Machine

In a DC machine, the axes of the field current and armature current are usu-

ally perpendicular to one another. If the saturation of iron was ignored, the

orthogonal fields produce no net interaction effect on one another. The devel-

oped torque may be expressed as:

Te = KaIaϕ(If ) (2.3.1)

where Ka is a constant coefficient, ϕ(If ) is the field flux, Ia is armature current,

and If is field current. Here, the torque angle is naturally ninty degrees. It
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is known that the flux of a DC machine may be controlled by adjusting the

field current If , and torque may be controlled independently with the flux, by

adjusting the armature current Ia. This means that when the control of torque

and flux is not coupled, they can be controlled independently. In general,

torque control of a three-phase induction machine is not as straightforward,

compared to a DC machine. This is a result of the interactions between the

stator and rotor fields, whose orientation are not held spatially at ninty degrees.

This will also vary with operating condition [22].

A DC machine-like performance can be extended to an induction machine,

if the machine control is considered in a synchronously rotating reference frame,

where the AC variables appear as DC quantities in a steady state. If we were

to select a synchronously rotating d−q reference frame, whose d-axis is aligned

with the rotor field, the q-axis component of the rotor field, Ψe
qr, in the chosen

reference frame would be zero. With vector control, ids is analogous to field

current, and iqs is analogous to armature current of a DC machine. The torque

can then be expressed as:

Te = K
′

aIdsIqs (2.3.2)

When this is compared to a DC machine space vector, the induction machine

space vectors rotate synchronously at frequency ωe. To sum up, VC should

maintain the correct orientation of variables such that and equality of command

and actual currents.

2.3.1 Direct Vector Control

The VC schemes for the induction machine are referred to as a direct type,

where the angle is being determined directly. This is the case with the direct

air-gap flux measurement. On the contrary, the indirect type occurs when the

rotor angle is determined from surrogate measurements, such as slip speed ωsl.
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Direct Vector Current Control

Direct vector control is necessary to estimate the rotor flux components Ψs
dr

and Ψs
qr. For field orientation, control of the stator current is more direct than

that of the stator voltage. If the stator voltage is needed to be controlled,

it must consider the additional transient dynamics of the stators. The direct

stator current control can be achieved easily with help of a DC bus voltage

and fast switching devices. The direct control method based on the sensing

of airgap flux, by using specially fitted search coils or Hall-effect devices [124].

The angle θe is the desired angle for field orientation. Note that the flux which

has measured in the airgap is the resultant or mutual flux. This is not the same

as flux, which is connected to the rotor winding. Consequently, the measured

stator current, with the value of θe in conjunction with the magnitude of rotor

flux can be obtained.

After measuring the voltages and currents, flux variables are computed from

the stationary frame variables. At first, the stator currents and voltages are

transformed to the stationary reference frame ds− qs using (2.3.3) and (2.3.4):

isds =
1√
3
(ics − ibs)

isqs =
2

3
ias −

1

3
ibs −

1

3
ics = ias (2.3.3)

vsds = − 1√
3
vbs +

1√
3
vcs

vsqs =
2

3
vas −

1

3
vbs −

1

3
vcs (2.3.4)

Note that for the isolated neutral load, ics = −(ias+ ibs) . Then, the d
s− qs
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stationary fluxes are obtained as follows:

Ψs
ds =

∫
(vsds −Rsi

s
ds)dt (2.3.5)

Ψs
qs =

∫
(vsqs −Rsi

s
qs)dt (2.3.6)

Ψ̂s =
√

(Ψs
ds)

2 + (Ψs
qs)

2 (2.3.7)

Ψs
dm = Ψs

ds − Llsi
s
ds = Lm(i

s
ds + isdr) (2.3.8)

Ψs
qm = Ψs

qs − Llsi
s
qs = Lm(i

s
qs + isqr) (2.3.9)

Ψs
dr = Lmi

s
ds + Lri

s
dr (2.3.10)

Ψs
qr = Lmi

s
qs + Lri

s
qr (2.3.11)

Substituting the last term isdr and isqr from Equations (2.3.8) and (2.3.9) in-

to Equations (2.3.10) and (2.3.11), we have the rotor flux in terms of stator

variables as folllows:

Ψs
dr =

Lr
Lm

Ψs
dm − Llri

s
ds

Ψs
qr =

Lr
Lm

Ψs
qm − Llri

s
qs (2.3.12)

Ψs
dr =

Lr
Lm

Ψs
ds − σLsi

s
ds

Ψs
qr =

Lr
Lm

Ψs
qs − σLsi

s
qs (2.3.13)

where σ = 1− L2
m/LrLs.

The corresponding torque equation can be obtained from the substituting

of equations (2.3.13) as:

Tem =
3

2

P

2

Lm
Lr

(Ψs
dri

s
qs −Ψs

qri
s
ds) (2.3.14)

The transformation of the stationary frame rotor flux to synchronously

rotating frame rotor flux is explained in Figure 2.4. The following equations
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Figure 2.4: Transformation of rotor flux from dqs stationary frame to dqe
rotating frame

can be written:

Ψs
dr = Ψ̂r cos θe

Ψs
qr = Ψ̂r sin θe (2.3.15)

by using the Ψs
dr and Ψs

qr computed from above equations (2.3.13), the sine

and cosine of the angle θ are obtained as:

cos θe =
Ψs
dr

Ψ̂r

(2.3.16)

sin θe =
Ψs
qr

Ψ̂r

(2.3.17)

Ψ̂r =
√
(Ψs

dr)
2 + (Ψs

qr)
2 (2.3.18)

From equations (2.3.3) to (2.3.18), they are performed inside the field ori-

entation block as demonstrated at the centre of Figure 2.5.

As shown in the Figure 2.5, the calculated value of Ψ̂
′e
r (Ψ̂

′e
dr) is feed back

to the input of the flux controller for regulating the airgap flux. Inside the
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Figure 2.5: Direct vector control of a current-regulated PWM inverter for
induction motor [124]

torque calculation block, the values Ψ
′e
r (Ψ

′e
dr) and ieqs are calculated based

on (2.3.14). The outputs of the torque controller and flux controller are the

current command values, ie∗qs and ie∗ds in the field-oriented rotating reference

frame. Inside the d-q to a-b-c transformation block, are transformations from

de− qe to ds− qs (2.3.19), and then from ds− qs to balanced a− b− c (2.3.20),

as follows:

is∗ds = −ie∗qs sin θe + ie∗ds cos θe

is∗qs = ie∗qs cos θe + ie∗ds sin θe (2.3.19)

i∗as = is∗qs

i∗bs = −1

2
is∗qs −

√
3

2
is∗ds

i∗cs = −1

2
is∗qs +

√
3

2
is∗ds (2.3.20)

The direct vector current control is feasible because the flux and the torque
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are directly related to the currents. However, the direct vector current control

is difficult to operate at a very low frequency. With regard to an industrial

applications, the start-up of drives from zero speed is common. Therefore, the

direct vector current control can not be used under these circumstance.

Direct Vector Voltage Control

The field orientation of the stator currents can also be achieved by using the

proper stator voltages, which is based on the usage of the transient model in

conjunction with the properly-oriented d − q stator currents. After the d − q

stator currents are determined by converting the measured a − b − c currents

to ds − qs stationary frame by using (2.3.3), the value of θe can be determined

using the following transformation:

ieds = isqs sin θe + isds cos θe

ieqs = isqs cos θe − isds sin θe (2.3.21)

In a transient model of a three-phase induction motor, the machine can be

represented by constant voltages behind the stator transient inductance. The

response of the machine to stator side transients can be given as the following

equations, where the following de − qe stator voltage stays in the rotating

reference frame:

dΨe
ds

dt
= veds −Rsi

e
ds +Ψe

qsωe

dΨe
qs

dt
= veqs −Rsi

e
qs −Ψe

dsωe (2.3.22)

It is defined the d − q component voltages behind the stator transient in-

ductance as:

Eds = −ωe(Ψe
qs − Lsi

e
qs)

= −ωe(Lsieqs + Lmi
e
qr − Lsi

e
qs)

= −ωe
Lm
Lr

Ψe
qr (2.3.23)
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Eqs = ωe(Ψ
e
ds − Lsi

e
ds)

= ωe(Lsi
e
ds + Lmi

e
dr − Lsi

e
ds)

= ωe
Lm
Lr

Ψe
dr (2.3.24)

Based on the equations (2.3.23)(2.3.24), they are moved into the voltage

terms on the right-hand side of equation (2.3.22). The desired set of stator

voltage equations of simple transient model can be obtained. The rotor flux

can be assumed to remain constant:

dΨe
ds

dt
= veds −Rsi

e
ds − Eds + Lsi

e
qsωe

dΨe
qs

dt
= veqs −Rsi

e
qs − Eqs − Lsi

e
dsωe (2.3.25)

where the d-q component voltages behind the stator transient inductance are

proportional to the rotor flux linkage. The rotor flux linkages are constant and

the newly defined voltages behind the transient inductance Eds and Eqs will

be constant as well. The stator flux linkages can be expressed only in terms of

stator currents and rotor flux linkages, as below:

Ψe
ds =

Lm
Lr

Ψe
dr + Lsi

e
ds (2.3.26)

Ψe
qs =

Lm
Lr

Ψe
qr + Lsi

e
qs (2.3.27)

After substituting the above equations for stator flux linkages into the deriva-

tive term on the left side of transient model equations (2.3.25), as below:

Ls
dieds
dt

+
Lm
Lr

dΨe
dr

dt
= veds −Rsi

e
ds − Eds + Lsi

e
qsωe (2.3.28)

Ls
dieqs
dt

+
Lm
Lr

dΨe
qr

dt
= veqs −Rsi

e
qs − Eqs − Lsi

e
dsωe (2.3.29)

Now setting the time derivative terms of rotor flux linkages to zero and by

rearranging the equations, we obtain:

Rsi
e
ds + Ls

dieds
dt

+ Eds = veds + Lsi
e
qsωe

Rsi
e
qs + Ls

dieqs
dt

+ Eqs = veqs − Lsi
e
dsωe (2.3.30)
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From the equations given above, the two left-hand side values are assumed

to be produced by the flux and torque controllers. The control process by using

this method can be found in Figure 2.6.
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Figure 2.6: Direct vector control of a voltage-regulated PWM inverter for
induction motor [124]

Adjusting outputs for current terms on the right-hand side of equation

(2.3.30), the desired values for veds and veqs will be obtained. The command

values of a − b − c stator voltages can be derived by the following methods

(2.3.31):

vs∗ds = veds cos θe − veqs sin θe

vs∗qs = veds sin θe + veqs cos θe

v∗as = vs∗qs

v∗bs = −1

2
vs∗qs −

√
3

2
vs∗ds

v∗cs = −1

2
vs∗qs +

√
3

2
vs∗ds (2.3.31)
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2.3.2 Indirect Vector Control (Current Method)

Another commonly used alternative is the indirect vector control, which is

essentially the same as the direct vector control, except the unit vector signals

(cos θe and sin θe) are generated in a feed forward manner.

Figure 2.7: The fundamental principle of indirect vector control diagram

The fundamental principle of an indirect vector control can be illustrated

with the help of Figure 2.7. The stator is aligned with ds − qs axes, and the

rotor is aligned with dr − qr axes, it is moving at speed ωr which is shown

from the figure. During the Figure 2.7, the axes de − qe in rotating reference

frame are rotating ahead of the dr − qr axes by the slip angle θsl. Thus, the

relationship between θe and θsl can be written as:

θe =

∫
ωedt =

∫
(ωr + ωsl)dt = θr + θsl (2.3.32)
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For a decoupling control, the stator flux component of current ieds should

be aligned with the de axis, and the torque component of current ieqs should be

aligned with the qe axis. Combining the rotor circuit equations and rotor flux

linkage equations, it will obtain the following equations (2.3.34):

dΨe
dr

dt
+Re

ri
e
dr − (ωe − ωr)Ψ

e
qr = 0 (2.3.33)

dΨe
qr

dt
+Re

ri
e
qr + (ωe − ωr)Ψ

e
dr = 0 (2.3.34)

And the rotor flux linkage expressions can be given as:

Ψe
dr = Lri

e
dr + Lmi

e
ds (2.3.35)

Ψe
qr = Lri

e
qr + Lmi

e
qs (2.3.36)

From the above two equations, the rotor current form can be written as:

iedr =
1

Lr
Ψe
dr −

Lm
Lr

ieds (2.3.37)

ieqr =
1

Lr
Ψe
qr −

Lm
Lr

ieqs (2.3.38)

With the help of the above two rotor current equations, we put these equations

into the rotor circuit equations and we have:

dΨe
dr

dt
+
Rr

Lr
Ψe
dr −

Lm
Lr

Rri
e
ds − ωslΨ

e
qr = 0

dΨe
qr

dt
+
Rr

Lr
Ψe
qr −

Lm
Lr

Rri
e
qs + ωslΨ

e
dr = 0 (2.3.39)

where ωsl = ωe−ωr. The main idea is to put the rotor flux on the d-axis, thus

it is desirable that: Ψe
qr = 0, will mean

dΨe
qr

dt
= 0, so that the total rotor flux Ψ̂r

is directed on the de-axis. By substituting this into the rotor circuit equations

(2.3.39), we get:

Lr
Rr

dΨ̂r

dt
+ Ψ̂r = Lmi

e
ds (2.3.40)

ωsl =
LmRr

Ψ̂rLr
ieqs (2.3.41)
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Assume rotor flux Ψ̂r is constant, then from above equation, we have: Ψ̂r =

Lmi
e
ds. That means the rotor flux is directly proportional to current ieds in a

steady state.

To implement the indirect vector control strategy, the speed of the control

loop generates the torque component of current ie∗qs. The flux component of

the current ie∗ds for desired rotor flux Ψ̂r can be determined from equation

Ψ̂r = Lmi
e
ds. The variation of magnetising inductance Lm may cause some

drift in the flux. The slip speed ω∗
sl is obtained from ie∗qs by using equation

(2.3.41). The corresponding expression of slip gain Ks is represented as:

Ks =
ω∗
sl

ie∗qs
=
LmRr

Ψ̂rLr
(2.3.42)

A DC machine-like electro-mechanical model of an ideal vector-controlled

drive can be derived by using Equation (2.3.40). Furthermore, torque can be

controlled by adjusting ieqs and slip speed which is ωe − ωr. The rotor flux can

be controlled by regulating ieds. The desired value of ie∗ds can be obtained from

equation (2.3.40). For the desired torque T ∗
e of rotor flux, the desired value of

ie∗qs is given as follows:

T ∗
em =

3

2

P

2

Lm
Lr

Ψ̂ri
e∗
qs (2.3.43)

The field orientation θe is the sum of the rotor angle from the position

sensor θr and the slip angle θsl. So the slip speed relation can be written as:

ω∗
sl = ωe − ωr =

Rr

Lr

ie∗qs
ie∗ds

(2.3.44)

Figure 2.8 has shown an indirect vector control scheme for a current reg-

ulated PWM inverter for induction motor drive. From this figure, noted that

the field orientation θe is the sum of rotor angle from the position sensor θr

and slip angle θsl which from integrating the slip speed.
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Figure 2.8: Indirect vector control of a current regulated PWM inverter for
induction motor [124]

If perpendicular outputs of the form sin θr and cos θr are available from the

shaft encoder, the values of sin θe and cos θe are generated from the following

equations:

sin θe = sin(θr + θsl) = sin θr cos θsl + cos θr sin θsl

cos θe = cos(θr + θsl) = cos θr cos θsl − sin θr sin θsl (2.3.45)

Note that the indirect vector voltage control of induction motors is omitted

in order to save space.

2.4 Simulation and Analysis

Parameters of machine used in the induction machine are given as in Table 2.1.

Where Rs is stator winding resistance; Lls = Llr are stator and rotor leakage

reactance, (xls, xlr) respectively; Lm is stator magnetizing reactance (xm); Rr
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Table 2.1: Parameters of Induction Motor by using vector control

Rs = 3.35Ω Ls = 6.94mH Rr = 1.99Ω

Lm = 163.73mH Jrotor = 0.025kgm2 Irated = Sb/(
√
3 ∗ Vrated ∗ p.f.)

Sb = 750V A Prated = 750W H = J · ωbm · ωbm/2 · Sb
p.f. = 0.8 frated = 60 Vm = Vrated ×

√
2/3

ωbm = 2∗ωb

P
Tb =

Sb

ωbm
Vb = Vm

ωb = 2πfrated Domega = 0 Tfactor = 3P/4ωb

Lr = 6.94mH P = 4 Vrated = 200V

ωe = ωb xM = 1/( 1
xm

+ 1
xls

+ 1
xlr

)

is referred rotor winding resistance; Jrotor is rotor inertia; Sb is rating in VA;

Prated is output power; Vrated is rated line-to-line voltage; p.f. is power factor;

Irated is rated rms current; P is number of poles; frated is rated frequency; ωb is

base electrical frequency; ωe is equal to ωb; ωbm is base mechanical frequency; Tb

is base torque; Zb is base impedance in Ω; Vm is magnitude of phase voltage;

Vb = Vm, which is base voltage; Tfactor is factor for torque expression; xM

is mutual reactance; H is rotor inertia constant in second; Domega is rotor

damping coefficient.

2.4.1 Operating Characteristics

Firstly, this will be implemented as a simulation test of a three-phase induc-

tion motor based on a stationary reference d − q model. The objectives of

the simulation are examining the motoring and generating characteristics of a

motor supplied with sinusoidal voltages. The simulation are used under ode15s

method, and stop at two seconds, a minimum step size is 1e−4 second, a max-

imum step size is 0.01 second.

The characteristics testing are shown in Figure 2.9 and Figure 2.10. From

these figures, after applying the sinusoidal voltages, the rotor speed of induction
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motor can follow the reference speed quickly and smoothly by using indirect

vector current control approach. The magnitude of rotor flux is maintained

well by using this control method.
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Figure 2.9: No-load startup and transient response of voltage and speed
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Figure 2.10: No-load startup and step load response of current, torque and Ψr
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2.4.2 Vector Control

The simulation of a current regulated PWM induction motor with indirect

vector control will be implemented. The objectives of the simulation are: to

examine how well this control keeps rotor flux constant during changes in load

torque, and afterwards, to observe the improvement in dynamic response with

this method of vector control. To avoid long simulation time, the switchings of

PWM converter are omitted. The proportional-integral (PI) torque controller

converts the speed error to a reference torque T ∗
em.

Inside of the field-oriented block, the equations (2.3.40)(2.3.41)(2.3.44) men-

tioned in the section concerning indirect vector control can be used to compute

the values of ie∗ds, i
e∗
qs, and slip speed ω∗

sl.

The angle θe is the sum of slip angle (θsl) and rotor angle (θr). For the

field orientation block, there are reference torque, the d-axis rotor flux, and

the angle θe. In the SIMULINK simulation, from de− qe to the a− b− c block,

the transformations are used to generate the a−b−c reference currents. Three

large shunt resistors are used to generate the input terminal abc phase voltages

to the stator windings of the induction motor.
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Figure 2.11: Startup and loading transients with vector control
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Figure 2.12: Response to changes in reference speed with no-load

Now, plot the values of the reference speed, ωref ; the rotor mechanical

speed, ωrm; the stator a-phase voltage, vag; the stator a-phase current, ias; the

electromagnetic torque, Tem; and the magnitude of the rotor flux, Ψ̂r (Ψdr). All

the simulation results are recorded in Figures 2.11 and 2.12. These two figures

have shown that after changing speed reference periodically, the rotor speed

can also follow the reference value quickly, and the electromagnetic torque are

also changed from positive to negative value.

2.5 Summary

This chapter studies the basic knowledge of modeling and controlling of induc-

tion motor. Coordinates transformation between the three-phase model to the

stationary reference and rotating reference frame are presented. The dynamic

model of the induction motor, including electrical equations, motion equation-

s, and state variables are represented on a different reference frame. The VC

based on the rotor flux and stator flux orientation are discussed extensively.

Both the DVC and IVC of induction motor theory have been investigated.
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Chapter 3

Feedback Linearisation Control

of Induction Motor

This chapter investigates a fully decoupled control of speed and flux dynamics

by using feedback linearisation control. The basic idea of the FLC technique

are reviewed for the single-input single-output (SISO) system and the multi-

input multi-output (MIMO) system. The FLC technique is used to explain

the asymptotical regulation characteristic of the speed and the flux dynamics

achieved by conventional FOC. One example of the FLC approach, called Input

Output Linearisation Control (IOLC), is applied in order to design a fully

decoupled controller for the speed and the flux dynamics. Simulation studies

verify the effectiveness of the proposed IOLC by direct comparison with the

FOC approach.

3.1 Introduction

The induction motor is a typical nonlinear system which has been used widely

as a test benchmark for nonlinear control methods. It is used due to strong

nonlinear interconnected dynamics (these are unmeasurable in some states,

47
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such as rotor current and rotor flux). It should be noted that the parame-

ters involving stator and rotor resistances change during the operation of the

induction motor.

Feedback linearisation control transforms control of the original nonlinear

system into that of a linear system via variable transformation and nonlinear

feedback control. The basic idea is to transform a nonlinear system into a

(fully or partially) linear system firstly, afterwards use the well-known and

powerful linear design techniques to complete the control design. Not with

standing, in its simplest form, feedback linearisation amounts to the cancelling

of nonlinearities in a nonlinear system. Therefore, the closed-loop dynamics

is in a linear form. In the last decade, particular feedback linearisation and

input-output decoupling techniques have proved useful in applications and were

applied even before the theory was fully developed. In fact, the VC of the

induction motor is a typical example, in which the original motivation is to

convert the control of an AC induction motor to that of a DC motor, from

the complex and coupled dynamics to a decoupled one. FOC was proposed

initially in the 1970s. However, nonlinear control theory has only been fully

developed in 1990s.

This chapter will investigate the control of induction motor by using input-

output linearisation. The induction motor will be modeled as a nonlinear

dynamic system in fifth-order, a variable transformation will be found before,

the nonlinear feedback control law can convert the original nonlinear system to

a new linear system. By using a state feedback controller, the exact decoupling

in the control of flux amplitude and speed is achieved.
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3.2 Feedback Linearisation Control Method of

Induction Motor

3.2.1 Single Input Single Output System

In this section, we review the basic results of nonlinear feedback linearisation

control of a single-input single-output (SISO) nonlinear system. This method

employs a transformation of coordinates and feedback control to transform a

nonlinear system into a system which dynamic is linear (at least partial). It

includes two kinds of approach: input-state linearisation (where the full state

equation is linearised) and the input-output linearisation, (where the emphasis

is on linearising the input-output map from input u to output y even if the

state equation is only partially linearised).

We consider a SISO affine nonlinear system represented by:

ẋ = f(x) + g(x)u (3.2.1)

y = h(x) (3.2.2)

where x ∈ Rn is the state vector, u ∈ R the input, y ∈ R the output. f(x),

g(x) : Rn → Rn, h : Rn → R smooth vector fields on the state space Rn. We

will assume f(x0) = 0, h(x0) = 0, i.e., x0 ∈ Rn is an equilibrium point of the

unforced system.

The point of departure of the whole analysis of the exact linearisation via

feedback is the notion of relative degree of the system.

Definiton 3.1. Nonlinear system (3.2.1) (3.2.2) is said to have a relative

degree r, r ≤ n, at point x0 if

• LgLkf (x)h(x) = 0, ∀ x in a neighbourhood of x0 and k ≤ r − 2;

• LgLr−1
f (x)h(x) ̸= 0.
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where x0 ∈ Rn, Lf (ϕ(x)) : Rn → R and Lg(ϕ(x)) : Rn → R represent for the

Lie derivative of ϕ(x) with respect to f(x) and g(x) respectively, and

L0
f (h(x)) = h(x)

Lkf (h(x)) =

[
∂

∂x
Lk−1
f (h(x))

]
f(x)

Lg
(
Lkf (h(x))

)
=

[
∂

∂x
Lkf (h(x))

]
g(x).

Input-State Linearisation

In this section, the state equation of input-state linearisation is given as:

ẋ = f(x) + g(x)u (3.2.3)

where f and g are vector fields. System (3.2.1) and (3.2.2) is fully linearisable

if there exists a diffeomorphism Ψ : U → Rn such that D = Ψ(U) ∈ Rn and

the state transformation z = Ψ(x) transforms the system into the form:

ż = Az +B(α(x) + β(x)u) (3.2.4)

y = Cz (3.2.5)

where (A,B) is controllable and β(z) is nonsingular ∀z ∈ D.

With the system in form (3.2.4) and (3.2.5), we can linearise it exactly by

the state feedback control as:

u = (−α(z) + v)/β(z) (3.2.6)

to obtain the linear system

ż = Az +Bv (3.2.7)

y = Cz, (3.2.8)

where v is the linear system control.
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Consider the nonlinear system (3.2.1) and (3.2.2) having the relative degree

r = n. This is exactly equal to the dimension of the state space, at the point

x0. In this case, the change of coordinates is required to construct the normal

form is exactly given by

Φ(x) =


ϕ1(x)

ϕ2(x)
...

ϕn(x)

 =


h(x)

Lfh(x)
...

Ln−1
f h(x)

 (3.2.9)

i.e. by the function h(x) and its first n− 1 derivatives along f(x).

In the new coordinates

zi = ϕi(x) = Li−1
f h(x), 1 ≤ i ≤ n, (3.2.10)

the system (3.2.1) will be described in the following form:

ż1 = z2
...

żn−1 = zn

żn = α(z) + β(z)u

(3.2.11)

where z = (z1, ..., zn)
T , α(z) = Lnfh(x)|x=Ψ−1(z), and β(z) = LgL

n−1
f h(x)|x=Ψ−1(z).

It should be recalled at the point of z0 = Φ(x0), and in all further z in a neigh-

bourhood of z0, the function β(z) is nonzero. Now, if we choose the state

feedback control law (3.2.6) which indeed exists and is well-defined in a neigh-

bourhood of z0. Imposing this feedback control yields a linear and controllable

canonical system characterised by equations (3.2.7) and (3.2.8), where A,B and
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C are given by:

A =



0 1 0 · · · 0

0 0 1 · · · 0
...

...

0 0 0 · · · 1

0 0 0 · · · 0


, B =



0

0
...

0

1


, C =

[
1 0 · · · 0 0

]

(3.2.12)

The problem of finding an output function λ(x) such that the relative degree

of the system at x0 is exactly n, namely a function such that

Lgλ(x) = LgLfλ(x) = · · · = LgL
n−2
f λ(x) = 0 ∀x (3.2.13)

LgL
n−1
f λ(x) ̸= 0 (3.2.14)

is apparently a problem of resolving partial differential equations of the system.

It has been proven that above conditions are equivalent to

adi−1
f λ(x) = 0, 1 ≤ i ≤ n− 1

adn−1
f λ(x0) ̸= 0, (3.2.15)

where

ad0fg(x) = g(x)

ad1fg(x) = [f, g]

=
∂g

∂x
f(x)− ∂f

∂x
g(x)

adkfg(x) = [f, adk−1
f g](x), k = 0, 1, · · · , n− 1, (3.2.16)

are called Lie products.

Equation (3.2.15) can be written as:

∂λ(x)

∂x

[
g(x) adfg(x) · · · adn−2

f g(x)
]
= 0. (3.2.17)

If equation (3.2.17) is solvable in a neighbourhood of x0, there exists a function

λ(x) such that the system (3.2.1) has relative degree n at x0. The well-known
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conditions (necessary and sufficient) for the solution of the state space exact

linearisation problem are the following:

A.1 Matrix
[
g(x0) ad

1
fg(x0) · · · adn−1

f g(x0)
]
has rank n.

A.2 Distribution D = span
[
g ad1fg · · · adn−2

f g
]
is involutive in a neighbour-

hood of x0.

The above feedback linearisation is an exact input-state linearisation. The

transformation of a nonlinear system into a linear one involves solving the first-

order partial differential equation (3.2.17), which is normally quite difficult.

Input-Output Linearisation

When certain output variables are of interest, as in tracking control problem-

s, the system is described by state and output equations. If system (3.2.1)

and (3.2.2) has relative degree n, then it is both input-state and input-output

linearisable. In the input/output linearisation procedure, output y is differenti-

ated, with respect to time, r times until the control input u appears explicitly.

The r-th derivative of y with respect to time could be written as:

dry

dtr
= αr(x) + βr(x)u (3.2.18)

where αr(x) = Lrfh(x) and βr(x) = LgL
r−1
f h(x). If β(x) ̸= 0, the nonlinear

feedback control law

u = βr(x)
−1 [−αr(x) + v] (3.2.19)

yields a rth-order linear SISO system

v =
dry

dtr
(3.2.20)

where v ∈ R is the control input of the linear system.
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As system (3.2.1) and (3.2.2) has a relative degree r, r < n at x0. For this

purpose there exists n− r smooth functions ψr+1(x),· · · , ψn(x) such that

ξ ,

 z

φ

 ,



h(x)
...

Lr−1
f h(x)

ψr+1(x)
...

ψn(x)


, Ψ(x) (3.2.21)

is a local diffeomorphism and satisfies

Lgψi(x) = 0, i = r + 1, · · · , n, (3.2.22)

and Ψ(x0) = 0.

System (3.2.1) and (3.2.2) can be transferred into the following form:

ż = Arz +Br[αr(x) + βr(x)u] (3.2.23)

φ̇ = q(z, φ) (3.2.24)

y = Crz, (3.2.25)

where Ar ∈ Rr×r, B ∈ Rr×1, C ∈ R1×r are given by

Ar =



0 1 0 · · · 0

0 0 1 · · · 0
...

...

0 0 0 · · · 1

0 0 0 · · · 0


, Br =



0

0
...

0

1


, C =

[
1 0 · · · 0 0

]

(3.2.26)

and

αr(ξ) = LgL
r−1
f h(Ψ−1(ξ))

βr(ξ) = Lrfh(Ψ
−1(ξ))

qi(ξ) = Lfψi(Ψ
−1(ξ)), i = r + 1, · · · , n.

If a nonlinear system is in minimum-phase, there always exists a smooth

state-feedback control to make the whole system locally stable.
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Internal Dynamics and Zero-Dynamics of Linearized Systems

In general, it is very difficult to determine the stability of the internal dynamics

directly due to its nonlinearity as it is coupled to the “external” closed-loop

dynamics. Even though a Lyapunov analysis can be very useful for a few sys-

tems, it is difficult to find a Lyapunov function. Therefore, a part of the system

dynamics has been rendered ”unobservable” in the input-output linearisation.

This part of the dynamics is called the internal dynamics, because it remains

unseen from the external input-output relationship. It can be further illustrat-

ed by the following example:

 ẋ1

ẋ2

 =

 x32 + u

u


y = x1 (3.2.27)

Assume that the control objective is to make y track yd(t). Differentiation of

y simply leads to the first state equation which is ẏ = ẋ1 = x32 + u. Choosing

the control law:

u = −x32 − e(t) + ẏd(t) (3.2.28)

where ė+ e = 0. The same control input is also applied to the second dynamic

equation, and leading to the internal dynamics:

ẋ2 + ẋ32 = ẏd − e (3.2.29)

where the internal dynamics is nonlinear. However, in view of the facts that e

is guaranteed to be bounded by ė + e = 0 and ẏd is assumed to be bounded,

we have:

|ẏd(t)− e| ≤ D (3.2.30)

where D is a positive constant. Therefore, equation (3.2.28) does represent a

satisfactory tracking control law for the system (3.2.27), given any trajectory
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yd(t) whose derivative ẏd(t) is bounded. Conversely, it’s easy to show that if

the second state equation in (3.2.27) is replaced by ẋ2 = −u, then the resulting

internal dynamics is unstable.

The stability of the internal dynamics for linear systems is simply deter-

mined by the locations of the zeros. It is interesting to see whether this relation

can be extended to nonlinear systems. Firstly, it is necessary to extend the

concept of zero to nonlinear systems, and then determine the relation of the

internal dynamics stability to this extended concept of zero. Extending the

notion of zero to nonlinear systems is not a trivial proposition. Hence, the

transfer functions of linear system zeros which they are based on. This can

not be defined for nonlinear systems. Zeros are intrinsic properties of a linear

system. In contrast to nonlinear systems, where the stability of the internal

dynamics may depend on the specific control input.

A way to approach these difficulties is to define the so-called zero-dynamics

for a nonlinear system. The zero-dynamics is defined to be the internal dy-

namics of the system when the system output is kept at zero by the input. For

example, for the system (3.2.27), the zero-dynamics is:

ẋ2 + x32 = 0 (3.2.31)

It should be noted that the specification of maintaining the system output at

zero uniquely defines the required input. We see that the zero-dynamics is

an intrinsic property of a nonlinear system. Therefore, the reason to define

and study the zero-dynamics is to discover a simpler way of determining the

stability of the internal dynamics. For linear systems, the stability of the zero-

dynamics implies the global stability of the internal dynamics. However, in

nonlinear systems, the relation is not so clear.

Two useful remarks can be made about the zero-dynamics of nonlinear

systems. First, the zero-dynamics is an intrinsic feature of a nonlinear system,

which does not depend on the choice of control law or the desired trajectories.
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Second, examining the stability of zero-dynamics is much easier than examining

the stability of internal dynamics, because the zero-dynamics only involves the

internal states.

3.2.2 Multi Input Multi Output Systems

The concepts concerning SISO systems, such as input-state linearisation, input-

output linearisation, and zero-dynamics, can be extended to the multiple input

multiple output systems (MIMO). In the MIMO systems, the system should

be considered to have the same numbers of inputs and outputs, as follows:

ẋ = f(x) + g1(x)u1 + · · ·+ gm(x)um

y1 = h1(x)

· · ·

ym = hm(x) (3.2.32)

where the value of x is the state vector, um(s) are control inputs and ym(s) are

system outputs, f(x) and g(x) are smooth vector fields, and h(x) are smooth

scalar functions. If we put the control inputs ui (i=1,...,m) into vector u, the

corresponding vector g(x) placed into matrix G, and then outputs yj (j=1,...,m)

placed into a vector y. The new equations of the system can be compactly

written as:

ẋ = f(x) +G(x)u

y = h(x) (3.2.33)

In order to obtain the input-output linearisation of the MIMO systems, it

is required to differentiate the outputs yj of the system until the inputs appear.

This step is similar to the SISO case. Now start with the following equation:

ẏj = Lfhj +
m∑
i=1

(Lghj)ui (3.2.34)
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If Lghj = 0 for all i, then the inputs cannot be seen from the outputs and we

must repeat the differentiation. If the above procedure has been performed for

each output yj, the total equations in above form can be written compactly as

follows: 
yr11

· · ·

· · ·

yrmm

 =


Lr1f h1(x)

· · ·

· · ·

Lrmf hm(x)

+ E(x)


u1

· · ·

· · ·

um

 (3.2.35)

where rj (j=1,...,m) is the smallest integer such that at least one of the inputs

appear in yrjj . The m×m matrix E(x) can be defined as:

E(x) =


LgL

r1−1
f h1 · · · · · · LgL

r1−1
f h1

· · · · · · · · · · · ·

· · · · · · · · · · · ·

LgL
rm−1
f h1 · · · · · · LgL

rm−1
f h1

 (3.2.36)

The matrix E(x) can be called as the decoupling matrix for MIMO system.

The input transformation can be obtained from the following equation:

u = −E−1


Lr1f h1(x)

· · ·

· · ·

Lrmf hm(x)

+ E−1


v1

· · ·

· · ·

vm

 (3.2.37)

and a linear differential relation between the output y and the new input v is:
yr11

· · ·

· · ·

yrmm

 =


v1

· · ·

· · ·

vm

 (3.2.38)

From the above input-output equation (3.2.38), it is easy to see the relation

is decoupled. Resulting in a linear system. The input vi only affects the
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corresponding output yi. The equation (3.2.37) is called a decoupling control

law. After the decoupling, the equation can be used as SISO design on each

y-v channel as demonstrated by decoupled dynamics (above) in order to build

stabilisation controllers.

3.3 Modeling of Induction Motor

In Chapter Two, the detailed model of induction motors in stationary reference

frame and rotating reference frame have discussed. However, in this chapter,

the modeling of induction motor will be investigated in another simpler form,

in order to design the following observers. Based on the general theory of

electric machines, an induction motor consists of a three-phase stator and rotor

windings. A two phase equivalent machine can be described as a two stator

and two rotor windings [51]. Their equations are displayed as follows,

usas = isasRs +
dψsas
dt

(3.3.1)

usbs = isbsRs +
dψsbs
dt

(3.3.2)

0 = iedrRr +
dψedr
dt

(3.3.3)

0 = ieqrRr +
dψeqr
dt

(3.3.4)

where i is current, R is resistance, ψ is flux linkage, and us denote stator

voltage. All of them are input into the machine. The subscripts s and r stand

for stator and rotor, and the superscripts s denote the components of a vector

with respect to a stator reference frame. Superscripts e denotes the components

of a vector with respect to a frame rotating at speed npωr, where np denotes

the number of pole pairs of the induction machine and ωr is the rotor speed.

If δ denotes an angle, we have:

dδ

dt
= npωr (3.3.5)
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Rotor currents and rotor fluxes from the rotating reference frame to the sta-

tionary reference frame are as follows: isar

isbr

 =

 cos δ − sin δ

sin δ cos δ

 iedr

ieqr

 (3.3.6)

 ψsar

ψsbr

 =

 cos δ − sin δ

sin δ cos δ

 ψedr

ψeqr

 (3.3.7)

Applying the transformations from above equations (3.3.1) to (3.3.7) and we

obtained

usas = isasRs +
dψsas
dt

usbs = isbsRs +
dψsbs
dt

0 = isarRr +
dψsar
dt

+ npωrψ
s
br

0 = isbrRr +
dψsbr
dt

− npωrψ
s
ar (3.3.8)

Note that under the assumptions of linearity of the magnetic circuits, the

equal mutual inductances in conjunction with the neglecting of the iron loss,

the magnetic equations are shown as follows:

ψsas = Lsi
s
as + Lmi

s
ar

ψsbs = Lsi
s
bs + Lmi

s
br

ψsar = Lri
s
ar + Lmi

s
as

ψsbr = Lri
s
br + Lmi

s
bs (3.3.9)

where Ls and Lr are autoinductances, Lm is the mutual inductance. In fact,

fluxes and currents in equation (3.3.1) to the equation (3.3.4) are related by

δ-dependent auto and mutual inductances.

Now eliminating stator currents and flux linkages by using the above equations,
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we obtain:

usas = isasRs +
Lm
Lr

dψsar
dt

+ (Ls −
L2
m

Lr
)
disas
dt

usbs = isbsRs +
Lm
Lr

dψsbr
dt

+ (Ls −
L2
m

Lr
)
disbs
dt

0 =
Rr

Lr
ψsar −

Rr

Lr
Lmi

s
as +

dψsar
dt

+ npωrψ
s
br

0 =
Rr

Lr
ψsbr −

Rr

Lr
Lmi

s
bs +

dψsbr
dt

− npωrψ
s
ar (3.3.10)

The torque produced by the machine is expressed in terms of stator currents

and rotor fluxes as:

T =
npLm
Lr

(ψsari
s
bs − ψsbri

s
as) (3.3.11)

Then the rotor dynamics are:

dωr
dt

=
npLm
JLr

(ψsari
s
bs − ψsbri

s
as)−

TL
J

(3.3.12)

where J is the moment of inertia of the rotor and TL is the load torque. By

adding the rotor dynamics (3.3.12) to the electromagnetic dynamics equations

(3.3.10) and then rearranging these equations in state space form. Finally, the

overall dynamics of an induction motor under the assumptions of equal mutual

inductances and linear magnetic circuit are given by the fifth-order model,

which were given as follows:

dωr
dt

=
npLm
JLr

(ψsari
s
bs − ψsbri

s
as)−

TL
J

dψsar
dt

= −Rr

Lr
ψsar − npωrψ

s
br +

Rr

Lr
Lmi

s
as

dψsbr
dt

= −Rr

Lr
ψsbr + npωrψ

s
ar +

Rr

Lr
Lmi

s
bs (3.3.13)

disas
dt

=
LmRr

σLsL2
r

ψsar +
npLm
σLsLr

ωrψ
s
br − (

L2
mRr + L2

rRs

σLsL2
r

)isas +
1

σLs
usas

disbs
dt

=
LmRr

σLsL2
r

ψsbr −
npLm
σLsLr

ωrψ
s
ar − (

L2
mRr + L2

rRs

σLsL2
r

)isbs +
1

σLs
usbs

where i, us, and ψ denote current, stator voltage input to the machine, flux

linkage. Note that the subscripts s and r stand for stator and rotor, and (a,
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b) denote the components of a vector with respect to a fixed stator reference

frame. We made σ = 1 − (L2
m/LsLr). Now, we are going to get rid of the

subscripts s and r, we will only use stator currents and rotor fluxes as state

variables.

Firstly, we use x = (ωr, ψa, ψb, ia, ib)
T as the state variables, and get:

p = (p1, p2)
T = (TL − TLN , Rr −RrN)

T (3.3.14)

where p is the unknown parameter deviations from the nominal values TLN

and RrN of load torque TL and rotor resistance Rr.

Secondly, let u = (ua, ub)
T be the control vector. We are using the following

equations:

α =
Rr

Lr
(3.3.15)

β =
Lm

σLsLr
(3.3.16)

γ =
L2
mRr

σLsL2
r

+
Rs

σLs
(3.3.17)

µ =
npLm
JLr

(3.3.18)

as a reparameterisation of the induction motor model, where α, β, γ, µ are

known parameters depending on the nominal value RrN .

Finally, the fifth-order model system can be obtained as:

ẋ = f(x) + p1f1(x) + p2f2(x) + gaua + gbub (3.3.19)

where the vector fields f , f1, f2, ga, gb are written as:

f(x) =



µ(ψaib − ψbia)− TLN

J

−αψa − npωrψb + αLmia

−αψb + npωrψa + αLmib

αβψa + npβωrψb − γia

αβψb − npβωrψa − γib


(3.3.20)
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f1(x) =



−1
J

0

0

0

0


f2(x) =



0

−ψa + Lmia

−ψb + LmMib

βψa − Lmβia

βψb − Lmβib


(3.3.21)

ga =
(

0 0 0 1
σLs

0
)T

gb =
(

0 0 0 0 1
σLs

)T (3.3.22)

where x = (ωr, ψa, ψb, ia, ib)
T is state vector of the system. (ia, ib) is stator

current. (ψa, ψb) is rotor flux. ωr is rotor speed. Stator voltage consists of two

control variables (ua, ub).

3.4 Interpreting Vector Control as Partial Feed-

back Linearisation Control

There is a classical control technique for induction motors which is called the

VC. As introduced by Blaschke in 1971. It includes the transformation of the

stator current vector (ia, ib) and rotor flux vector (ψa, ψb) in the fixed stator

stationary reference frame, into vector in the rotating reference frame which

rotate along with the flux vector (ψa, ψb). As stated before, let’s define:

ρ = arctan
ψsb
ψsa

(3.4.1)

the transformations can be written as, ied

ieq

 =

 cos ρ sin ρ

− sin ρ cos ρ

 isa

isb

 (3.4.2)

 ψed

ψeq

 =

 cos ρ sin ρ

− sin ρ cos ρ

 ψsa

ψsb

 (3.4.3)
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where cos θe = ψsa/|ψ|, and sin θe = ψsb/|ψ|, with |ψ| =
√
(ψsa)

2 + (ψsb)
2, from

equation (3.4.2) and equation (3.4.3), we obtained

ied =
ψsai

s
a + ψsb i

s
b

|ψ|

ieq =
ψsai

s
b − ψsb i

s
a

|ψ|
ψed =

√
(ψsa)

2 + (ψsa)
2 = |ψ|

ψeq = 0 (3.4.4)

It can be explained that vector control as a state feedback transformation into

a control system of simpler structure. Now defining the state space change of

coordinates:

ied =
ψsai

s
a + ψsb i

s
b

|ψ|

ieq =
ψsai

s
b − ψsb i

s
a

|ψ|

ρ = arctan
ψsb
ψsa

ψed =
√
ψ2
a + ψ2

b

ωr = ωr (3.4.5)

And the state feedback can be represented as follows: usa

usb

 = |ψ|

 ψsa ψsb

−ψsb ψsa

−1 ued

ueq

 (3.4.6)

The fifth-order system in Chapter two is applied to the following equations:

dψed
dt

= −αψed + αLmi
e
d

dρ

dt
= npωr + αLm

ieq
ψed

died
dt

= −γied + αβψed + npωri
e
q + αLm

(ieq)
2

ψed
+

1

σLs
ued

dieq
dt

= −γieq − βnpωrψ
e
d − npωri

e
d − αLm

iedi
e
q

ψed
+

1

σLs
ueq

dωr
dt

= µψedi
e
q −

TL
J

(3.4.7)
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The nonlinear state feedback control, is defined as: ued

ueq

 = σLs

 −αβψed − npωri
e
q − αLm

(ieq)
2

ψe
d

+ ved

βωrnpψ
e
d + npωri

e
d + αLm

iedi
e
q

ψe
d
+ veq

 (3.4.8)

The equation is placed into the state feedback equation which is (3.4.6), it

becomes: usa

usb

 = σLs|ψ|

 ψsa ψsb

−ψsb ψsa

−1 −αβψed − npωri
e
q − αLm

(ieq)
2

ψe
d

+ ved

βωrnpψ
e
d + npωri

e
d + αLm

iedi
e
q

ψe
d
+ veq


(3.4.9)

When the fifth-order system equations have been transformed, we can obtain

the following closed-loop system:

dψed
dt

= −αψed + αLmi
e
d

died
dt

= −γied + vd

dωr
dt

= µψedi
e
q −

TL
J

dieq
dt

= −γieq + vq

dρ

dt
= npωr + αLm (3.4.10)

From the closed-loop system (displayed in equations 3.4.10), there is a simpler

structure for flux amplitude dynamics which are linear,

dψed
dt

= −αψed + αLmi
e
d

died
dt

= −γied + vd (3.4.11)

where flux amplitude can be independently controlled by vd such as via a PI

controller, and it is given as

vd = −kd1(ψed − ψedref )− kd2

∫ t

0

(ψed(τ)− ψedref )dτ (3.4.12)
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When the flux amplitude ψed was regulated to the constant reference value

ψedref , rotor speed dynamics are linear as well,

dωr
dt

= µψedref i
e
q −

TL
J

dieq
dt

= −γieq + vq (3.4.13)

where rotor speed can be controlled independently by vq, for example, we can

use two nested loops of PI controllers:

vq = −kq1(T − Tref )− kq2

∫ t

0

(T (τ)− Tref (τ))dτ

Tref = −kq3(ωr − ωref )− kq4

∫ t

0

(ωr(τ)− ωref )dτ

T = µψedi
e
q (3.4.14)

If rotor speed ω and flux amplitude ψd are defined as outputs, field-oriented

control achieves asymptotic input-output linearisation, and then decoupling

via the nonlinear state feedback.

During flux transient the nonlinear term ψedi
e
q in equations (3.4.10) makes four

relatives equations in (3.4.10) also nonlinear and coupled. In the end, speed

transients are difficult to evaluate and may be unsatisfactory. The next part

will solve this problem.

3.5 Input-Output Feedback Linearization Con-

trol of Induction Motor

Vector control can be improved by achieving input-output decoupling and lin-

earisation via a nonlinear state feedback control. This is not as complex as

equation (3.4.9). This technique will be reviewed first, before investigating the

adaptive control in Chapter Four.

Before proceeding, we need to review a few basic concepts from differential

geometry. When dealing with stability in the sense of Lyapunov, the notion

Advanced Control of Induction Motors Wei Zhang



3.5 Input-Output Feedback Linearization Control of Induction Motor 67

of “time derivative of a scalar function V along the trajectories of a system

ẋ = f(x)” is frequently used. As we know, given V: D → R and ẋ = f(x), we

can have:

V̇ =
∂V

∂x
ẋ = ∇V f(x) = LfV (x) (3.5.1)

Let’s consider a scalar function ϕ: D ⊂ Rn → R and a vector field f: D ⊂

Rn → Rn. The Lie derivative of ϕ, with respect to f which denotes as Lfϕ, is

given by:

Lfϕ(x) =
∂ϕ

∂x
f(x) (3.5.2)

Thus, going back to Lyapunov functions, V̇ is merely the Lie derivative of V

with respect to f(x). The Lie derivative notation is usually more insightful by

using at higher order derivatives. This needs to be calculated. It should be

noted, two vector fields f and g: D ⊂ Rn → Rn, so we have:

Lfϕ(x) =
∂ϕ

∂x
f(x) Lgϕ(x) =

∂ϕ

∂x
g(x)

and

LgLfϕ(x) = Lg[Lfϕ(x)] =
∂(Lfϕ)

∂x
g(x) (3.5.3)

Further, when the special case has happened, that’s f = g, the following

equation can be obtained:

LfLfϕ(x) = L2
fϕ(x) =

∂(Lfϕ)

∂x
f(x) (3.5.4)

After understanding these concepts, We know the outputs to be controlled are

ωr and ψ
e
d (also given as (ψsa)

2 + (ψsb)
2). Let’s define the change of coordinates

to assist the Lie derivative:

y1 = ϕ1(x) = ωr

y2 = Lfϕ1(x) = µ(ψsai
s
b − ψsb i

s
a)−

TL
J

y3 = ϕ2(x) = (ψsa)
2 + (ψsb)

2

y4 = Lfϕ2(x) = −2α((ψsa)
2 + (ψsb)

2) + 2αLm(ψ
s
ai
s
a + ψsb i

s
b)

y5 = arctan(
ψsb
ψsa

) = ϕ3(x) = ρ (3.5.5)
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where the above equations must obey that y3 > 0, −90 ≤ y5 ≤ 90. Using the

previous equations and the inverse transformation, we can obtain,

ωr = y1

ψsa =
√
y3 cos y5

ψsb =
√
y3 sin y5

isa =
1

√
y3
[− 1

µ
sin y5(y2 +

TLN
J

) + cos y5(
y4 + 2αy3
2αM

)]

isb =
1

√
y3
[sin y5(

y4 + 2αy3
2αM

) +
1

µ
cos y5(y2 +

TLN
J

)] (3.5.6)

The dynamics of the induction motor, with nominal parameters, are given new

coordinates by the following equations:

ẏ1 = y2

ẏ2 = L2
fϕ1 + LgaLfϕ1u

s
a + LgbLfϕ1u

s
b

ẏ3 = y4

ẏ4 = L2
fϕ2 + LgaLfϕ2u

s
a + LgbLfϕ2u

s
b

ẏ5 = Lfϕ3 (3.5.7)

The first four equations in (3.5.7) can be rewritten as: ÿ1

ÿ3

 =

 L2
fϕ1

L2
fϕ2

+D(x)

 usa

usb

 (3.5.8)

where L2
fϕ1 and L2

fϕ2 are given as following:

L2
fϕ1 = −µβnpωr[(ψsa)2 + (ψsb)

2]− µ(α + γ)(ψsai
s
b − ψsb i

s
a)− µnpωr(ψ

s
ai
s
a + ψsb i

s
b)

L2
fϕ2 = (4α2 + 2α2βLm)[(ψ

s
a)

2 + (ψsb)
2] + 2αLmnpωr

(ψsai
s
b − ψsb i

s
a)− (6α2Lm + 2αγLm)(ψ

s
ai
s
a + ψsb i

s
b)

+2α2L2
m[(i

s
a)

2 + (isb)
2] (3.5.9)
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where D(x) in equation (3.5.8) is the decoupling matrix. It can be defined as:

D(x) =

 LgaLfϕ1 LgbLfϕ1

LgaLfϕ2 LgbLfϕ2

 =

 − µ
σLs

ψsb
µ
σLs

ψsa
2αLm

σLs
ψsa

2αLm

σLs
ψsb

 (3.5.10)

And then

Det[D] = −2
αµLm
(σLs)2

[(ψsa)
2 + (ψsb)

2] ̸= 0 (3.5.11)

D(x) is nonsingular for (ψsa)
2 + (ψsb)

2 ̸= 0.

The dynamics of the flux angle y5 are:

dy5
dt

=
dϕ3

dt
= npωr +

αLm
(ψsa)

2 + (ψsb)
2
(ψsai

s
b − ψsb i

s
a) = npy1 +

RrN

npy3
(Jy2 + TLN)

(3.5.12)

The input-output linearisation feedback for system (3.5.7) if given by the fol-

lowing  usa

usb

 = D−1(x)

 L2
fϕ1

L2
fϕ2

+

 vsa

vsb

 (3.5.13)

Note that v = (va, vb)
T is the new input vector. It is now possible to make

some transformations and substitutions (3.5.13) into the equations (3.5.7). The

closed-loop dynamics become the y-coordinates:

ẏ1 = y2

ẏ2 = va

ẏ3 = y4

ẏ4 = vb

ẏ5 = npy1 +
RrN

np

1

y3
(Jy2 + TLN) (3.5.14)

In order to track the desired reference signals of ωref and ψ
2
ref for the speed

(y1 = ωr) and the square of flux modulus (y3 = ψ2
a + ψ2

b ), the input signals of

va and vb in the equation (3.5.13) can be designed as follows:
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va = −ka1(y1 − ωref (t))− ka2(y2 − ω̇ref (t)) + ω̈ref (t)

= −ka1(ωr − ωref (t))− ka2[µ(ψ
s
ai
s
b − ψsb i

s
a)

−TLN
J

− ω̇ref (t)] + ω̈ref (t) (3.5.15)

vb = −kb1(y3 − |ψ|2ref )− kb2(y4 − |ψ̇|2ref ) + |ω̈|2ref

= −kb1((ψsa)2 + (ψsb)
2 − |ψ|2ref )− kb2[2α(Lm(ψ

s
ai
s
a + ψsb i

s
b)

−(ψsa)
2 + (ψsb)

2)− |ψ̇|2ref ] + |ψ̈|2ref (3.5.16)

where the constant design parameters (ka1, ka2), and (kb1, kb2) are to be

determined to make the decoupled linear second-order systems asymptotically

stable, which is:

d2

dt2
(ωr − ωref ) = −ka1(ωr − ωref )− ka2

d

dt
(ωr − ωref )

d2

dt2
(|ψ|2 − |ψ|2ref ) = −kb1(|ψ|2 − |ψ|2ref )− kb2

d

dt
(|ψ|2

−|ψ|2ref ) (3.5.17)

The construction diagram by using feedback linearisation controller is shown

in Figure 3.1.

3.6 Simulation and Analysis

Simulation studies are carried out based on Matlab/Simulink. Parameters of a

induction motor in [51] were used and listed in the Table 3.1 as shown below.

The simulation test includes the following two scenarios: 1) start-up of the

unloaded motor to reach the rated speed and rated rotor flux amplitude, and

then speed regulation under rated flux magnitude. 2) speed regulation under

a load torque which is unknown to the controller.
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Figure 3.1: Diagram of the induction motor by using feedback linearisation
controller

Table 3.1: Parameter of Induction Motor

Rs = 0.18Ω Ls = 0.0699H Rr = 0.15Ω

M = 0.068H Jrotor = 0.0586Kgm2 Tr =
Lr

Rr
= 0.466

Lr = 0.0699H Γ = M2Rr

∆LsL2
r+Rs/(∆Ls)

Np = 1

α = Rr

Lr
= 2.14592 β = M

∆LsLr
= 259.53223 µ = NpM

JLr

3.6.1 Decoupled Dynamics Without External Disturbances

The speed regulation response are shown in Figure 3.2 and Figure 3.3, respec-

tively. The flux is regulated to achieve a rated level 1.2Wb at 1s, the step

change of the speed happens at 2s from 0 to 200rad/s. At 5s, the speed refer-

ence rises from 200rad/s to a high speed range of 300rad/s at the same time

the flux reference is reduced from 1.2Wb to 0.8Wb to avoid the high voltage

based on the flux-weaken principle. The result show that both controllers can

provide a satisfactory response. While the IOLC has a much smaller overshoot
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Figure 3.2: Speed regulation response without load by using FOC

of the speed response which is within the range of ±5rad/s. In contrast to the

FOC which is within the range of ±20rad/s. Similarly, as shown in Figure 3.4

and Figure 3.5, the range of flux error in the FOC is larger than the IOLC.

The control input signals ua and ub of the FOC and the IOLC are similar, as

represented in Figure 3.6 and Figure 3.7.

3.6.2 Performance Under Unknown Load Torque

The unknown load torque is simulated to test performance of both the FOC

and IOLC as represented by Figure 3.8. The load torque TL(t) = 50+5sin(2t)

is simulated from 10s. Speed responses under unknown load conditions, are

shown in Figures 3.9 and 3.10. This demonstrates that the FOC can not

maintain the regulation of speed under an unknown load torque, whilst the

IOLC can still maintain the zero regulation error. The response of flux for

both controllers are not affected by the load variation, as shown in Figures 3.11

and 3.12. It should also be noted that the control input of both controllers are

almost same.
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Figure 3.3: Speed regulation response without load by using IOLC

3.7 Summary

In this chapter, the feedback linearisation control has been applied to the con-

trol induction motor. After representing the induction motor in a convenient

state space form, FOC has been re-investigated as a partial feedback lineari-

sation control which can only achieve the partial decoupling of the dynamics

of speed and flux. The input-output linearisation has been applied for con-

trol of induction motor, in which the dynamic of speed and flux can be fully

decoupled. According to simulated results it can be found, that without exter-

nal disturbances, the feedback linearisation control approach can provide an

improved decoupled dynamic in comparison with VC. It should pointed out

that both methods have a weak robustness against parameter uncertainties

and un-modeled dynamics, which will be addressed in the following chapters.
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Figure 3.4: Flux response by using FOC
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Figure 3.5: Flux response by using IOLC
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Figure 3.6: Control output of field-oriented control
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Figure 3.7: Control output of input-output linearisation control
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Figure 3.8: Unknown load torque from 10s
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Figure 3.9: Speed response of FOC under load variation
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Figure 3.10: Speed response of IOLC under load variation
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Figure 3.11: Flux response with load torque by using FOC
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Figure 3.12: Flux response with load torque by using IOLC
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Figure 3.13: Input voltage signals ua & ub of FOC with load torque
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Figure 3.14: Input voltage signals ua & ub of IOLC with load torque
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Chapter 4

Nonlinear Adaptive Control of

Induction Motor: State

Feedback

This chapter investigates a nonlinear adaptive control of an induction motor

based on adaptive feedback linearisation and perturbation estimation. The

induction motor is represented by two subsystems: a speed subsystem and a

flux subsystem, in an input/output linearisation format at first. Two second-

order high-gain perturbation observers are designed to estimate the real time

perturbation term. Subsequently, a state feedback control has been derived

by cancelling the real perturbation with the estimated one. Bounded and

asymptotical tracking results are then obtained. A simulation based on MAT-

LAB/Simulink is presented.

4.1 Introduction

The induction motor is a nonlinear system with unmeasured states (rotor cur-

rents and rotor flux) and time varying parameters (rotor resistance and load

80



4.1 Introduction 81

torque). Further, over the past few decades, a number of nonlinear control tech-

niques have been applied to the induction motor control [37][4]. One of the

most significant techniques in this area is the VC which uses partial feedback

linearisation and PI control. To improve VC, the input/output linearisation

control based on differential geometric was proposed [37]. Both VC and IOLC

require that all parameters and system nonlinear dynamics are known exactly.

For this purpose, they have relatively complicated nonlinear calculation in the

control algorithm.

To improve the robustness of VC and IOLC, nonlinear adaptive input/ouput

linearising control of induction motor was investigated based on parameter-

s updated by law and state feedback [51][37][4]. Those designs always treat

uncertain parameters, including load torque, as unknown constants. This as-

sumption works well for rotor resistance Rr as it is a slow time-varying pa-

rameter. Even so it is not suitable for load torque TL which varies rapidly

in some high performance applications. With good robustness to a class of

disturbances, parameters uncertainties, sliding mode control ideas have been

applied to induction motor with time-varying uncertainties [104][113].

A robust adaptive control based on perturbation observer was proposed

and applied to the power systems [117][118][119]. The original idea of the

perturbation estimation stems from the Time Delay Control [125][112], which

involved the time-delay values of control input and the derivatives of state

variables. In addition, the previous time steps are used to cancel the nominal

nonlinear dynamics and uncertainties. The disturbance auto-rejection control

proposed a similar idea based on nonlinear disturbance observer [120] and

has been applied to the induction motor control [127]. However, the proposed

nonlinear extended-state-observer make the stability analysis of the closed-loop

controller/observer system be very difficult.

In this chapter, a novel nonlinear adaptive control of the induction motor is

designed based on the decentralised control via high gain perturbation observer
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(HGPO) [119]. The induction motor is represented as two coupled subsystems,

a rotor speed subsystem and a rotor flux subsystem, respectively. The lumped

term of system nonlinearities, uncertainties, and interactions between subsys-

tems, are defined as system perturbation terms and represented as a fictitious

state in the extended-order state equations. Those perturbations are estimated

by designing two second-order high-gain perturbation observers and two third-

order state and perturbation observers. Robust adaptive feedback linearising

control are obtained based on the cancelation of perturbation. The proposed

control does not require the accurate model of the induction motor and can

deal with all kinds of time-varying uncertainties. Simulation studies are given

with the comparison against input/ouput linearising control.

4.2 Nonlinear State Feedback Adaptive Con-

trol Methodology

This section briefly review the nonlinear adaptive control (NAC) proposed in

[118] and [119]. The NAC includes three steps: input-output linearisation

representation of nonlinear system, defining of perturbation terms; designing

perturbation observer; and the design of linearising control using the estimated

perturbation to compensate the real perturbation.

A nonlinear system in a controllable canonical form is represented as follows: ẋ = Ax+B (a(x) + b(x)u)

y = xn,
(4.2.1)

where xi, i = 1, 2, · · · , n are the state variables, and x = [x1, x2, · · · , xn]T ∈ Rn

is the state vector; u ∈ R the control input; y ∈ R the system output; a(x) :

Rn → R and b(x) : Rn → R are C∞ unknown smooth functions, defined on
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Rn. The n× n matrix A and the n× 1 matrix B are given by

A =



0 1 0 · · · 0

0 0 1 · · · 0
...

...

0 0 0 · · · 1

0 0 0 · · · 0


, B =



0

0
...

0

1


. (4.2.2)

The main source of the system (4.2.1) is the normal form of a fully lin-

earisable nonlinear system which has a relative degree r = n. In the design

of a nonlinear controller using the feedback linearisation technique, the most

commonly used control structure is

u = [−a(x) + v]/b(x), (4.2.3)

where v is a new control variable for the equivalent linear system. Such a

controller works based on an exact cancellation of nonlinear terms a(x) and

b(x). However, the exact cancellation is almost impossible for several reason-

s, such as model simplification, parameter uncertainties and computational

errors. When nonlinear functions a(x) and b(x) are unknown or with uncer-

tainties, many adaptive control schemes or robust control schemes have been

developed.

4.2.1 Definition of Perturbation

With the help of system (4.2.1), after assuming the known part of nonlinear

functions a(x) and b(x) are zero for the simplification of formulations, the

system perturbation is defined as:

Ψ(x, u, t) = a(x) + (b(x)− b0)u, (4.2.4)

then the last equation of system (4.2.1) can be rewritten as

ẋn = Ψ(x, u, t) + b0u, (4.2.5)

Advanced Control of Induction Motors Wei Zhang



4.2 Nonlinear State Feedback Adaptive Control Methodology 84

where b0 is a constant control gain which will be decided later.

If ẋn can be estimated, then the perturbation can be obtained by

Ψ(x, u, t) = ẋn − b0u. (4.2.6)

The original idea of this kind of perturbation estimation stems from the

time delay control [111][112], in which the time-delayed values of control input

and the derivatives of state variables, at the previous time steps, are used to

cancel the nominal nonlinear dynamics and uncertainties. A similar method

has also been proposed for disturbance auto-rejected control [120]. In the

control scheme, the perturbation is estimated by an extended-order nonlinear

observer based on the track-differentiator.

In the time delay control, the derivatives of state variables are always cal-

culated by the numerical differential method, such as the backward difference

algorithm. It is well known that the numerical differentiator will magnify the

measurement noise. In the past years, high gain observers have played an

important role in the design of a nonlinear output feedback controller for non-

linear systems. They are mainly used to estimate the derivatives of the output.

In this section, an extended-order high gain observer is designed to estimate

the system states and perturbation.

Define a fictitious state to represent the system perturbation, that is, xn+1 =

Ψ(x, u, t), the state equation of system (4.2.1) may be represented as

ẋ1 = x2

· · ·

ẋn = xn+1 + b0u

ẋn+1 = Ψ̇(·)

y = xn+1,

(4.2.7)

where Ψ̇(·) is the derivative of Ψ(·).
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Then system (4.2.7) can be rewritten in a matrix form: ẋe = A1xe +B3u+B1Ψ̇(·)

y = C1xe,
(4.2.8)

where

xe =



x1

x2
...

xn

xn+1


, A1 =



0 1 · · · · · · 0

0 0 1 · · · 0
...

...

0 0 0 · · · 1

0 0 0 · · · 0


(n+1)×(n+1)

,

B3 =



0

0
...

1

0


(n+1)×1

, B1 =



0

0
...

0

1


(n+1)×1

, and C1 =



1

0
...

0

0



T

(n+1)×1

.

The following assumptions are made on system (4.2.1).

A4.1 b0 is chosen to satisfy: |b(x)/b0 − 1| ≤ θ < 1, where θ is a positive

constant.

A4.2 The function Ψ(x, u, t) : Rn ×R×R+ → R and Ψ̇(x, u, t) : Rn ×R×

R+ → R are locally Lipschitz in their arguments over the domain of

interest and are globally bounded in x:

|Ψ(x, u, t)| ≤ γ1, |Ψ̇(x, u, t)| ≤ γ2,

where γ1 and γ2 are positive constants. In addition, Ψ(0, 0, 0) = 0 and

Ψ̇(0, 0, 0) = 0.

The assumptions of A4.2 guarantees that the origin is an equilibrium point

of the open-loop system. The control problem is described as follows. Under
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assumptions A4.1 ∼ A4.2, a(x) and b(x) are unknown continuous functions,

and all state variables are available, find the state feedback control u, such that

the origin of system (4.2.1) is stable.

In this chapter, all the system states are assumed to be available and a

high gain perturbation observer is designed to track the last system state and

estimate the perturbation. The output feedback case is investigated in the

next chapter. Only one state is available a high gain state. Further, the per-

turbation observer is investigated to obtain the estimate of the system states.

Consequently, the perturbation and another observer is designed for flux esti-

mation.

4.2.2 High Gain Perturbation Observer (HGPO)

Assuming that all states xn, i = 1, · · · , n are available and taking xn as a mea-

surement, a high gain perturbation observer (also called track differentiator)

is designed as  ˙̂xn = x̂n+1 + h1(xn − x̂n) + b0u

˙̂xn+1 = h2(xn − x̂n),
(4.2.9)

where h1 and h2 are gains of the high gain observer. Throughout this section,

x̃i = xi − x̂i refers to the estimation error of xi whereas x̂i symbolises the

estimated quantity of xi. The estimation error x̃i = xi − x̂i, i = n, n + 1,

satisfies the equation:  ˙̃xn = −h1x̃n + x̃n+1

˙̃xn+1 = −h2x̃n + Ψ̇(·).
(4.2.10)

The above error dynamics can be represented in a matrix form as:

˙̃xpo = Apoxpo +BpoΨ̇(·), (4.2.11)

where x̃po = [x̃n, x̃n+1]
T , and

Apo =

 −h1 1

−h2 0

 , Bpo =

 0

1

 ,
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where Apo is a Hurwitz matrix.

Analysis of estimation error

As in any asymptotic observer, the observer gain Hpo = [h1, h2]
T should be

chosen to achieve the asymptotical error convergence, that is:

lim
t→∞

x̃po = 0.

In the absence of the perturbation Ψ̇(·), the asymptotic error convergence is

achieved by choosing the observer gain such that the matrix Apo is a Hurwitz

matrix, e.g., its eigenvalues have negative real parts. For this second-order

system, Apo is Hurwitzian for any positive constants h1 and h2.

In the presence of Ψ(·), the observer gain neededs to be determined with the

additional goal of rejecting the effect of the perturbation Ψ̇(·) on the estimation

error x̃po. This could ideally be achieved, for any perturbation Ψ̇(·), if the

transfer function from Ψ̇(·) to x̃po

Hpo(s) =
1

s2 + h1s+ h2

 1

s+ h1


is identically zero.

By calculating the ∥Hpo∥∞, it can be seen that the norm can be arbitrarily

small by choosing h2 ≫ h1 ≫ 1. In particular, taking

h1 =
α1

ϵ
, h2 =

α2

ϵ2
(4.2.12)

for some positive constants α1, α2, and ϵ, ϵ≪ 1. It can be shown that

Hpo(s) =
ϵ

(ϵs)2 + α1ϵs+ α2

 ϵ

ϵs+ α1

 .
Hence, limϵ→0Hpo(s) = 0. While an infinite gain is not possible in practice,

the observer gain can be determined such that the estimation error x̃po will

converge exponentially to a small neighbourhood which is arbitrarily close to

origin.
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Perturbation observer represented in singular perturbation form

The perturbation rejection property of the high gain observer (4.2.12) can also

be seen in the time domain by representing the error equation (4.2.10) in the

singularly perturbed form. To that end, the scaled estimation errors are defined

as:

η1 =
x̃n
ϵ
, η2 = x̃n+1. (4.2.13)

The newly defined variables satisfy the singularly perturbed equation

ϵη̇ = A2η + ϵB2Ψ̇(·), (4.2.14)

where

A2 =

 −α1 1

−α2 0

 , B2 =

 0

1

 ,
and the positive constants α1 and α2 are chosen such that A2 is a Hurwitz

matrix.

This equation shows clearly that reducing ϵ diminishes the effect of the per-

turbation Ψ̇(·). It also shows that, for small ϵ, the dynamics of the estimation

error will be much faster than that of x. However, the change of variables

(4.2.13) may cause the initial condition η1(0) to be of order O(1/ϵ), even when

x̃n(0) is of order of O(1). With the initial condition, the equation in (4.2.14)

will contain a term of the form (1/ϵ)e−at/ϵ for the constant a > 0. While this

exponential mode decays rapidly, it exhibits an impulse-like behaviour where

the transient peaks to O(1/ϵ) value before it decays rapidly towards zero. In

fact, the function (1/ϵ)e−at/ϵ approaches an impulse function as ϵ tends to zero.

This behaviour is known as the “ peaking phenomenon”. It is important to re-

alise that the peaking phenomenon is not a consequence of using the change of

variables (4.2.13) to represent the error dynamics in the singularly perturbed

form. It is an intrinsic feature for any high gain observer design that it rejects

the effect of the perturbation Ψ̇ in (4.2.10). This includes any design with

h2 ≫ h1 ≫ 1.
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System (4.2.9) is basically an approximate differentiator. This can be easily

seen in the special case when the perturbation Ψ̇(·) and control u are chosen to

be zero. Thus, the observer is linear. For system (4.2.9) the transfer function

from y = xn to x̂po is given by:

α2

(ϵs)2 + α1ϵs+ α2

 1 + (ϵα1/α2)s

s

 →

 1

s

 as ϵ→ 0.

Thus, on a compact frequency internal, the high gain observer approximates

xn+1 = ẋn for the sufficiently small ϵ.

4.2.3 Nonlinear Adaptive Control Law

The estimate of perturbation x̂n+1 is used to realise the feedback linearisation

of the nonlinear system (4.2.1). After the unknown system nonlinearities and

uncertainties are cancelled by the perturbation estimate, a linear state feedback

controller is designed for the equivalent linear system. The complete control is

designed as follows:

u =
v − x̂n+1

b0
(4.2.15)

v = −Kx (4.2.16)

where K = [k1, k2, · · · , kn]T is the linear feedback controller gains, which make

the matrix A0 = A−BK be Hurwitzian.

The analysis of the closed-loop system under the perturbation observer and

the controller is given as follows. The system is represented in the singularly

perturbed form:

ẋ = A0x+Bη2, (4.2.17)

ϵη̇ = A2η + ϵB2Ψ̇(·). (4.2.18)

The system represented by equations (4.2.17) and (4.2.18) is a standard sin-

gular perturbed system, and η = 0 is the unique solution of equation (4.2.18)
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when ϵ = 0. The reduced system, obtained by substituting η = 0 in equation

(4.2.17), is as:

ẋ = A0x. (4.2.19)

The boundary-layer system, obtained by applying the change of time variable

τ = t/ϵ to equation (4.2.18) and setting ϵ = 0, is given by

dη

dτ
= A2η. (4.2.20)

4.3 Nonlinear State Feedback Adaptive Con-

troller of Induction Motor

4.3.1 Input/Output Representation and Perturbation Def-

inition

The derivation process presented in the following is based on the model given

in Chapter Three. The outputs to be controlled are rotor speed y1 = ϕ1(x) =

ωr and square of the rotor flux modulus y2 = ϕ2(x) = (ψsa)
2 + (ψsb)

2, where

functions ϕ1(x) and ϕ2(x) are smooth function of states. Let z11 = y1, z12 =

ẏ1, z21 = y2, and z22 = ẏ2 be state variables of two interconnected system.

Considering the system model (3.3.19) with time-varying parameters TL(t) and

α(t)(Rr(t)) (i. e. p1 ̸= 0 and p2 ̸= 0), the input/ouput decoupling of (3.3.19)

is obtained as follows:

ż11 = Lfϕ1 + p1Lf1ϕ1

ż12 = L2
fϕ1 + p2Lf2Lfϕ1 +

dp1
dt
Lf1ϕ1

+LgaLfϕ1ua + LgbLfϕ1ub

ż21 = Lfϕ2 + p2Lf2ϕ2

ż22 = L2
fϕ2 + p2Lf2Lfϕ2 +

dp2
dt
Lf2ϕ2

+p22L
2
f2
ϕ2 + (LgaLfϕ2 + p2LgaLf2ϕ2)ua

+p2LfLf2ϕ2 + (LgbLfϕ2 + p2LgbLf2ϕ2)ub

(4.3.1)
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where:

Lfϕ1 = µ(ψaib − ψbia)− TLN

J

L2
fϕ1 = −µβnpωr(ψ2

a + ψ2
b )− µnpωr(ψaia + ψbib)

−µ(αN + γN)(ψaib − ψbia)

Lfϕ2 = −2αN(ψ
2
a + ψ2

b ) + 2αNLm(ψaia + ψbib)

L2
fϕ2 = (4α2

N + 2α2
NβLm)(ψ

2
a + ψ2

b ) + 2α2
NL

2
m(i

2
a + i2b)

−(6α2
NLm + 2αNγNLm)(ψaia + ψbib)

+2αNLmnpωr(ψaib − ψbia).

Lf1ϕ1 = − 1
J

Lf2Lfϕ1 = −µ(1 + Lmβ)(ψaib − ψbia)

Lf2ϕ2 = 2Lm(ψaia + ψbib)− 2(ψ2
a + ψ2

b )

LfLf2ϕ2 = 2αN(2 + Lmβ)(ψ
2
a + ψ2

b ) + 2αNL
2
m(i

2
a + i2b)

−2Lm(γN + 3αN)(ψaia + ψbib)

+2NpLmωr(ψaib − ψbia)

L2
f2
ϕ2 = (4 + 2Lmβ)(ψ

2
a + ψ2

b ) + 2L2
m(i

2
a + i2b)

−2Lm(3 + Lmβ)(ψaia + ψbib)

Lf2Lfϕ2 = RrNL
2
f2
ϕ2

= 2αN(2 + Lmβ)(ψ
2
a + ψ2

b ) + 2αNL
2
m(i

2
a + i2b)

−2αNLm(3 + Lmβ)(ψaia + ψbib)

LgaLf2ϕ2 = 2βLrψa

LgbLf2ϕ2 = 2βLrψb

(4.3.2)

and the Lie derivatives are used in the Reference book of [128].

The second and fourth equation in system (4.3.1) can be rewritten as: ż12

ż22

 =

 L2
fϕ1

L2
fϕ2

+D(x)

 ua

ub

+

 △1

△2

 (4.3.3)

 △1

△2

 =

 p2Lf2Lfϕ1 +
dp1
dt
Lf1ϕ1

p2Lf2Lfϕ2 + p2LfLf2ϕ2 + p22L
2
f2
ϕ2 +

dp2
dt
Lf2ϕ2

+△D(x)

 ua

ub


(4.3.4)
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D(x) =

 LgaLf1ϕ1 LgbLf1ϕ1

LgaLf2ϕ2 LgbLf2ϕ2

 , (4.3.5)

△D(x) = p2

 0 0

LgaLf2ϕ2 LgbLf2ϕ2

 (4.3.6)

where D(x) and △D(x) are the constant and uncertain control gain matrix.

△1 and △2 are combined uncertainties which include both the parameters

derivation (p1, p2) and their time dynamics (dp1
dt
, dp2
dt
). D(x) is nonsingular for

ψ2
a + ψ2

b > 0.

All system nonlinearities are assumed to be unknown and included in the

perturbation term. As a result, the proposed control algorithm does not require

the detailed model of the induction motor and the complex calculation as in

FOC and IOLC. Let

Ψi(x, p1, p2, t) = △i + L2
fϕi (4.3.7)

and introduce a fictitious state to represent perturbation term: zi3 = Ψi. The

extended-order model of the induction motor is given as follows:
żi1 = zi2

żi2 = zi3 +Di1ua +Di2ub

żi3 = Ψ̇i

(4.3.8)

where i = 1, 2, Dij is known control gain as (4.3.5), Ψ̇i is derivative of pertur-

bation.

Remark 1. From assumption A2, equations (4.3.4 and equations (4.3.7), and

with a continuous control law, we know that all of their components are c∞

functions with bounded derivatives, thus the perturbation term Ψi(·) and its

derivative Ψ̇i(·) are bounded over the domain of interest. In addition, Ψi(0) = 0

and Ψ̇i(0) = 0, i=1,2.
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4.3.2 Input/Output Linearising Control

Under the assumption that TL and α are known nominal value TLN and αN , i.

e. △1 = 0 and △2 = 0, and all nonlinearities are exact known, the IOLC for

system (4.3.1) is given by: ua

ub

 = D−1(x)

 −L2
fϕ1

−L2
fϕ2

+

 va

vb

 (4.3.9)

va = −k11z11 − k12z12 + varef

vb = −k21z21 − k22z22 + vbref

(4.3.10)

where va and vb are the controls for two linearised sub-systems, varef and vbref

are the control for the reference model

varef = k11y1ref (t) + k12ẏ1ref (t) + ÿ1ref (t)

vbref = k21y2ref (t) + k22ẏ2ref (t) + ÿ2ref (t)
(4.3.11)

and control parameters kij, i, j = 1, 2, are chosen to make

Ai0 =

 0 1

−ki1 −ki2

 , i = 1, 2 (4.3.12)

be a Hurwitzian matrix.

Let ei1 = zi1 − yiref , ei2 = zi2 − ẏiref , and ei = [ei1 ei2]
T be the state

variables of the track error system, then from system (4.3.1) and control law

of (4.3.9), (4.3.10), and (4.3.11), the track error dynamic is given by:

ėi = Ai0ei +Bi0△i, i = 1, 2. (4.3.13)

where Bi0 = [0 1]T . With the stable matrixes Ai0, it is reported that system

(4.3.13) can handle a certain format of uncertainties [128].

4.3.3 State Feedback with High Gain Perturbation Ob-

server

This section will design two second-order perturbation observers under the

assumption that all sub-system states are available. Taking the second state
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zi2 as input. Two high gain perturbation observers (HGPOs) are designed as: ˙̂zi2 = ẑi3 + hi1(zi2 − ẑi2) +Di1ua +Di2ub

˙̂zi3 = hi2(zi2 − ẑi2),
(4.3.14)

where i = 1, 2 for two HGPOs, hij, i, j = 1, 2 are gains of the high gain

observers. Throughout this Chapter, z̃i = zi − ẑi refers to the estimate error

of zi whereas ẑi represents the estimate of zi.

From system (4.3.8) and (4.3.14), the error dynamics of (4.3.14) becomes: ˙̃zi2 = z̃i3 − hi1z̃i2

˙̃zi3 = −hi2z̃i2 + Ψ̇i,
(4.3.15)

Let hi1 = αi1

ϵi
,hi2 = αi2

ϵ2i
observer gain, and ηi1 = z̃i2

ϵi
,ηi2 = z̃i3 be the scaled

estimation errors, system (4.3.15) can be represented in a singularly perturbed

form as:

ϵiη̇i
= A

i
η
i
+ ϵiBi

Ψ̇i, (4.3.16)

where η
i
= [ηi1 ηi2]

T ,

A
i
=

 −αi1 1

−αi2 0

 , B
i
=

 0

1

 .
The positive constants αi1 and αi2 are chosen such that A

i
is a Hurwitzian

matrix, and ϵi, 0 < ϵi ≤ 1, is a small positive parameter to be specified.

By using the estimate of perturbation ẑ13 and ẑ23 to cancel the nonlinearities

and uncertainties, a robust adaptive control law is obtained as: ua

ub

 = D−1(x)

 −ẑ13
−ẑ23

+

 va

vb

 (4.3.17)

where D(x) is defined in (4.3.5) and based on nominal value of RrN and mea-

surement of states (ψa, ψb), and (va, vb) are controls defined in (4.3.10). To

prevent the peak phenomena caused by the high gain observer, we should satu-

rate both observer outputs (ẑ13, ẑ13) and control (ua, ub) outside their operation

range [128].
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Substitute the control law in (4.3.17) and (4.3.10) into the system model of

(4.3.8), the track error dynamic is given by:

ėi = Ai0ei +Bi0z̃i3 (4.3.18)

with Ai0 and Bi0 as defined in (4.3.12) and (4.3.13). To compare the system

in (4.3.13) with (4.3.18), let define Ψi = △i and include nonlinearities, it can

find that the driving uncertain term of track error dynamics is reduced from

perturbation term Ψi to its estimate error Ψ̃i. This achieves an improved track

performance with same controller gain in (va, vb) in (4.3.10) after designing the

observer to make |Ψ̃i|sup < |Ψi|sup.

The diagram of nonlinear adaptive control of induction motor by using state

feedback method are represented in Figure 4.1.
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Figure 4.1: Diagram of the proposed state feedback nonlinear adaptive control
of induction motor

And the detailed block diagram of the proposed control algorithm is shown in

Figure 4.2, in which the general notation of an induction motor is used.
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Figure 4.2: Detailed diagram of the state feedback nonlinear adaptive controller

Remark 2. The proposed perturbation estimation method is one kind of func-

tion estimation method, rather than a parameters estimation method [51]. It

can estimate time-varying dynamics which include nonlinearities, uncertain-

ties, and unmodelled dynamics. Moreover, as the perturbation is compensated

for by its real-time estimate, the controller gain can be chosen a less conser-

vative than that used in the conventional robust design and high gain feedback

design. The designed controller will result in a reasonably smaller control out-

put under most operating conditions.

Remark 3. It is known that the high gain observer with very small ϵ is sen-

sitive to measurement noise. This will also trigger unmodelled high-frequency

dynamics. This limits its real application. The proposed controller is tested

with noise measurement in simulation studies and as the results demonstrate

that performance does not deteriorate very much. Moreover, for the purpose of

improving the robustness of the IOLC only, the design only needs to design the
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observer to make |Ψ̃(·)|sup < |Ψ(·)|sup, ϵ is not needed to be very small.

4.4 Simulation and Analysis

Simulation studies are based on the same parameters of the induction motor

used in Chapter Three. Due to the extensive comparisons between IOLC and

FOC which have been established Chapter Three and in [4][51]. This chapter

only provides simulation studies between IOLC and NAC. The time varying

uncertainties are simulated as follows: the load torque TL = 40Nm is added at

t = 3.5s, and a time varying term 5 + 5sin(2.5t) is added at t = 10s. A time-

varying term 0.007t+ 0.01 + 0.01sin(2t), t > 5 is added to the rotor resistance

at t = 5s. The response of time varying parameters Rr and TL was given in

the Figure 4.3.
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Figure 4.3: Time varying parameters with rotor resistance (Rr(t)) and load
torque (TL(t)) - HGPO

The unloaded induction motor reaches the speed 200rad/s at t = 3.0s and

rotor flux amplitude |ψ| = 1.3Wb at t = 1s; then at t = 5s, speed reference

increase to 300rad/s and return to 200rad/s at t = 8s; the flux reference

Advanced Control of Induction Motors Wei Zhang



4.4 Simulation and Analysis 98

weakens to 0.8Wb at t = 5s and return back to 1.3Wb at t = 8s. The relative

details can be found in Figure 4.4 and Figure 4.5. These reference signals are

shown in the dash line. All reference signals are smoothed via a low pass filter.

The parameters of linear control (4.3.10) are chosen as ki1 = −900, ki2 =

−60, i = 1, 2 to assign the poles at −30. The same parameters are used in

[51]. Parameters of HGPO (4.3.14), αi1 = −2500, and αi2 = −100, are chosen

to assign poles of Ai in the system (4.3.16) at −50, ϵi = 0.01, i = 1, 2. Control

(ua, ub) is saturated with bounds ±500.

4.4.1 State Feedback with HGPO

The track response of the proposed control (4.3.10),(4.3.11), and (4.3.17) are

shown in Figures 4.4 and 4.5 for speed response and flux amplitude response.
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Figure 4.4: Track speed response (ω) of state feedback - HGPO
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Figure 4.5: Track flux amplitude response (ϕ) of state feedback - HGPO

It shows that the dynamic of speed and flux are totally decoupled and with

the fast track dynamic when the reference signals change (at t = 5s and t = 8s),

excellent robustness with parameters uncertainties. Such as unknown load

torque at t = 3.5s and time-varying load torque after t = 10s. Consequently,

up to 50% of the time-varying rotor resistance occurs after t = 5s. Figures 4.6

and 4.7 show the fast and accurate estimation of perturbation terms. From

these figures, the relative error which is the difference between Ψi−Ψ̂i, are quite

small. That can be mean that these two perturbation observers can obtain the

results as good performance. The input control signals ua and ub are shown

in Figure 4.8, note that these two signals are the input of the induction motor

system, however, they are output of the state feedback nonlinear adaptive

controller.
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Figure 4.6: Estimate of defined perturbation (Ψ1) - HGPO

4.5 Summary

This chapter has investigated and discussed a novel robust adaptive control

approach to induction motors, based on perturbation estimation and input-

output linearisation. Estimates of perturbation are employed to achieve robust

and adaptive FLC. The detailed model of the induction motor is not required

and a simple control law is obtained. The simulation results have shown a bet-

ter performance obtained by the proposed algorithm against uncertainties and

time-varying unknown load torque disturbances, in comparison to the classical

VC and FLC based on the accurate system model.
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Figure 4.7: Estimate of defined perturbation (Ψ2) - HGPO
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Figure 4.8: Input voltage control signals of ua and ub -HGPO-
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Chapter 5

Nonlinear Adaptive Control of

Induction Motor: Output

Feedback

In this chapter, an output feedback nonlinear adaptive controller is proposed

for the induction motor. Assuming only the rotor speed is measured, a state

and high-gain perturbation observer is designed for estimating the derivative of

the speed and the corresponding perturbation. Further, a fourth-order sliding

mode flux observer is designed to estimate the rotor flux variables. Based on

the estimated states and perturbation terms, output feedback nonlinear adap-

tive controllers are designed for the speed and flux subsystems. The stability

of the overall closed-loop system, including the flux observer, state observer,

perturbation observer, NAC and the induction motor, are also investigated.

Finally, a simulation based on the MATLAB/Simulink is presented.
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5.1 Introduction

One challenge surrounding the control of induction motors relates to the rotor

currents and rotor flux, as they cannot be measured directly. The rotor flux

detection is performed by means of a rotor flux estimator or observer [131].

Based on the model of an induction motor, many algorithms have been devel-

oped for this purpose. These observers require the accurate system model and

their performance is dependent on the parameter uncertainties. To cope with

this problem, a sliding mode flux observer [132][133] is used in this chapter to

obtain the estimate of rotor flux.

This chapter also investigates the nonlinear adaptive control of the induc-

tion motor based on output feedback. A sliding mode flux observer [134]-[136]

is designed to estimate the rotor flux. Furthermore, two third-order high gain

state and perturbation observers (HGSPO) are designed based on the mea-

surement of the rotor speed and the estimated rotor flux. Other parts of the

proposed NAC consists of the same parts as proposed in Chapter Four. Mea-

surement noise has also been introduced to test the sensitivity of the high gain

observer.

5.2 Nonlinear Output Feedback Adaptive Con-

trol Methodology

The methodology of an output feedback nonlinear adaptive control proposed

in [108] will be recalled briefly.

5.2.1 High Gain State and Perturbation Observer (HGSPO)

The system output y = x1, is available for measurement, then a (n+1)th-order

state observer is designed to estimate all other system states and perturbation.
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A (n + 1)th order states and perturbation observer is designed as the system

(4.2.8) is obtained. Using the observer as follows:

˙̂xe = A1x̂e +B3u+H(y − C1x̂e). (5.2.1)

where x̂e is the estimated of xe, all other parameters are defined as the same

as system (4.2.8). The observer gain H is chosen as:

H =



α1/ϵ

α2/ϵ
2

...

αn/ϵ
n

αn+1/ϵ
n+1


, (5.2.2)

where ϵ is a positive constant, 0 < ϵ < 1, to be specified and the positive

constants αi, i = 1, 2, · · · , n+ 1, are chosen such that the roots of

sn+1 + α1s
n + · · ·+ αns+ αn+1 = 0

are in the open left-half complex plan, where s is the Laplace operator.

Defining the estimation error as x̃e = xe − x̂e, substituting the equation-

s (4.2.8) by equation (5.2.1), the error dynamics of observer (5.2.1) can be

obtained as:

˙̃xe = (A1 −HC1)x̃e +B1Ψ̇(·). (5.2.3)

For the purpose of analysis, the observer error dynamics can be replaced

by the equivalent dynamics of the scaled estimation error as:

ηi =
x̃i

ϵn+1−i , 1 ≤ i ≤ n+ 1.

Thus,

x̂e = xe −D(ϵ)η

η = [η1, η2, · · · , ηn+1]
T ,

D(ϵ) = diag[ϵn+1, · · · , 1](n+1)×(n+1). (5.2.4)
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and the error dynamics of observer (5.2.3) can be represented in the singular

perturbation form as:

η̇ = D−1(ϵ)(A1 −HC1)D(ϵ)η +D−1(η)B1Ψ̇(·)

= 1
ϵ
A10η +B1Ψ̇(·),

(5.2.5)

where

A10 =



−α1 1 · · · · · · 0

−α2 0 1 · · · 0
...

...

−αn 0 0 · · · 1

−αn+1 0 0 · · · 0


is Hurwitzian.

5.2.2 Closed-Loop Stability Analysis

To achieve fast enough tracking of the system states and perturbation, the

observer gains can be chosen such that the estimation error x̃e will converge

exponentially to a small neighbourhood which is arbitrarily close to origin. The

analysis result is summarized as the following theorem [108].

Theorem 5.1. Consider system (4.2.7), design a high gain state and pertur-

bation observer (5.2.1) and choose the gain H as described in equation (5.2.2).

If assumptions A2.1 and A2.2 hold, then given any positive constant δspo > 0,

there exits a positive constant ϵ∗spo, such that ∀ϵ, 0 < ϵ < ϵ∗spo, the observer error

x̃e, from any initial value x̃e(0), converges exponentially to the neighborhood

∥x̃e∥ ≤ δspo.

Based on the estimates of states and perturbation, an output feedback

linearization control law can be obtained for the nonlinear system (4.2.1), which

is designed as the same as equations (4.2.15) and (4.2.16), except that the true
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states are replaced with the estimated states. In the linear control v:

u = v/b0 − x̂n+1/b0, (5.2.6)

v = −Kx̂, (5.2.7)

where K = [k1, k2, · · · , kn]T are the linear feedback controller gains, which

makes matrix A0 = A−BK Hurwitzian.

Represent that x̂ = x−D′(η)η′, and x̂n+1 = xn+1 − ηn+1, where

D′(ϵ) = diag[ϵn+1, · · · , ϵ](n)×(n),

and

η′ = [η1, η2, · · · , ηn]T .

Control (5.2.6) can be represented as:

u =
1

b0
(−xn+1 −Kx−K1D(ϵ)η), (5.2.8)

where K1 = [K, 1]T .

Applying control (5.2.8) to system (4.2.7), the closed-loop system can be

represented by

ẋ = A0x+BK1D(ϵ)η (5.2.9)

ϵη̇ = A10η + ϵB4Ψ̇(x,D(ϵ)η). (5.2.10)

System (5.2.9) and (5.2.10) is a standard singular perturbed system, and

η = 0 is the unique solution of system (5.2.10) when ϵ = 0. The reduced system,

obtained by substituting η = 0 in system (5.2.9), is obtained as follows:

ẋ = A0x. (5.2.11)

The boundary-layer system, obtained by applying the change of time variable

τ = t/ϵ to (5.2.10) and then setting ϵ = 0, is given by

dη

dτ
= A10η. (5.2.12)

The stability of the closed-loop system (5.2.9) and (5.2.10) are proofed by

the following theorem [108].
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Theorem 5.2. Consider system (4.2.8) and high gain state and perturbation

observer (5.2.1), choose the observer gain as described in equation (5.2.2), and

let assumptions A2.1 and A2.2 hold; then, ∃ϵ∗2, ϵ∗2 > 0 such that, ∀ϵ, 0 < ϵ < ϵ∗2,

the origin of system (5.2.9) and (5.2.10) is exponentially stable.

Remark 4. The designed state and perturbation observer can be regarded as a

functional estimation method, in contrast to the parameter estimation method

used in most nonlinear adaptive control. It can deal with fast varying unknown

parameters, unknown nonlinear dynamics and external disturbances. When

there does not exist uncertainties and external disturbances and the exact sys-

tem nonlinearities are obtainable, such a controller provides almost the same

performance as the state exact feedback linearization controller, when there ex-

ists uncertainties, such controller performs much better.

Remark 5. The proposed controller uses the estimates of states and pertur-

bation to realize the whole controller, it needs only one measurable output and

can be easily implemented in practice.

5.3 Output Feedback Based on Nonlinear Adap-

tive Control for Induction Motor via High

Gain State and Perturbation Observer

5.3.1 Design of Output Feedback Based on Nonlinear

Adaptive Control for Induction Motor

When the rotor speed y1 = z11 and rotor flux modulus y2 = z21 are available

to measure. Two third-order high-gain observers, called high gain state and

perturbation observers, are designed to estimate the system states and pertur-

bation. Estimates of states and perturbations are employed to design a robust
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adaptive output-feedback linearising control law. Note that the rotor flux is

still a required measurement. Output feedback based on rotor speed and stator

currents will be included in future work.

Using y1 = z11 and y2 = z21 as available measurements, two third-order

high gain state and perturbation observers are designed as:
˙̂zi1 = ẑi2 + hi1z̃i1

˙̂zi2 = ẑi3 + hi2z̃i1 +Di1ua +Di2ub

˙̂zi3 = hi3z̃i1,

(5.3.1)

From system (4.3.8) and (5.3.1), the error dynamics of (5.3.1) becomes:
˙̃zi1 = z̃i2 − hi1z̃i1

˙̃zi2 = z̃i3 − hi2z̃i1

˙̃zi3 = −hi3z̃i1 + Ψ̇i

(5.3.2)

After defining the scaled observer gain and estimation errors, the observer

error equation can be represented in a singularly perturbed form as:

η̇i = 1
ϵi
Ai1ηi +Bi1Ψ̇i(·), (5.3.3)

where η
i
,Ai1,Bi1 have similar structure as in (4.3.16), but with different dimen-

sions.

Using the estimate of perturbation ẑi3 to cancel the system perturbation.

The estimate of system states ẑi1, ẑi2 replace the real states. The robust and

adaptive control law is obtained as: ua

ub

 = D−1(x)

 −ẑ13
−ẑ23

+

 va

vb

 (5.3.4)

va = −k11ẑ11 − k12ẑ12 + varef (5.3.5)

vb = −k21ẑ11 − k22ẑ12 + vbref (5.3.6)

where varef and vbref are reference control defined in equation (4.3.11). The

detailed block diagrams of output feedback approach is represented in Figure

5.1 and 5.2.
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Figure 5.1: Diagram of proposed output feedback nonlinear adaptive control
of induction motor by using sliding mode rotor flux observer

Substituting the control in (5.3.4), (5.3.5), and (5.3.6) into the system model

(4.3.8), the track error dynamics is given by:

ėi = Ai0ei +BiKiTi(ϵi)ηi (5.3.7)

where Ki = [ki1, ki2, 1], and Ti(ϵi) = diag[ϵ2i , ϵi, 1]3×3.

The closed-loop system, including the controller/observer, is given by the

systems in (5.3.3) and (5.3.7). Its stability can be investigated in similar way

as in the state feedback.

5.4 Output Feedback with Sliding Mode Flux

Observer

This subsection develops a fourth-order observer based on sliding mode ideas

[98]. This sliding mode flux observer design methodology proposed in [104]

should be briefly discussed at first. The diagram containing the sliding mode
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+

+

+

+

23h

22h

21rz

21z

dt

du

21k

+

+

-

21h

22k

a
u

b
u

23ẑ
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Figure 5.2: Detailed diagram of output feedback nonlinear adaptive controller

rotor flux observer is shown in Figure 5.1. The sliding mode approach generally

depends on the specification of a surface (or manifold) S in the state space

considers the trajectories of the dynamical system, if they are forced to remain

on S, the resulting reduced order motion is stable. The reduced order motion

is termed the sliding motion and is specified by the choice of S. In accord with

the observer design, the manifold is usually defined in the error states, by using

this way, when the error states lie on the surface, the observer output is equal

to the plant output.

Consideration the first four equations of the induction motor model, thus
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the fifth-order system of induction motor can be simplified by equation (5.4.1):

ẋ1 = −a1x1 + a3x4x5 + a2x3 + bua

ẋ2 = −a1x2 − a3x3x5 + a2x4 + bub

ẋ3 = −a5x3 − a6x4x5 + a4x1

ẋ4 = −a5x4 + a6x3x5 + a4x2

ẋ5 = a7(x2x3 − x1x4)− a8 − a9x5 − a10x
2
5 (5.4.1)

where the state vector which include five state variables:

X = [x1, x2, x3, x4, x5]
T = [ia, ib, ψa, ψb, ωr]

T

and stator voltage U, is the control vector:

U = [ua, ub]
T

and the output vector Y is given by:

Y = [ia, ib, ωr]
T

Note that it does not require the rotor flux due to the rotor flux observer. The

parameters are defined as Table 5.1.

Table 5.1: State Variable Parameters of the Fifth-Order Induction Motor
Model

a1 = γ a2 = K/Tr a3 = pK

a4 = Lm/Tr a5 = 1/Tr a6 = p

a7 = pLm/JLr a8 = T1/J a9 = (f + a11)/J

a10 = a12/J

And γ = Rs/σLs + RrL
2
m/σLsL

2
r, K = Lm/σLsLr, Tr = Lr/Rr, where Rs

and Rr are stator and rotor resistances, Ls and Lr are the stator and rotor

inductances, Lm is the mutual inductance, p is the number of pole pairs, f is
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the friction coefficient, J is the moment of inertia, T1 is the constant term of

load torque TL, thus, the load torque can be obtained as follows:

TL = T1 + a11x5 + a12x
2
5 (5.4.2)

where a11a12 are a constant terms. Note that ia and ib are the stator cur-

rents, ψa and ψb are the rotor flux, and ωr is rotor speed. In the following

explanations, the speed x5 in equation (5.4.1) will be considered as a vary-

ing parameter. The symbol ωr will be replaced by x5 in order to remove any

confusion between the states and parameters. The proposed observer aims to

estimate the unmeasured flux components of x3 and x4. The observer is given

by the following system (5.4.3):

˙̂x1 = −a1x̂1 + a3x̂4ωr + a2x̂3 + bua + Λ1

˙̂x2 = −a1x̂2 − a3x̂3ωr + a2x̂4 + bub + Λ2

˙̂x3 = −a5x̂3 − a6x̂4ωr + a4x̂1 + Λ3

˙̂x4 = −a5x̂4 + a6x̂3ωr + a4x̂2 + Λ4 (5.4.3)

where the labels Λ1, Λ2, Λ3, Λ4 are observer output error dependent gains.

The error components ei = xi − x̂i, and the error dynamics are stated by the

following equations (5.4.4):

ė1 = −a1e1 + a3ωre4 + a2e3 + Λ1

ė2 = −a1e2 − a3ωre3 + a2e4 + Λ2

ė3 = −a5e3 − a6ωre4 + a4e1 + Λ3

ė4 = −a5e4 + a6ωre3 + a4e2 + Λ4 (5.4.4)

where the first two switching gains Λ1 and Λ2 have the following structure:

Λ1 = −ρ1sign(e1)

Λ2 = −ρ2sign(e2) (5.4.5)
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The observer switching function is given by (5.4.6):

Sobs =

 s1

s2

 =

 e1

e2

 (5.4.6)

and the sliding surface is given by Sobs=0. The stability analysis consists of

determining Λ1 and Λ2 using the so-called reaching condition, which is given

by the equation STobsṠobs < 0. A sufficient condition for this to be satisfied is

that both s1ṡ1 < 0 and s2ṡ2 < 0. This condition guarantees that in a finite

time Sobs = 0 and the states remain on the switching surface. And afterwards,

Λ3 and Λ4 are determined, using the reduced-order system obtained when

Sobs = Ṡobs = 0 is stable. The time derivative of the switching function is given

by the following equation:

Ṡobs =

 ṡ1

ṡ2

 =

 −a1 0

0 −a1

 e1

e2

+
 a2 a3ωr

−a3ωr a2

 e3

e4

+
 −ρ1sign(e1)

−ρ2sign(e2)


(5.4.7)

From the above equation, the equivalent output error injection necessary

to ensure Ṡobs = 0 is given by: Λ1eq

Λ2eq

 = −

 a2 a3ωr

−a3ωr a2

 e3

e4

 , −Γ

 e3

e4

 (5.4.8)

Suppose that  Λ3

Λ4

 = Λ

 Λ1

Λ2

 (5.4.9)

where Λ ∈ R2×2. When sliding is happening at: Λ3

Λ4

 = Λ

 Λ1eq

Λ2eq

 = −Λ

 a2 a3ωr

−a3ωr a2

 e3

e4

 = −ΛΓ

 e3

e4


(5.4.10)

the equation Λ = ∆Γ−1 can be chose, where

∆ =

 δ1 −a6ωr
a6ωr δ2

 (5.4.11)

Advanced Control of Induction Motors Wei Zhang



5.5 Simulation and Analysis 114

where δ1 and δ2 are positive design constants. Note that det(Γ(ωr)) ̸= 0 for all

ωr, Therefore, the inverse always exists. Consider now the second sub-system

concerning the flux error dynamics given by (5.4.12):

ė3 = −a5e3 − a6ωre4 + a4e1 + Λ3

ė4 = −a5e4 − a6ωre3 + a4e2 + Λ4 (5.4.12)

When sliding takes place, substituting from equation (5.4.10), the following

equation can be obtained: ė3

ė4

 =

 −a5 a6ωr

a6ωr −a5

−∆Γ−1Γ

 e3

e4

 (5.4.13)

and then we have ė3

ė4

 =

 −a5 − δ1 0

0 −a5 − δ2

 e3

e4

 (5.4.14)

The flux errors e3 and e4 converge exponentially to zero.

5.5 Simulation and Analysis

The proposed control scheme is investigated by simulations, under similar con-

ditions described in Chapter Four. The parameters of linear control (4.3.10)

are chosen as ki1 = −900, ki2 = −60, i = 1, 2 and the poles are assigned at

−30, and the same parameters used as in [51]. The parameters of HGSPO

(5.3.1), which use αi1 = −30, αi2 = −300,αi3 = −1000 to set poles of Ai1

in the system (4.3.16) at −10 and ϵi = 0.01, i = 1, 2. The control (ua, ub) is

saturated with bounds ±500 (same conditions as previous). The time varying

TL and Rr has been referred to in Figure 5.3.

5.5.1 Output Feedback with HGSPO

The track response of the proposed control (5.3.4) and (5.3.5) and (5.3.6) are

shown in Figures 5.4 and 5.5 for speed response and flux amplitude response.
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Figure 5.3: Time varying parameters with rotor resistance (Rr(t)) and load
torque (TL(t)) - HGSPO with noise and sliding mode flux observer

Those output feedback responses are in comparison with state feedback

ones. However, a bigger track error is caused due to the estimation error of

state variables, note that even though the state variables are not known, the

estimation error is not too big. Figures 5.6 and 5.7 have shown the fast and

accurate estimation of perturbation terms. From those figures, the two esti-

mated perturbation terms can follow the real value of the perturbation terms

with small error. The input control signals of induction motor model ua and

ub are shown in Figure 5.8, they are also the output signals of output feed-

back nonlinear adaptive controller. The estimated errors of states are shown

in Figures 5.9 to 5.12. During these four states represented in the figures, the

estimated values can track the real values well with small errors.
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Figure 5.4: Track speed response (ω) of output feedback control - HGSPO

0 5 10 15
0

0.5

1

1.5

Time (seconds)

φ 
(W

b)

 

 

φ
 φ

ref

0 5 10 15
−0.1

−0.05

0

0.05

0.1

Time (seconds)

φ 
−

 φ
re

f (
W

b)

Figure 5.5: Track flux amplitude response (ϕ) of output feedback control -
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Figure 5.6: Estimate of defined perturbation (Ψ1) - HGSPO
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Figure 5.12: Responses of observer estimation error for the derivative of rotor
flux (z22) - HGSPO

5.5.2 Measurement Noise

The proposed controller (5.3.4), (5.3.5) and (5.3.6) is tested with measurement

noise. The main purpose is to test the robustness of the high gain observer to

the measurement noise. The measurement noise was taken as uniform random

numbers between ±0.2 and added to y1 = ω after t = 2s. The simulation

model in SIMULINK used solver ode4 with a fixed step size = 1e−4. The

speed response and flux track response are shown in Figures 5.13 and 5.14.

From these two figures, the speed and flux have tracked the reference values

with small errors.

After running the simulation, the degradation of both the speed and flux

responses are not noticeable. This is because the proposed control scheme

treats the introduced noise as part of the system perturbation and compensates

this together with other uncertainties. The high gain observer can provide

comparable results against other kinds of robust observers, such as the sliding

mode observer [117] and nonlinear extended-state-observer [120], but with a
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simpler structure. The estimated errors of states are shown in Figures 5.15

to 5.18. From these figures, it can be shown that the observers can provide

accurate estimates of the system states, with a fast track without any phase

delay.
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Figure 5.13: Track speed response (ω) of output feedback control with noise

Figures 5.19 and 5.20 show the fast and accurate estimation of perturbation

terms. These two observers can also obtain accurate estimates of system’s

perturbation. The input control signals ua and ub are shown in Figure 5.21.

5.5.3 Output Feedback with HGSPO and Sliding Mode

Flux Observer

Simulation results of the proposed output feedback control (5.3.4) is simulated

using the estimate of flux ϕ̂ = ψ̂2
a+ ψ̂

2
b obtained from a four-order sliding mode

flux observer which is taken from [104]. The time varying TL and Rr has given

in Figure 5.3.

Speed and flux responses, shown in Figures 5.22 and 5.23, are very close

to those produced with the flux measurements with a bigger flux track error.
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Figure 5.14: Track flux amplitude response (ϕ) of output feedback control with
noise

This is because the proposed control treats the introduced estimate rotor flux

error y2 − ŷ2 as part of the system perturbation. Figures 5.24 and 5.25 show

the fast and accurate estimation of perturbation terms. The input control

signals ua and ub are shown in Figure 5.26. The estimated rotor flux errors of

ψa and ψb are shown in Figures 5.27 and 5.28. They are represented that the

estimated values of rotor fluxes are almost the same as the real values without

too big errors. The estimated errors of states are shown in Figures 5.29 to 5.32,

from these four figures, the results have shown that all the state variables can

provide a satisfactory response, more details can be found in section 5.4.

Note that there is a noticeable track error of flux response after t=10s,

when both Rr(t) and TL(t) are time-varying.
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Figure 5.15: Estimation error response of rotor speed (z11) by using designed
observer - HGSPO with noise
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Figure 5.17: Estimation error response of flux (z21) by using designed observer
- HGSPO with noise
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Figure 5.18: Estimation error response of the derivative of flux (z22) - HGSPO
with noise
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Figure 5.19: Estimate of defined perturbation (Ψ1) - HGSPO with noise
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Figure 5.20: Estimate of defined perturbation (Ψ2) - HGSPO with noise
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Figure 5.21: Input voltage control signals of ua and ub - HGSPO with noise
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Figure 5.23: Track flux amplitude response (ϕ) of output feedback control with
flux observer
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Figure 5.24: Estimate of defined perturbation (Ψ1) - HGSPO with flux observer
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Figure 5.25: Estimate of defined perturbation (Ψ2) - HGSPO with flux observer
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Figure 5.26: Input voltage control signals of ua and ub - HGSPO with flux
observer
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Figure 5.27: Estimated value and error of rotor flux (ψra)
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Figure 5.28: Estimated value and error of rotor flux (ψrb)
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Figure 5.29: Estimation error response of rotor speed (z11) by using proposed
observer - HGSPO with flux observer
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Figure 5.30: Estimation error response for the derivative of rotor speed (z12)
by using proposed observer - HGSPO with flux observer
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Figure 5.31: Estimation error response of flux (z21) by using proposed observer
- HGSPO with flux observer

5.6 Summary

This chapter has investigated an output feedback nonlinear adaptive control for

an induction motor. A sliding mode flux observer is designed for the estimation

of the rotor flux variables. Additionally, a state and perturbation observer is

designed for the flux subsystem in order to obtain the corresponding state vari-

ables and perturbation. Moreover, assuming only the rotor speed is measured,

a state and perturbation observer is designed for estimating the derivative of

the speed and the corresponding perturbation. Based on the estimated states

and perturbation terms, output feedback NACs are designed for the speed and

flux subsystems. Stability of the overall closed-loop system, including the flux

observer, state observer, perturbation observer, NAC and the induction mo-

tor, are investigated. Simulation results are verified the effectiveness of the

proposed NACs.
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Figure 5.32: Estimation error response for the derivative of flux (z22) by using
proposed observer - HGSPO with flux observer

Advanced Control of Induction Motors Wei Zhang



Chapter 6

Conclusion and Future Work

This chapter concludes the thesis. It has summarised the major work and

achievements of the researcher, who works in the field of the control of the

induction motor. A summary of the results obtained in this thesis are provided,

and subsequent contributions highlighted. At the end of this chapter, possible

suggestions for future investigations are also indicated.

6.1 Conclusion

At the beginning of the thesis, the background, control methodologies, moti-

vations, objectives, and the contributions of this research work were presented.

In order to improve the dynamic performance of the induction motor, this

thesis has focused on the development of advanced control algorithms for the

induction motor.

Initially, the modeling of an induction motor has been reviewed, which

provides a basis for further controller design. This included a detailed nonlinear

model of the induction motor derived from the original three-phase model.

This was transferred from the three-phase induction motor into a two-phase

stationary reference frame by Clark Transformation, and then to a two-phase

de− qe rotating reference frame by Park Transformation. Vector control of the
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induction motors has been discussed in Chapter Two as the classical method,

which can achieve the decoupled control of speed and flux of induction motor.

Although vector control is the current industrial standard for the control

of the induction motor, it still has some limitations which could be further im-

proved. This is mainly because the induction motor is a nonlinear system with

unmeasured state variables, time-varying parameters and also operates under

unknown external disturbances. With the development of power electronic-

s and microprocessor, the advanced control of the induction motor become

feasible in terms of implementation. The vector control is in fact a partial

linearisation control. A full input-output linearisation control of the induction

motor has been designed in Chapter Three, where both the speed and the

flux dynamic can be controlled simultaneously. Two cases were investigated to

compare VC with FLC in Chapter Three. The first case involved decoupled

dynamics without external disturbances. Simulation studies have verified the

design and comparison against a conventional VC and IOLC are considered

a success. In this case, FLC is a primer to VC. Under external disturbances,

FLC can not obtain better results.

Nonlinear adaptive control, based on perturbation estimation and input-

output linearisation, have been studied in Chapter Four. The perturbation

terms, included parameter uncertainties, as all the system nonlinearities, are

estimated by designing high-gain perturbation observers. The real time esti-

mation of the system perturbation, which includes nonlinearities, time-varying

parameters and external disturbances, is a functional estimation rather than a

parameters estimation. A simple nonlinear adaptive control law has been ob-

tained, as the accurate system model is not required for the controller design.

This will result in a better controller compared to other complex nonlinear

adaptive methods.

As the rotor flux cannot be measured directly, a sliding mode flux observer is

designed in Chapter Five. Consequently, the definition of system perturbation
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represents the combinatorial effect of the system nonlinearities, uncertainties,

and external disturbances. Two state and perturbation observers are designed

based on the speed measurement and the flux estimate. An output feedback

nonlinear adaptive control schemes is developed. The estimation error of flux

can be compensated for in the perturbation estimation together. Satisfactory

regulation results have been achieved.

6.2 Recommendations for Future Work

Dependent on an understanding, which presented in this thesis, it is shown that

the different control methodologies of induction motors are very important in

its applications. As a result, a few of the related directions which include:

deserve further investigation.

• an experimental test of the proposed control algorithms based on a small

scale prototype. The input output linearisation control requires a de-

tailed system model and lots of measurements, and the feasibility of the

hardware to be implemented. Moreover, the nonlinear adaptive control

design requires a dynamic observer to estimate the state and perturba-

tion, in order to digitalise this dynamic controller such as the sampling

rate, computation burden of observer, related PWM generation, should

be verified via a real hardware based implementation;

• investigating the stability of the closed-loop system, including the nonlin-

ear adaptive control, the state and perturbation observer, flux observer.

Further, how will the parameter uncertainties, especially the variations

of stator and rotor resistances, affect the accuracy of the flux estimation;

• examining the speed sensor-less control which removes the speed sensor

and designs a speed observer to combine with the NAC and flux observer.
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A complete output feedback control which does not require the speed

sensor and rotor flux sensor will be developed; and

• the application of the proposed NAC for a wind power generation system

based on the induction generator, where the full rate converter will be

investigated.
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